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Plant growth-promoting microorganisms (PGPM) are rhizosphere microorganisms
that colonize the root environment. Some of them are beneficial rhizobacteria while others
are fungi that efficiently colonize roots and rhizosphere [1,2]. These microorganisms are
capable of improving agriculture production and can also be used as biofertilizers under
stressful environmental conditions. Continuous yield losses due to abiotic stresses are
one of the important reasons for socio economic imbalance. As abiotic stresses decrease
the synthesis of photosynthetic pigments, plant biomass and yield and negatively impact
physiological and biochemical mechanisms, and eventually reduce plant growth and yield.
The yield damages due to abiotic stresses vary from 50–82% [3]. The modern cultivation
methods play an important role for good agricultural and horticultural practices. These
methods include the use of cover crops, living mulches, PGPM, plant growth regulators
(PGR) and other biostimulants that can protect the soil degradation and phytopathogens
and improve the tolerance of plants to stress [4]. One of the utmost common stress tolerance
plans in plants is the overproduction of diverse types of low molecular weight and non-
toxic compatible organic solutes. They protect plants from unfavourable environmental
conditions by different means like, adjustment of osmotic stress, detoxifying reactive
oxygen species, membrane stabilization and protecting the structure of enzymes and
proteins [5].

It has been suggested that tolerance mechanisms, such as leaf hydration, increased
intrinsic water use efficiency, reduced oxidative damage or improved nutritional status, can
explain the contribution of PGPR to the stress resistance of host plants. The use of PGPR
and other symbiotic microorganisms, may play an important role in developing strategies
to assist water conservation in plants. More precisely, the soil-borne Pseudomonads and
Paecilomyces variotii have received a particular attention because of their metabolic flexibility,
excellent root-colonising ability and competence to produce a wide range of enzymes and
metabolites that benefit the plant in water conservation and enable them to endure diverse
biotic and abiotic stresses [3,6].

Rhizosphere microorganisms as well as plant secondary metabolites are well-known
for their role in improving growth patterns of roots as they result in rhizosheaths formation
around the roots and protecting them from desiccation, pollutant degradation, mainte-
nance of primary cellular functions and from antimicrobial activity of various predators.
Many mechanisms have been described for the action of PGPR [7]. Some strains produce
metabolites such as hydrogen cyanide, 2,4-diacetylphloroglucinol; antibiotics, and volatile
compounds that motivate plant growth. Other strains are responsible for siderophores
production and thus play a critical role in sequestering iron for plants, delay senescence,
improve biological control, and produce phytohormones which influence plant physio-
logical processes. Some inoculants enter inside root and establish endophytic populations
with compliance to the niche and paybacks to the host plants while some enhance surface
area of root, thus attract nutrients uptake, and in turn, tempt plant productivity [8,9].
The application of PGPR alone or in combination with chitosan play an important role in
combating salinity stress by maintaining higher chlorophyll content, chlorophyll fluores-
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cence, and antioxidant enzymes activity [10]. Noshin et al. [11] isolated the halo-tolerant
bacterial species and evaluated their ability to improve seed germination, plant growth,
and phytohormones content in plants grown under saline stress conditions. Similarly,
Ahmad et al. [12] noted the synergistic effects of PGPR and biochar on the growth and
yield of maize grown under semi-arid climate. The beneficial effects of the fungal strains
aggressivum f. europaeum Tae52481 and T. saturnisporum Ca1606 were also evident on the
growth and yield of pepper and tomatoes [13].

One of the major benefits of PGPR is to produce effective antibacterial compounds
that can be used against certain plant pathogens and pests. Moreover, PGPR arbitrates
biological control not directly by eliciting induced systemic resistance against a large
number of plant diseases [14]. Allelopathic rhizosphere bacteria also improve the wheat
growth as they act as biocontrol agents to control the weeds in wheat growing areas [15].
Whereas, He et al. [16] reported the nematicidal activities of A. japonicas against root knot
nematodes. These microorganisms are also an essential part of the soil phosphorus (P) cycle
as they are concerned in a series of processes that have an effect on the transformation of
soil P. Particularly, soil microorganisms are efficient in the release of P from inorganic and
organic pools of total soil P by the process of mineralization and solubilisation. Shortage
and fixation of P in alkaline calcareous soils initiate a decrease in crop production. The
impact of rock phosphate and chemical fertilizers were evaluated in a two year field
experiment both individually and in combination with PGPR on the growth and yield of
wheat and on physico-chemical properties of soil. The study revealed substantial increases
in wheat growth and yield treated with Pseudomonas sp. + poultry litter. Whereas, all other
treatments i.e., rock phosphate + poultry litter + Proteus sp.; rock phosphate and poultry
litter; half dose inorganic P from Single Super Phosphate-SSP with 18% P2O5 and poultry
litter alone were useful for maintaining the soil biological and biochemical properties [17].
It was also reported that mechanical pot seedling transplanting together with deep nitrogen
(N) fertilization significantly improves the yield and antioxidant enzymes activities in rice
thus may also play an important role in improving the stress tolerance in test plants [18].

PGPR also assists in phytoremediation and microbial based phytoremediation is one
of the utmost developing and environmentally friendly methods used for the purification
of pollutants from the soil. The PGPR S. aureus K1 revealed to regulate the plant growth and
antioxidant enzyme activities by decreasing oxidative stress and chromium (Cr) toxicity by
converting Cr6+ to Cr3+ and the accumulation of Cr6+ was significantly reduced in wheat
plants inoculated with S. aureus K1. This shows that the application of S. aureus K1 could be
an effective approach to lessen the Cr toxicity in wheat and other crop plants [19]. Various
free-living rhizosphere bacteria that promote the growth of plants can be applied in heavy
metal polluted soils to alleviate lethal effects of heavy-metals on the flora. These beneficial
microbes either entirely inhibit metal ions by inhabiting different metabolic activities or
enhance the plant tolerance mechanism to high concentration of heavy metals [20].

Plant growth regulators (PGR) are chemical compounds that play a significant role
in plant growth and yield. They are involved in plant’s intercellular communication and
particularly present in the actively growing tissues of plants [21]. PGR associated with the
control of cell division, root formation, embryogenesis, fruit development and ripening, and
tolerance to biotic and abiotic stresses [22]. Plant growth regulators are designated in the
literature as taking a significant part in acquiring crop management of modern agriculture
in conditions of abiotic and biotic stressors. Plant growth regulators may improve the
antioxidant activity in plants. Foliar application of GA3 significantly improved both root
length and diameter, root and foliage fresh weights/plant, and root and foliage yields/ha
increased with the incremental level of nitrogen and/or GA3 concentration [23]. Oxalic acid
(OA) is an important calcium regulator and plays an important role in fruit yield and quality.
In this special issue Benítez García, et al. [24] studied the PGR present in the seaweeds and
evaluated their plant growth promoting abilities. Whereas, García-Pastor et al. [25] pointed
out the effects of preharvest oxaloacetic acid (OA) treatments on pomegranate trees. They
reported an increase in the respiration rate, fruit size, fruit quality and crop yield. The OA
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treatment was also augmenter to sugars and organic acids content, as well as to bioactive
compounds and antioxidant activity. They authors also noted a stimulation in the fruit
ripening process, increase in the number of fruits with improved quality. Nawaz et al. [26]
studied the effects of seed priming with SA on the growth, pigmentation and mineral
concentrations of maize (Zea mays L.) grown under B toxicity. The findings suggested
that the exogenously applied SA moderates the reaction of plants grown under the boron
toxicity, and therefore could be used as a plant growth regulator to motivate plant growth
and augment mineral nutrient uptake under B-stressed conditions. Ali et al. [27] studied
the effects of α-Tocopherol foliar spray on the growth, photosynthetic pigments, nutrient
uptake, and drought tolerance in maize. They reported that α-Tocopherol is important
in improving water stress tolerance in maize, and its foliar application was found to be
effective in decreasing the adverse effects of water-stress on growth by modulating the
metabolic activities of plants.

Funding: This research received no external funding.

Data Availability Statement: All the data generated or analyzed during this study are included in
this published editorial.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Drylands are stressful environment for plants growth and production. Plant growth-promoting
rhizobacteria (PGPR) acts as a rampart against the adverse impacts of drought stress in drylands and
enhances plant growth and is helpful in agricultural sustainability. PGPR improves drought tolerance
by implicating physio-chemical modifications called rhizobacterial-induced drought endurance and
resilience (RIDER). The RIDER response includes; alterations of phytohormonal levels, metabolic
adjustments, production of bacterial exopolysaccharides (EPS), biofilm formation, and antioxidant
resistance, including the accumulation of many suitable organic solutes such as carbohydrates,
amino acids, and polyamines. Modulation of moisture status by these PGPRs is one of the primary
mechanisms regulating plant growth, but studies on their effect on plant survival are scarce in
sandy/desert soil. It was found that inoculated plants showed high tolerance to water-deficient
conditions by delaying dehydration and maintaining the plant’s water status at an optimal level.
PGPR inoculated plants had a high recovery rate after rewatering interms of similar biomass
at flowering compared to non-stressed plants. These rhizobacteria enhance plant tolerance and
also elicit induced systemic resistance of plants to water scarcity. PGPR also improves the root
growth and root architecture, thereby improving nutrient and water uptake. PGPR promoted
accumulation of stress-responsive plant metabolites such as amino acids, sugars, and sugar alcohols.
These metabolites play a substantial role in regulating plant growth and development and strengthen
the plant’s defensive system against various biotic and abiotic stresses, in particular drought stress.

Keywords: PGPR; RIDER; drylands; water conservation

1. Introduction

Desertification, drought, and land degradation are major challenges to sustainable crop production
throughout the world especially in developed countries. Water scarcity mainly due to low annual
precipitation is very damaging for plant growth, and ultimately sustainable crop production. However,
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there is an inordinate need to use these areas even with marginal productivity due to damage to
basic farmlands. Therefore, there is more interest in producing crops using low or marginal yields
of soil (e.g., sandy soil) [1]. However, sandy soil has high temperatures and suffers severe drought.
Stress losses can range from 50% to 80%, depending on the stress period and type of plant species [2].
Drought stress in desert areas affects plant water potential, restricts the normal plant performance, [3],
and alters the plant physiological and morphological characteristics [4,5]. Drought stress-induced plant
growth was studied in wheat [6], barley [7], rice, and corn [8]. Moisture content and plant biomass
are common growth factors impacted by drought stress in these plants [9]. Besides, drought stress
stimulus negatively impacts the nutrient uptake and translocation as the soil nutrients are transferred
to the roots via water.

Consequently, drought stress reduces the absorption of nutrient and mass-flux of water-soluble
nutrients, for example, calcium, nitrate, sulfate, silicon, and magnesium [10]. Drought stress enhances
formation of free radicals that damage plant defence system resulting in an increase in reactive oxygen
species (ROS), such as superoxide radicals, hydroxyl radicals, and hydrogen peroxide induces oxidative
stress. ROS can cause tissue damage, to membrane corrosion, proteins and nucleic acids by causing
their lipid peroxidation [11–13].

Water stress is responsible for high economic losses in arid and semi-arid regions. It disturbs
plant–water relations at cellular and whole plant levels, resulting in specific and non-specific
responses [14]. Plant reaction to water stress is a complex process that tends to include polyamine
formation and a collection of novel proteins with relatively unknown functions. Drought decreases the
photosynthesis supply of carbon dioxide, which may contribute to ROS production from misguided
electrons in the camera system [15,16]. It also creates free radicals during abiotic tension. ROS, such as
radical superoxide (O2

−), radical hydroxyl (OH), and hydrogen peroxide, enhance the damaging effect
of lipid peroxidation throughout the membrane [17]. Plants have an antioxidant defensive system
which prevents cellular membranes and DNA from ROS-induced oxidative damage by converting
ROS into non-toxic forms such as water and oxygen [18,19].

Inoculation of plants with growth-promoting microorganisms can improve water retention
strategies and drought tolerance of plants grown in arid or semi-arid regions [20]. These useful
microbes inhabit the rhizosphere/endogenous rhizosphere of the plant through various direct-indirect
mechanisms and promote plant growth (Figure 1). The rhizosphere is a thin layer of soil surrounding
the roots of the plant and is a very critical and active area of root activity and metabolism [21–23].
A significant number of microorganisms coexist in the rhizosphere, such as bacteria, fungi, protozoa,
and algae, but mostly different types of bacteria. Plants release organic compounds through exudate to
select the bacteria that contribute most to the plant’s health under stressful conditions [24]. The beneficial
relationships of plant-microbes in the rhizosphere are the key determinants in water conservation, soil
productivity, and plant health. Plant growth-promoting rhizobacteria (PGPR) affect growth, yield, and
nutrient uptake through a series of mechanisms. Some strains (e.g., Azospirillum brasilense, Aeromonas

punctata, Bacillus megaterium, Pseudomonas fluorescens, Serratia marcescens) directly modulate
plant physiology by stimulating the production of plant hormones, while others upturn minerals and
nitrogen in the soil as a means of increasing growth under water-deficient conditions [25–28].

The current review comprehensively covers major research to evaluate the effectiveness of PGPR
in alleviating crop water stress and to find effective PGPR to help crops in maintaining water status
under drought conditions. The aim of the present review is to provide insights into the role of
phytohormones, plant metabolites, exopolysaccharides (EPS), and 1-aminocyclopropane-1-caroboylic
acid (ACC) deaminase activity in stress tolerance of plants in response to PGPR inoculation. This review
identifies the challenges of drought stress and involvement of PGPR in the mitigation of drought stress
in plants for sustainable production.
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Figure 1. Plant growth-promoting strategies of plant growth-promoting rhizobacteria (PGPR) under
drought stress.

2. Plant Survival Strategies under Drought Stress

A species may have a complementary set of survival strategies enabling it to survive under
small and unpredictable distribution of rain [29]. Desert plants may have no water for many
years. Plants exhibit different responses when sensing abiotic stimuli, which are related to specific
stress-tolerance mechanisms [30–32]. A series of epidermis waxes protect plants from excessive
moisture loss and provide protection against various pathogenic antagonistic activities [33]. In
addition, osmoprotectants like proline accumulation aid in sustaining the plant’s water potential,
and promotes the plant’s extraction of water from the soil [34]. Changes in primary metabolism are
considered to be the most obvious of all metabolic reactions and comprise changes in the level of
sugar/sugar alcohol, amino acid, and tricarboxylic acid cycle intermediates, exhibiting a common
tendency for ecological stress reactions. However, changes in secondary metabolism are exact to
particular stress and are precise to the type of plant species [35,36].

Some of the metabolic compounds that are associated with abiotic stresses and act as protectants
include the sorbitol, polyols, mannitol, sucrose, fructan, proline, and ectoine [37]. Other small
molecules such as carotenoids, ascorbic acid, tocopherols and anthocyanins also protect plants from
being subjected to oxidative injury and protect plants by eliminating stress-induced ROS in plants.
The production of phytoalexins and initiation of phenylpropanoid pathways and lignin biosynthesis
are related to plant defence mechanisms [38–40]. Plant molecules such as salicylic acid, jasmonic acid,
methyl salicylate, and methyl jasmonate are formed under stress. They can also act as signalling
molecules that trigger defences against various biotic and abiotic stresses in crop plants [41]. In recent
years, metabolomics has been used for various purposes, such as (1) assessing the effect of various
stresses in plants; (2) pursuing the contribution of specific compounds in a specific biosynthetic or
secondary deprivation pathway and (3) organizing various plant samples [42]. Stability, defence,
and signalling of metabolites can be used to measure the degree of plant lenience to diverse abiotic
stresses [43,44]. Extensive research is carried out to develop policies against drought stress by growing
drought-tolerant crops, improving crop calendars and resource management practices [45].
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3. Water Conservation Strategies of Plant Growth-Promoting Rhizobacteria (PGPR)

Using PGPR and commensal microorganisms, in particular arbuscular mycorrhiza (AM) fungi,
may help to develop strategies to improve water retention potential in plants. More specifically,
Pseudomonas sp. in the soil is of specific importance due to its versatility in catabolism, exceptional
root colonization capacity, and the capability to produce a variety of enzymes and metabolites that
contribute to abiotic stress tolerance in plants [46]. Relatively few pathways have been found to
clarify the improved tolerance of Pseudomonas-treated plants to environmental stresses. Tolerance
mechanisms such as increased osmotic adjustment and hydration of the leaves decreased oxidative
damage, enhanced nutritional status, or increased the efficiency of intrinsic water usage have been
suggested to elaborate the contribution of PGPR in improving stress tolerance [47].

Soil microbes have developed complex survival methods in desiccated soil. For example, bacteria
have been documented to alter their membrane structure to improve their survival during the phases
of low external water potential [48]. Increased water content in bacterial colonies can increase nutrient
utilization [49]. In particular, the release of soluble carbohydrates in rhizosphere in PGPR-treated plants
are higher, which can improving the survival rate of microorganisms under water deficit conditions.
Some PGPR, such as Azospirillum, have the capacity to preserve water by developing cyst formation
around the roots and by synthesizing polyhydroxybutyrate and melanin [50]. Likewise, extracellular
bacterial polysaccharides will form organic mineral sheaths around cells along with surrounding
mineral particles, which contributes to an improvement in development of macro-aggregates as an
additional indirect consequence [51]. On the other hand, excessive drought stress decreases the
amounts of water-soluble carbon and carbohydrates in rhizosphere of plants inoculated with Glomus

intraradices, suggesting that mycorrhizal fungi serve as an effective sink for photosynthates and that
these carbon fractions contribute to the stabilization of soil aggregates to a lesser extent. As a result,
increased soil accumulation can be expected to increase water absorption by plants, thereby improving
plant growth [52].

The free-moving soil bacteria sustain associations with the plant roots, thereby helping
plant defence against various stresses, including drought, heavy metals toxicity, pathogens, and
salinity [53–55]. Some PGPR such as Azospirillum sp., Pseudomonas fluorescens and Azotobacter sp.
are widely used for increased crop yield [56,57]. The increased hydration caused by the PGPR
strain could be due to improved water efficiency and/or enzymatic reduction of the concentration
of plant ethylene, thus diminishing the inhibitory effect of ethylene on seedling root biomass [58].
The co-inoculation of arbuscular mycorrhizal fungi (Glomus intraradicers or Glomus mosseae) and
PGPR Pseudomonas mendocina with Lactuca sativa L. improved antioxidant catalase under extreme
drought conditions, indicating that inoculants can be used to mitigate oxidative damage induced
by drought [59,60]. Kohler et al. [61] demonstrated that when PGPR, P. mendocina, and arbuscular
mycorrhizal fungi were inoculated, antioxidant catalase activity was higher in lettuce plants under
severe drought conditions. The aforementioned PGPR species were also found to be useful in reducing
drought-induced oxidative damage in plants (Figure 2). Interestingly, the plant growth promoting
bacteria (PGPB) strain Pseudomonas fluorescens Pf1 augmented enzymatic activities of catalase and
peroxidase in green grams under water stress. Similarly, it can also serve as a storing compound for
protein synthesis. Starch biosynthesis is reduced under stressed conditions, and proline accumulation
is used as a carbon and nitrogen source for plant survival [62–65]. Other common mechanisms of
maintaining water status by plants in response to PGPR under water stress are as follows:
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Figure 2. Water conservation and drought stress alleviating mechanisms employed by PGPR.
SAM-Shoot apical meristem.

3.1. Modifications in Phytohormones Content

Plant growth-promoting rhizobacteria have developed various phytohormones, such as abscisic
acid (ABA), ethylene, gibberellins, auxins, cytokinins and salicylic acid. Such hormones stimulate plant
growth either directly or through certain secondary bacterial metabolites [66]. These plant hormones
maintain plant water status water deficient conditions and are important for plant growth and disease
prevention. Acetobacter, Bacillus, Herbaspirillum and Rhizobium species render gibberellins (Figure 2) [67].
Indole-3-acetic acid (IAA) is generated by some species of Micrococcus, Pseudomonas and Staphylococcus.
Furthermore, cytokinins are produced by Azotobacter chroococcum that helps plants in sustaining proper
moisture under extreme drought conditions [68]. The plant stress hormone abscisic acid (ABA),
mediates plant stress tolerance by regulating several stress response genes and is responsible for
maintaining proper moisture level in cells under drought conditions [69,70]. It has been previously
reported that about 80% of the microorganisms extracted from the rhizosphere of different crops are
recorded to be able to synthesize and release auxin as a secondary metabolite [71]. The rhizosphere
bacteria-secreted IAA can interfere with plant growth and development, since receiving IAA from
the soil bacteria may change the endogenous level of Plant IAA [72]. The IAA also serves as a
signalling molecule that influences gene expression in a variety of microorganisms. The previous
studies confirmed that phytohormones work as bi-directional communication between microbes and
plant. For example, under nitrogen or phosphate starvation, the strigolactones exuded from the root,
which attracts AM fungi, and downregulated their biosynthesis upon colonization [73]. Auxin and
ABA have concentration-dependent positive effects on AM development while salicylic acid (SA),
ethylene (ET), and gibrillic acid (GA) inhibit the root nodule and AM symbiosis. To understand the
underlying complexity, it is essential to complement the genetics with system biology approaches,
including hormone profiling, metabolomics, global network analysis, and computational molecular
modeling of various processes in plants and soil. IAA is produced by many plant-associated microbes,
including PGPR, nitrogen-fixing symbionts, and pathogens, which assist in interactions between
plant-microbes [74,75]. The pathogenic bacteria that produce IAA, when grown in culture including

9



Agronomy 2020, 10, 1683

Erwinia herbicola, Xanthomonas campestris, Erwinia Chrysanthemi, and several Pseudomonas syringae

pathovars [76–79].
In plant-associated microbes, the IAA regulates the expression of genes that promote the interaction

with plants. IAA induced large-scale changes in the transcriptome of PGPR, A. brasilense, which
upregulate the gene expression involved in IAA biosynthesis and genes involved in the metabolism,
respiration, and transportation [80]. These findings suggest that IAA promotes physiological and
metabolic adjustment for growth in the rhizosphere [81]. Furthermore, IAA induces the expression
of genes predicted to be involved in the Type VI secretion system (T6SS). In PGPR and other
plant-associated bacteria, the role of the Type VI secretion is not well understood but may help the
bacteria by injecting toxins into other microbes in the vicinity. Also, the exogenous IAA enhanced the
expression of genes involved in stress responses. In Escherichia coli and Bradyhizobium japonicum the IAA
treatments enhanced the cell viability when the bacteria was grown in stressful conditions, including
oxidative stress, heat shock, and osmotic shock, and furthermore promoted biofilm production [82].
Consequently, IAA plays a very significant function in the relationship between rhizobacteria and
plants [83]. Bacterial IAA can have enhanced the root length and surface area, making soil nutrients
and water easier for plants to obtain. In addition, rhizobacteria IAA can relax plant cell walls, thereby
increasing the root secretions and thus providing more nutrients to promote the growth of rhizosphere
bacteria [84–87].

Agrobacterium tumefaciens strains STM196 isolated from the rhizosphere of rapeseed rape [88] have
been shown to improve resistance to moderate water deficit, and alter plant physiology and delay
developmental transition in Arabidopsis thaliana [89]. In addition, previous in vitro experiments have
shown that STM196 modifies root architecture and hormonal signalling [90]. Importantly, STM196 not
only improved plant longevity but also improved recovery of growth in living plants in post-stress
and increased biomass production during flowering [91]. In A. thaliana, it was interpreted that the
inculcation of Bacillus subtilis augmented the photosynthetic rate by reducing the concentration of
ABA [92]. In the common bean, co-inoculation of Rhizobium tropici and Paenibacillus polymyxa has been
shown to reduce the ABA content in water-deficient conditions [93]. The caronatine is exuded from
Pseudomonas syringe, which inhibits the signalling pathways of ABA and prevents stomatal closure [94].
Arabidopsis thaliana inoculated with A. brasilense showed contrast results by increasing ABA content
two-fold [95], and this increase in the content of ABA plays an important role in water conservation
and alleviation of drought effects [96].

In addition to this, B. subtilis produces numerous polyamines which promote plant growth and
development under water stress. The different types of polyamines, including spermine, spermidine,
cadaverine and putrescine, are natural small-molecular-weight compound that modify physiological
and biochemical attributes in plants and improve plant growth and development under drought
environments [97]. Polyamine functions in the regulation of plant growth and water conservation.
It has been reported to play a significant role both in promoting active growth and the division of cells
into young tissues of the plants [98]. Polyamines promote the growth and cell differentiation in plant
roots and provide insight into morphological variations [21,99]. Furthermore, they also play a major
role in sustaining optimal ionic and pH environments, cell differentiation, organ development and
secondary metabolite production under stress [100]. Polyamine has previously been documented to
assist in stress tolerance either by regulating ROS homeostasis or by regulating antioxidant processes
or by suppressing ROS production [101,102].

3.2. PGPR Mediated Metabolites Involved in Drought Stress Tolerance

Genetically engineered rhizobacteria, which overproduce trehalose in their cells, thereby allow
plants to retain their water status and may increase survival of plants under extreme water-deficient
conditions, in particular by increasing leaf water contents or by causing an accumulation of trehalose
in the soil [103]. Some sugars including galactinol and raffinose act as osmoprotectants, which are
synthesized in response to water-deficient conditions, mannitol scraps ROS, hydroxyl radicals and
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stabilize the structure of the enzyme [104,105]. The osmolytes prevent the creation of intramolecular
hydrogen bonds in macromolecules by forming hydrogen bonds with them. Trehalose stabilizes the
formation of membranes and macromolecules during water stress conditions and allows plants to
retain water under harsh conditions. During different environmental pressures, the aggregation
of different osmolytes such as glycinebetaines, proline, ectoine, etc. has been reported [106].
Similarly, Khan et al. [107] reported a different accumulation of metabolites such as L-proline,
L-arginine, L-histidine, L-isoleucine, and tryptophan in chickpea cultivars grown under drought
conditions (Figure 3). Furthermore, other metabolites like alanine, choline, phenylalanine, tyrosine,
glucosamine, guanine gamma-aminobutyric acid, and aspartic acid had reduced accumulation under
drought conditions. Amino acids, such as branch chain alanine, valine, leucine also increased in
samples of Triticeae species (IG132864, TR39477 and Bolal) under water-deficient conditions [108,109].
Urano et al. [110] also described the increased accretion of these branch chain amino acids in A. thaliana.

Less and Galili [111] have suggested that activities of enzymes of amino acid catabolism were rapidly
increased under drought stress.

Figure 3. A principal component analysis (PCA) based biplot showing association among different
metabolites induced by PGPR in chickpea leaves grown under consortium (Cons) and water deficit
(WD) conditions. Samples with consortium and water deficit treatments did not overlap with each other
showing that both the treatments have different levels of metabolites. G1-Drought Sensitive genotype;
G2-Drought Tolerant genotype.
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On the other hand, sugar and its compounds such as fructose, mannitol, galactose, mannose and
other non-reducing sugars and oligosaccharides provide a hydration shield around drought-sensitive
proteins which can provide an initial defensive condition against further water depletion [112].
It has been reported previously that trehalose, glycinebetaine, carnitine, glutamate, proline, mannitol,
polyols, fructans, sorbitol, oligosaccharides, and inorganic ions such as K+, sucrose, etc. are used as
osmolytes to suppress cellularosmotic shock under water stress. The osmolyte accumulation prevents
macromolecules by stabilizing the tertiary structure of proteins and by scavenging ROS [113,114].

3.3. Biofilm and Exopolysaccharides (EPS) Production by PGPR under Water Deficiency

Biofilms are microbial communities in which differentiated cell populations are encapsulated by
bacterial made extracellular matrices [115]. Most microorganisms are capable of forming biofilms in
natural, clinical and industrial environments (Figure 4). Rhizobacteria are often found to form
micro-colony or biofilm-like structures at the roots of plants [116,117]. Biofilms enhance soil
accumulation, improve water status and enhance microbial biomass, thereby stimulating root exudates
under pressure. Therefore, the production of a viscous extracellular matrix layer at the rhizosphere has
a strong selectivity advantage, especially under stress conditions [118]. The matrix may also contribute
to the mechanical stability of the biofilm and interact with other macromolecules and solutes of low
molecular weight to provide several microenvironments within the biofilm [119–121].

Figure 4. Microbial aggregates result in the formation of exopolysaccharides (EPS) and biofilm that
provide protection to roots under abiotic stresses and improve the soil moisture content and soil porosity.

Studies have shown that the formation of PGPR biofilms has a pivotal role in defending plants
under water deficient conditions. For example, P. polymyxa has been shown to colonize plant root
tips, form biofilm-like structures and protect plants from water stress and pathogen infection [122].
As another example, a high mucus mutant of P. fluorescens CHAO strain indicating enhanced biofilm
formation is believed to be beneficial for water budget and exhibits significantly enhanced carrot
root colonization compared to its wild-type parent [123]. Khan et al. [124] reported that PGPR
Planomicrobium chinense, Bacillus cereus and P. fluorescens alone or in combination resulted in biofilm
formation in inoculated chickpea plants grown under sandy soil condition and protected the roots of
plants from the adverse effects of unfavourable conditions. Besides this, B. subtilis strain ATCC 6051 is
capable of forming biofilm-like structures on the roots of Arabidopsis plants and protecting Arabidopsis

from high temperatures and infection with P. syringae [125–127].
Microbial EPS is essential for the production of biofilms and cell aggregates that help to

protect cells from harsh conditions and may protect the substantial amount of heavy metals
(Figure 4) [128]. Many studies demonstrated the importance of microbial EPS in water conservation
under water-deficient conditions [129]. Furthermore, the bacterial EPS has also been found to
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be important in the bioremediation of wastes from water [130]. Exopolysaccharides produced by
PGPR improved soil moisture content, plant biomass and leaf area of maize plant grown under
stress condition [131]. Alami et al. [132] reported that the EPS-producing rhizobacteria control the
aggregation of root-adhering soils. EPS-producing rhizobacteria will dramatically increase the number
of soil macropores and soil aggregation in the rhizosphere, contributing to increased supply of water
and fertilizer to inoculated plants [133–135]. EPS-producing rhizobacteria also bind cations such
as Na+, with a rise in the population density of EPS-producing bacteria in the root zone expected
to reduce the Na+ amount available for plant absorption, thereby alleviating salt stress in plants
grown in saline environments [136]. The EPS-producing bacterial population responded to adverse
environmental conditions by contributing to soil aggregation and increased the retention of water in
the root rhizosphere under water stress conditions [137]. The efficacy of inoculation with rhizobacteria,
P. mendocina, has been documented for both soil stabilization and soil fertility enhancement under
non-saline conditions [138]. The function of alginates in bacterial adhesion and biofilm formation
for Pseudomonas aeruginosa has been examined in depth. It has been shown that alginate increases
the binding and anchoring of P. aeruginosa strains on many surfaces and is the key constituent in the
biofilm matrix [139,140].

3.4. 1-Aminocyclopropane-1-Carboxylic Acid (ACC) Deaminase Activity of PGPR to Combat Water Deficit Stress

One of the key pathways used by PGPR to promote water conservation by plant
growth and development during a water shortage is the reduction of ethylene levels by
1-aminocyclopropane-1-carboxylic acid (ACC), the immediate precursor of ethylene in plants
(Figure 2) [141]. The enzyme hydrolyzes ACC to α-ketobutyrate and ammonia [142]. Plants that are
inoculated with PGPR containing ACC deaminase have been found to be substantially more resistant
to the deleterious effects of stress ethylene that is synthesized as a result of adverse environments
such as heavy metals toxicity [143], presence of phytopathogens [144], hypoxia [145], high salinity
and drought stress [146]. It has been stated in most of these cases that the PGPR containing ACC
deaminase significantly decreases the ACC activity in the stressed plants, thus reducing the level of
ethylene biosynthesis and consequently protecting the plants from their deleterious effects. The usage
of plant growth-promoting bacteria containing ACC deaminase is helpful to facilitate plant growth
and water conservation in water-deficient conditions [147].

The impact of inoculation with ACC deaminase-containing rhizobacteria on water use efficiency
was clearly evident in crop plants. Pseudomonas fluorescens biotype G (ACC-5) was found to be more
promising at low humidity (25% field capacity), because of its maximum water use efficiency compared
to the respective uninoculated controls. Similarly, inoculation was shown to be efficient in increasing
the productivity of water usage when measured on a dry weight basis [148]. The inoculation of
ACC deaminase PGPR Achromobacter piechaudii ARV8 with pepper and tomato seedling exposed to
transient water stress significantly increased the fresh and dry weights of the plants [149]. Recently,
beneficial effects of ACC deaminase-producing bacterium Variovorax sp. in improving the nodulation
and growth of spiny brooms grown in arid regions of Tunisia have been observed [150]. Likewise,
ACC deaminase-containing Variovorax paradoxus has also caused physiological modifications in Pisum

sativum L. grown under moisture deficient condition [151]. Positive effects of ACC deaminase bacteria
on shoots and roots biomass, transpiration rate and leaf area of plants were also observed in short-term
experiments (Table 1). In long-term studies, plants inoculated with ACC deaminase bacteria provided
more seed yield (25–41%), number of seeds, and accumulation of seed nitrogen than uninoculated
plants, and helped preserve water status [152].

13



Agronomy 2020, 10, 1683

Table 1. Impacts of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase-producing bacteria on
plant growth and drought stress tolerance.

ACC Producing PGPR Host Plants Results References

A. piechaudii ARV8 Solanum lycopersicum L.
Enhanced plant biomass and decrease

in ethylene levels.
[153]

A. piechaudii ARV8 Pisum sativum L.
Improve root-shoot ratio under low

soil moisture content.
[154]

Pseudomonas sp. Pisum sativum L.
Improve the plant growth and yield

and reduce the triple response
of ethylene.

[155]

P. fluorescens Pisum sativum L.
Positive impacts on plant growth

under severe drought stress.
[156]

V. paradoxus 5C-2 Pisum sativum L.
Induce the abscisic acid (ABA)

signalling in plants and Improve the
soil nutrient content.

[157]

Rhizosphere bacteria
containing

ACC-deaminase
Triticum aestivum

Enhance root-shoot length and
improve the water and

nutrient uptakes.
[158]

Bacillus 23-B +
Pseudomonas sp. 6-P +
Mesorhizobium ciceri

Improve seed germination and root
length in chickpea under

moisture stress.
[159]

Bacillus licheniformis K11 Pepper nigrum
Enhance the expression of stress

related genes e.g., Cadh, VA, sHSP,
and CaPR-10.

[160]

Citricoccus zhacoinesis B-4 Allium cepa
Promote plant growth and

germination index.
[161]

Ochrobactrum
pseudogrignonense RJ12,
Pseudomonas sp. RJ15

and B. subtilis RJ46

Vigna mungo L.
Pisum sativum L.

Show positive impacts on seed
germination, improve root and shoot

length and regulate ethylene level.
[162]

4. Development of Root System by PGPR

Rhizobium helps plants in maintaining a favourable water status in their tissues under
water-deficient conditions by enhancing root development (Figure 1). Rhizosphere bacteria that
promote plant growth colonize roots and maintain symbiotic interactions to promote plant growth and
provide protections against stresses [163]. Different strains of PGPRs are well known for their positive
impact on plant growth and also helping in water stress such as Azospirillum sp., Azotobacter sp., and P.

fluorescens [164]. Root biomass was large in plants inoculated with Phyllobacterium brassicacearum

STM196, and also increased the water absorption by changing root architecture. Studies conducted
under reproductive conditions have shown that STM196 increases lateral root length [165], as well
as the density and length of root hairs [166]. STM196 resulted in a greater contact surface with the
soil causing higher water flow from roots to the shoot. Some rhizosphere bacteria help plants in
maintaining a desirable moisture level in their tissues under water-deficient conditions by improving
the root development [167]. Inoculation with PGPR strains improved plant growth by strengthening
the root architecture, consequently increasing nutrient uptake [168,169].

Some PGPRs like A. brasilense, B. japonicum, B. cereus, Paenibacillus illinoisensis, P. fluorescens promote
root development and alter root structure by producing plant hormones such as IAA, resulting in
increased root surface area and increased number of root tips [170]. This root stimulation can help
plants fight pathogens. It has also been suggested that PGPR increases plant uptake of water and
mineral ions by proton pump ATPase stimulation, despite the lack of experimental evidence [171].
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5. Improving Nutrient Availability and Maintenance of Soil Quality

Drought stress affects soil biological, physical and chemical activities. It not only decreases
plant nutrient supply but also has harmful impacts on plant and soil health due to a rise in soil
temperature [172]. Under drought conditions, the nutrient availability to the plant is seriously impaired;
however, the usage of appropriate microorganisms restores nutrient bioavailability in drought-stressed
conditions. Several PGPR have been isolated in recent decades and have been suggested for use in
sustainable agriculture under water deficit conditions [173]. Plant growth-promoting bacteria found to
be very effective in substantially increasing soil nutrients content thus improving crop yields [174].
PGPRs of the genera Arthrobacter, Azotobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas, Serratia

and Streptomyces were largely documented for this purpose [175]. PGPR may have a beneficial impact
on plant growth and development, possibly because of a nutrient mobilization in the soil, nitrogen
fixation and excretion of different plant hormones (Figure 2). Using PGPR may help in reducing the use
of chemical fertilizers or increase the nutrient-use efficiencies, particularly for low-mobility nutrients
such as iron and phosphorus [176,177]. In particular, iron forms insoluble hydroxides in high pH soils,
and supply of bioavailable Fe to plants is reduced. It was previously reported that the production of
siderophores by genus Pseudomonas enhanced the solubility of Fe and contributed to the overall iron
requirements of plants, especially in calcareous soils [178].

Soil quality is critical for the improvement of sustainable farming under extreme drought
conditions. It encourages penetration of water, provides optimal habitat for soil organisms and an
optimal aeration to roots and soil organisms, and helps in preventing soil erosion [179]. Microorganisms
have been observed to have a direct impact on soil properties and quality, since they may associate with
other microorganisms in the rhizosphere (Figure 4) [180–182]. Soil microorganisms play an important
role in controlling the processes of decomposition of organic matter, and the supply of plant nutrients,
such as N, P and K. Microbial inoculants are well known as an essential component of advanced
nutrient management contributing to sustainable agriculture [183]. In addition, microbial inoculants
can be used to improve crop production as an economic input; fertilizer doses can be reduced, and
nutrient use efficiencies can be increased [184].

6. Changes in Plant Functional Traits

It is well established that extreme deficient water stress affects plant growth, water status, and
is responsible for a decrease in photosynthetic ability, especially through stomatal closure and leaf
senescence. Non-destructive experiments based on chlorophyll fluorescence imaging were commonly
used to decipher the effect of different water potentials on plant physiology, but only rarely used at high
performance [185]. Measurements of chlorophyll fluorescence were performed at high throughput
to unravel the influence of rhizobacteria on the responses of plants to drought (Figure 5). There are
numerous photosynthetic parameters that exist; dark-adapted Fv/Fm represents the optimal efficiency
of photosystem II (PSII) and is thus one of the most commonly used parameters for analyzing the
physiological modulations in leaf. Most commonly, the mean Fv/Fm of the photosynthetic organ or
the whole plant is used to describe the stressor response [186]. The major decrease in mean Fv/Fm

during a prolonged water deficit is commonly correlated with high leaf senescence. With a higher
proportion of leaf senescence, STM196-inoculated plants may persist and thus provide higher resistance
to photosynthetic damage from the leaves [187–189].

Inoculated plants thus demonstrated reduced mortality rate after the establishment of water
tension. Leaf senescence reflects a common way to conserve resources. It allows translocation to
reproductive organs and decreases water intake of older and less-productive leaves [190]. Therefore, leaf
senescence is an adaptive trait which will help plant survival under stressful conditions. The increase
in chlorophyll content may contribute to the improvement in plant photosynthetic efficiency triggered
by PGPR. Rice plants inoculated with arbuscular mycorrhizal fungus under water tension showed a
positive association between water budget and PSII efficiency [191]. In A. thaliana, the inoculation of
the Burkholderia phytofirmans PsJn strain enhances the senescent leave at flowering under well-watered
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environments. It is widely confirmed that rhizobacteria increase the content of leaf water which results
in increased plant resistance under drought stress [192–194].

Figure 5. Effects of PGPR on leaf chlorophyll content and photochemical efficiency of chickpea plants
grown under moisture stress conditions.

7. Molecular Mechanisms to Mitigate Drought Stress Induced by PGPR

Plant responses to environmental stresses are complex mechanisms which involve modulation in
the expression of stress-related genes [195,196]. These genes support stress management by inducing
two different types of protein, either functional proteins that act directly, such as mRNA binding
proteins, chaperones, LEA proteins, and osmotic regulators, or regulatory proteins that regulate
transcription and signalling pathways [197]. Plants recognise abiotic stresses by specific receptors in
the cell walls or intracellularly, which involve various sensing system. ABA plays a significant role in
abiotic stress responses by influences in the expression of various genes to mediate systemic stress
tolerance [198–200]. Additionally, a variety of compounds serve as systemic signals to alleviate stress
within the plants, for example, small RNAs (sRNA), peptides and metabolites [198].

Stress tolerance can be enhanced by treating plants with several PGPR stains which up-regulate
stress tolerance inducing genes. The rice plants treated with P. fluoresces induced multiples differential
gene expression, for example, ERD15 (Early response to dehydration15), COC1, Hsp20 and bZIP1
(chaperones in ABA signalling pathway), PKDP (protein kinase), and COX1 (regulate energy and
carbohydrate metabolism). Arabidopsis thaliana treated with Pseudomonas strains promote the expression
of ACO, ACS (ethylene biosynthesis), ADC, CPA, AIH, SPMS, SPDS and SAMDC (polyamine
biosynthesis), VSP1 (ethylene-responsive gene), Pdf1.2 (JA marker genes) and PR1 (SA regulated gene).
Similarly in Lycium barium it increased the expression of LbKT1, LbSKOR (encoding potassium channels)
and RAB18 (ABA-responsive gene) in drought conditions [201–203]. Pepper plant inoculated with
Bacillus sp. enhanced 1.5 fold increased the expression of sHSP (small heat-shock proteins), VA, and
Cadhn. Under drought conditions, the inoculation of A. brasilense NO40 and Bacillus amyloliquefaciens

5113 alleviates the deleterious effects in the leaves of wheat plants by upregulation of APX1, HSP17.8 and
SAMS1 stress-responsive genes [204]. This overexpression of genes increased the ascorbate-glutathione
redox cycle, which helps to overcome the adverse effect of water stress.

Recent approaches to system biology and omics analysis of transcripts, proteins and metabolites
have improved our knowledge of molecular responses in stressed plants and plant–microbe
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interactions [205,206]. PGPR-induced physiological and metabolic alternation is anticipated to
be driven by molecular alteration that has culminated in protein and post-translation modifications.
The combination of proteomics and metabolomics profiling for stressed, non-stressed and PGPR-treated
plants will also help to classify metabolic and molecular modulations involved under stress conditions
in beneficial plant–microbe interactions and help to elucidate the essence of the defence. Under drought
stress, the proteomic and metabolic studies and PGPR responses have been reported in many
plants [207,208]. However, the impact of beneficial microbes on gene expression and metabolite
aggregation in PGPR-treated crop plants remains poorly investigated.

8. Conclusions and Future Perspectives

Many plant-associated bacteria are well known for their ability to promote plant growth and
improve water-use efficiency and tolerance to various abiotic stresses. These PGPR species improve the
water conservation status in many plants and are capable of overproducing biofilms, exopolysaccharides
and trehalose, in their cells and improve the root system and soil fertility status. They help plants to
improve their root system and maintain its proper cellular moisture status, resultantly improving plant
survival under severe water-deficient conditions. Phytohormones are an important component of
plant growth and development under drought stress. The PGPR inoculation changes the levels of plant
hormones and other metabolites which help in plant adaptations through their response to the plant
water balance, nutrient uptake and translocation, gas exchange, and the movement of photosynthates
between tissues. In addition, polyamines are also found to be highly associated in enhancing the water
balances and promote the growth of the plants.

In future research, studies can be focused on how PGPR can alter metabolic profiling in plants
under water deficiency and on examining further the gene expression or protein changes that are
directly involved in the production of these metabolites. It is also important to unravel the complex
genetic network and metabolic-interacting events which mediate the host–microbe interactions.
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Abstract: A pot experiment was conducted to assess the induction of drought tolerance in maize by
foliar-applied α-tocopherol at early growth stage. Experiment was comprised two maize cultivars
(Agaiti-2002 and EV-1098), two water stress levels (70% and 100% field capacity), and twoα-tocopherol
levels (0 mmol and 50 mmol) as foliar spray. Experiment was arranged in a completely randomized
design in factorial arrangement with three replications of each treatment. α-tocopherol was applied
foliary at the early vegetative stage. Water stress reduced the growth of maize plants with an
increase in lipid peroxidation in both maize cultivars. Contents of non-enzymatic antioxidants
and activities of antioxidant enzymes increased in studied plant parts under drought, while the
nutrient uptake was decreased. Foliary-applied α-tocopherol improved the growth of both maize
cultivars, associated with improvements in photosynthetic pigment, water relations, antioxidative
mechanism, and better nutrient acquisition in root and shoot along with tocopherol contents and a
decrease in lipid peroxidation. Furthermore, the increase of tocopherol levels in roots after α-Toc
foliar application confers its basipetal translocation. In conclusion, the findings confer the role of
foliar-applied α-tocopherol in the induction of drought tolerance of maize associated with tissue
specific improvements in antioxidative defense mechanism through its translocation.

Keywords: α-Tocopherol; antioxidants; drought; nutrient dynamics; tissue specific response

1. Introduction

Among different environmental adversities, water shortage is of major focus, which has hampered
the production of global agricultural systems [1,2]. At a global level, about 45% of all land is prevailed
by drought [3]. On the other hand, an estimated increase in the world population will be about
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2.5 billion in the next 25 years, which will exert huge pressure on agriculture to fulfill world food
demand and on the available freshwater resources. From the last two decades, Pakistan has also faced
the problem of agricultural productivity to fulfill the food demand of the sixth largest population in
the world. With an agriculture-based economy, Pakistan is predominantly categorized as arid country
lying within the geographic coordinates of 23.38◦–30.25◦ N latitude and 61.78◦–74.30◦ E longitude,
with a total land area of 796,096 km2 [4]. The interannual rainfall variability makes the arid region
(covering 75% land area of Pakistan) more susceptible to drought risks. Approximately 34.15 Mha
of land area is in agriculture use, and uncultivated land is 23.60 Mha. About 25% of the cultivated
land is rainfed, which plays a vital role in the country’s economy [5]. Due to the major contribution
of the agriculture sector in Pakistan’s economy, Pakistan is more susceptible to drought risks [6].
In recent decades, unexpected and rapid changes in climate have severely affected socioeconomic
and environmental conditions in Pakistan [6]. The major cause of drought stress is a decrease in soil
water contents in combination with evaporation due to over-changing atmospheric conditions [7].
Shortage of water induces drastic changes in plants’ physio-biochemical and molecular properties that
ultimately affects all growth stages of a plant’s life cycle, including the final yield [8,9]. At present (and
in the near future), the maintenance of crop productivity for a large population under limited water
supply is a challenge for the researchers working in the agriculture sector.

To survive under water deficit conditions, plants have manipulated metabolic defensive
systems/mechanisms, which are species- and genotype-specific [10–12]. Disturbance in plant water
status is the important effect of water shortage that triggers various other metabolic processes to
survive under water stress [10,11,13,14]. It results in reduced growth and final grain yield due to
perturbations in photosynthesis by disturbances in the biosynthesis of photosynthetic pigments and
impaired nutrient uptake [15,16]. Water deficit conditions cause sub-optimal plant photosynthetic
efficiency due to limited CO2 diffusion into the leaves due to less stomatal opening or reduced Rubisco
activity [17,18]. To cope with a stressful environment, the plant mineral uptake mechanism plays a
significant role in improving resistance [19,20]. Generally, under water deficit conditions, mineral
uptake and transport reduces due to a decrease in the nutrient diffusion rate [16,21]. Among different
nutrients, potassium (K+), nitrogen (N), calcium (Ca2+), phosphorus (P), and magnesium (Mg2+) have
prime importance due to their vital functions in plant physio-biochemical processes [14,20,22].

The stress tolerance in crop plants that results in better yield is growth-stage and species-specific [23,24].
The seedling stage is of prime importance in potentially contributing to better seed yield. Uniform crop
stand leads to better yield, which depends on better seedling growth [25,26]. Furthermore, it was found
that at early seedling stages, crop cultivars with better antioxidative potential are more drought tolerant
than cultivars with less antioxidative activity [27] because the disturbances in different physiological
mechanisms results in another secondary stress (oxidative stress) by excessive production of reactive
oxygen species (ROS).

Stress-induced oxidative stress due to production of ROS (O2
−, H2O2, OH−, and O*) is a

common phenomenon in all organisms [28]. Over-production of ROS damages membrane lipids [28],
thereby increasing malondialdehyde (MDA) accumulation due to limited activity of antioxidative
defense mechanisms [29]. Under stressful environments, the levels of MDA are parallel with
antioxidant enzyme activities, which are the indices to assess the status of the extent of damage due
to the overproduction of ROS [30]. Other than the levels of antioxidant enzyme to counteract ROS
damage, plants also have non-enzymatic antioxidative defense mechanisms such as the production of
ascorbic acid, phenolic acid, carotenoids, tocopherols, etc. [31]. Furthermore, it is well known that the
antioxidative defensive phenomenon is inter-species, cultivar, and growth-stage-specific. However,
most of the higher yielding genotypes are not drought tolerant when considering stress tolerance
mechanisms [32].

Furthermore, some high-yield crop cultivars are deficit with regard to such anti-stress
mechanisms [14,28,33]. For the induction of drought tolerance, different approaches have been adopted,
including the exogenous application of secondary growth metabolic compounds [34–37]. Exogenous

30



Agronomy 2020, 10, 1235

application such as the foliar spray of different secondary metabolites of which the plant is in deficit is
considered as an effective means among others for stress tolerance induction [38,39]. It is well known
that foliar application of such compounds is translocatable to different plant parts. Furthermore, after
their translocation to different plant parts, they play a potential role in the induction of drought tolerance.
Along with modulating metabolic activities, plants also control their own metabolisms [34,40]. Among
different secondary metabolic compounds, the tocopherols are lipophilic in nature and scavenge
ROS, with the ability to recycle themselves and, as a result, reduce lipid peroxidation. Tocopherols
belong to a family of eight members including α, β, γ, and δ tocopherols, along with their respective
precursors (tocotrienols) that have high antioxidative activity and protect plants from stress through
different metabolic processes [41]. Among these, α-Toc is largely known as vitamin E, with large
antioxidant potential in comparison with other family members, but the production of α-Toc to reduce
oxidative damage is cultivar-specific [42]. However, α-Toc exogenous application was found to be
helpful for stress tolerance induction. For example, in wheat, exogenous application of α-Toc improved
salt-stress tolerance [43]. In flax, genotypes foliar-applied tocopherol significantly improved salt stress
tolerance [44]. Most of the studies presented are regarding salt tolerance induction and the application
of α-Toc on adult-stage plants, and there is a lack of knowledge regarding its exogenous use at other
growth stages. However, the discovery of the proper plant stage for better drought-stress induction
through exogenous use of this compound is of prime importance [45].

Furthermore, there are missing gaps in understanding the proper physiological mechanism for the
induction of stress tolerance at different growth stages by the exogenous use of organic compounds like
that of α-Toc, also considering its translocation to specific plant parts. Therefore, the current work was
aimed to quantify to which extent the foliar applied α-Toc could modulate growth in water-stressed
maize plants and when it should be applied in the early growth stage. The goal of the study was to
draw parallels among tissue-specific alterations in endogenous tocopherol levels, antioxidative defense
mechanisms, and nutrient mobility patterns after α-Toc foliar application in maize plants grown in a
drought-stressed rhizosphere. The research outcomes are helpful for optimizing strategies for growing
maize with limited irrigation and in semi-arid and arid regions for better growth and production.

Maize (Zea mays L.) is the third most commonly produced cereal, after wheat and rice. It has
a potential to grow in a wide range of environmental conditions and has gained great economic
priority due to its potential nutritional quality all over the world, including in Pakistan [46]. In
Pakistan, 1.016 million hectares are under maize cultivation, and 35% of the total cultivated area is
rainfed, which is now facing problems in getting better production under dry environmental spells;
this situation has further become more severe due to the present change in environmental conditions.
Maize kernels are not only good and cheap source of carbohydrates but are also a rich source of
carotenoids, proteins, and edible oil. However, due to changes in rainfall patterns along with the
shortage of fresh water for irrigation, its production is under threat, along with that of other crops.

2. Materials and Methods

The present experiment was arranged in the research area of the Department of Botany, Government
College University Faisalabad, Pakistan, (latitude 30◦30 N, longitude 73◦10 E, and altitude 213 m)
under natural environmental conditions during August–September 2018. To avoid disturbances due
to rain, the experimental area was covered with a polyethylene sheet. The design of the experiment
was completely randomized in factorial arrangement, with three replications of each treatment.
The experiment consisted of two drought levels (control and 70% field capacity), two highly yielding
maize genotypes (EV-1098 and Agaiti-2002), and two levels of α-Toc (0 mmol and 50 mmol) in solution
form applied as foliar spray with three replications of each treatment. The 70% field capacity used
in the present study was selected following some earlier studies [47,48]. These two maize cultivars
selected for study are used frequently in breeding programs to produce high-yielding hybrid genotypes.
The experimental unit was comprised a total 24 equal-size plastic pots (28 cm × 30 cm), each filled
with 10 kg soil. The soil was fully irrigated with canal water before seed sowing. When the soil
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was at field capacity, seeds of both maize genotypes were hand sown. Before sowing, the soil was
prepared well by hand digging. The seeds of both maize genotypes were purchased from Maize
and Millet Research Institute, Yousafwala Sahiwal, Pakistan. Ten healthy seeds were sown in each
pot. After five days of the completion of seed germination, five seedlings per pot were maintained
by thinning. The water stress treatment was started just after the thinning of the seedlings by controlling
the irrigation of half of the pots at 70% field capacity, and the other half of the pots were treated as
control plants and irrigated to maintain 100% field capacity. Average mean daily length was 13/11 h,
mean minimum and maximum day/night temperatures were 38 ± 3/30 ± 3 ◦C and 25 ± 2.5/20 ± 2.5 ◦C,
respectively, the mean relative humidity during whole experiment (at daytime) was 50%. During the
whole experimental period the averaged photosynthetically available radiation (PAR) measured at
noon was varied from 794 μmolm−2 s−1 to 1154 μmolm−2 s−1. Soil moisture content was maintained
on daily basis and using a tensiometer, (Irrometer, Model RT-12 inch Riverside, CA, USA). Ten days
after thinning, the seedlings were supplied exogenously as foliar spray with 0 mmol and 50 mmol
solution of α-toc. Foliar spray of α-Toc solution was done in evening before sunset for the maximum
absorption of the solution in leaf. The spray of α-Toc solution was made only once during the whole
experimental period. An aliquot of 50 mL solution of each of α-Toc level was applied manually per
replicate as foliar spray that costs only $0.015 USD for six plants and $65 USD per acre. The solution
was prepared by dissolving the required measured quantity in minimal amount of ethanol, and then
the final volume was maintained with distilled water. The 0 mmol treatment without α-Toc was
considered as control treatment. Before foliar spray, 0.1% of Tween-20 was added as the surfactant
to the finally prepared solution for the maximum absorption of the solution. The data for varying
attributes was calculated after 15 days of α-Toc foliar spray. Fresh leaf material was taken in liquid
nitrogen and stored at −80 ◦C for different biochemical studies.

2.1. Soil Analysis

The soil used was sandy loam with a saturation percentage of 47.5, average pH, and the ECe
of the soil solution was 7.63 ds.m−1 and 0.045 ds.m−1, respectively, organic matter (1.21%), with the
available P (0.051 mg kg−1), K (30 mg kg−1), and total N (6.1 mg kg−1). The soil solution had soluble
CO3

2− (traces), HCO3
− (5.01 meq L−1), Cl− (8.49 meq L−1), SO4

−2 (2.01 meq L−1), Na (3.01 meq L−1),
Ca2++Mg2+ (13.91 meq L−1), and SAR (0.079 meq L−1).

2.2. Estimation of Different Growth Parameters

Two plants per replicate were uprooted and washed with distilled water for the estimation of
different growth attributes. After calculating root and shoot lengths, number of leaves, leaf area,
and fresh masses of roots and shoots, the same plants was then oven-dried using an electric oven at
70 ◦C for 48 h, and their dry masses were calculated.

2.3. Estimation of Leaf Photosynthetic Pigments

For the estimation of leaf chlorophyll (Chl.) a, b, total Chl, and Chl a/b, we followed the method
described by Arnon [49]. The content of carotenoids (Car) was estimated following Kirk and Allen [50].
The extraction of the pigments was done using 80% acetone. Briefly, fresh leaf material (0.1 g) was
chopped and put in 10 mL acetone for overnight at 4 ◦C and the absorbance of the extract was read at
663, 645, and 480 nm using a spectrophotometer (Hitachi U-2001, Tokyo, Japan). The quantities were
computed using the specific formulae:

Chl. a = [12.7 (OD 663) − 2.69 (OD 645)] × V/1000 ×W (1)

Chl. b = [22.9 (OD 645) − 4.68 (OD 663)] × V/1000 ×W (2)

Total Chl. = [20.2 (ΔA645) − 8.02(ΔA663)] × v/w × 1/1000 (3)
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A carotenoid (μg/g FW) = ΔA480 + (0.114 × ΔA663) − (0.638 × ΔA645) (4)

Car = A Car./Em 100% × 100 (5)

Emission = Em 100% = 2500 (6)

ΔA = absorbance at respective wavelength (7)

V = volume of the extract (mL) (8)

W =weight of the fresh leaf tissue (g) (9)

2.4. Leaf Relative Water Content (LRWC)

For the estimation of LRWC, the second one from top was used. In first step, after excising the
leaf, the fresh weight was measured and tagged with a specific mark. Then, the leaf was soaked in
dH2O for 4 h. Then, the leaf was taken out of the water, it absorbed the extra surface water, and we
measured its weight again and termed the result the turgid weight. The same leaf was then oven-dried
at 75 ◦C for 48 h and again weighed and termed this the dry weight of leaf. Then LRWC was estimated
using the formula from the obtained data

LRWC (%) =
Fresh weight of leaf − dry weight of leaf

Turgid weight of leaf − dry weight of leaf
× 100 (10)

2.5. Leaf Relative Membrane Permeability

We followed the method described by Yang et al. [51] to find out the leaf relative membrane
permeability (LRMP). The known amount (0.5 g) of excised leaf was cut into small pieces (approximately
1 cm) and put in test tubes having 20 mL of deionized dH2O. After vortexing well for 5 s, the EC of the
assayed material was measured and termed as EC0. The test tubes containing leaf were then kept at
4 ◦C for 24 h, and the EC1 was measured. These test tubes containing leaf material were then autoclaved
for 30 min at 120 ◦C and assayed the EC2. The LRMP was measured using the following equation:

RMP (%) =
EC1 − EC0
EC2 − EC0

× 100 (11)

2.6. Estimation of Leaf Malondialdehyde Content

Content of malondialdehyde (MDA) was measured using the method given by Cakmak and
Horst [52] as the measure of lipid peroxidation. The trichloroacetic acid (TCA) method was used
for the estimation of MDA content. One gram of freshly taken leaf material was ground in TCA
(10% solution). The supernatant (0.5 mL) was obtained from the homogenized material and mixed
with 3 mL of thiobarbituric acid (TBA), prepared in 20% TCA. Test tubes having the triturate were kept
at 95 ◦C for 50 min and then cooled immediately in chilled water. After centrifugation (10,000× g) of
mixture for 10 min, the absorbance of colored part was read at 600 nm and 532 nm. The content of
MDA was calculated using the following formula:

MDA (nmol) = Δ (A532 nm − A 600 nm)/1.56 × 105 (12)

Absorption coefficient for the calculation of MDA is 156 mmol−1 cm−1.

2.7. Extraction of Antioxidant Enzymes and Total Soluble Proteins from Different Plant Parts

For the extraction of antioxidant enzymes and total soluble proteins (TSP) from each plant part
(root, stem, leaf), fresh material was ground (0.5 g) in chilled (10 mL) 50-mM phosphate buffer (pH 7.8).
The mixture was then centrifuged at 10,000× g for 20 min at 4 ◦C. The supernatant so obtained was then
used for the estimation of total soluble proteins (TSP) and estimation of antioxidative enzymes activities.
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2.7.1. Estimation of Total Soluble Proteins in Different Plant Parts

TSP in the buffer extracts was estimated following the method of Bradford [53]. The absorbance
of the triturate was measured at 595 nm, and the quantities of the TSP in samples were computed
using a series of protein standards (200–1400 mg/kg) prepared from analytical-grade bovine serum
albumin (BSA).

2.7.2. Estimation of the Activities of Superoxide Dismutase, Peroxidase, and Catalase in Different Plant
Parts

Activity of superoxide dismutase (SOD) was estimated using the method of Giannopolitis
and Ries [54]. The method works based on the principle of photochemical reduction inhibition of
nitroblue tetrazolium (NBT), which was used, and absorbance was read at 560 nm using an UV-visible
spectrophotometer. However, the method of Chance and Maehly [55] was followed to measure the
peroxidase (POD) and catalase (CAT) activities.

2.8. Determination of Non-Enzymatic Antioxidants in Different Plant Parts

Ascorbic acid (ASA) content in different plant parts was determined following Mukherjee and
Choudhuri [56] after extraction in TCA. The flavonoid contents in different plant parts were determined
following the methods ascribed by Karadeniz et al. [57]. However, the total tocopherol content in
different plant parts was assayed following the method of Backer et al. [58]. The contents of ASA,
flavonoids, and tocopherol were measured quantitively using the standard curves prepared with known
concentration of analytical grade ASA, rutin, and α-toc, respectively, obtained from Sigma-Aldrich
Chemie GmbH - Schnelldorf, Germany.

2.9. Determination Mineral Nutrients

2.9.1. Estimation of K+, Ca2+, and Mg2+ in Different Plan Parts

For the estimation of mineral elements in different plant parts, 0.1 g dry material was digested
using a 2 mL digestion mixture (prepared from H2O2, H2SO4, LiSO4, and Se metal). The final volume
was maintained 50 mL using a volumetric flask. Flame photometer was used for determination of
the contents of K+ and Ca2+, while of Mg2+, contents were estimated using an Atomic Absorption
Spectrophotometer (Hitachi, Model 7JO-8024, Tokyo, Japan).

2.9.2. Determination of N and P

The nitrogen (N) content from the digested material was determined following the method
described by Bremner and Keeney [59]. The phosphorus (P) content from the digested
material was estimated using Barton’s reagent by spectrophotometrically, and quantity was
estimated spectroscopically.

2.10. Statistical Analysis

Microsoft Excel software 2010, US was used for the estimation of means and standard errors from
the collected. To find the significant differences among treatments, analysis of variance (ANOVA)
was performed using Co-Stat window version 6.3, Cohorts, Berkeley, California, USA. To compare
means for significant differences among treatments at 5% levels, Tukey’s test (HSD-test) was performed.
Correlations and PCA analysis were performed of the studied parameters using the XLSTAT software,
version 2014.5, New York, USA and the significance among the generated values of each attribute was
found using the Spearman’s correlation table.
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3. Results

3.1. Different Growth Attributes and Content of Leaf Photosynthetic Pigments of Water-Stressed Maize Plants
Foliar-Applied Alpha Tocopherol

Data for different morphological and growth attributes as presented in Table 1, which shows that
water shortage imposed significant adverse impacts on the lengths of shoots and roots, the number
of leaves, and the total leaf area of both maize cultivars (Table 2). Foliar application of α-Toc significantly
reduced the adverse impacts of water shortage on these growth attributes for both cultivars, and both
wheat genotypes showed similar increasing response in this regard. However, root length and root
fresh weights remained unaffected due to foliar spray of alpha tocopherols.

Reduced water supply significantly decreased the roots and shoots fresh and dry masses of both
maize genotypes (Tables 1 and 2). Foliar spray of α-Toc significantly reduced the adverse effects
of water stress on these growth attributes. A similar increase in the root and shoot fresh and dry
biomasses was found in both genotypes due to foliary-supplied α-Toc, both under stressed and
non-stressed conditions.

Leaf Chl. a, Chl. b, and total Chl. contents decreased significantly of both maize cultivars when
grown under limited water supply. Both maize genotypes showed similar decreasing trend in leaf
Chl. a, Chl. b, and total Chl. contents under drought stress. Significant increasing the effect of
foliary-supplied α-Toc was recorded on the contents of leaf Chl. a, Chl. b, and total Chl. of both maize
cultivars both under non-stressed and stressed conditions (Tables 2 and 3).

Chl. a/b ratio was also significantly affected due to drought stress in both maize genotypes.
An improvement in Chl. a/b was recorded in cv. EV-1098, but the opposite was true for cv. Agaiti-2002.
α-Toc foliar spray significantly improved the leaf Chl. a/b only in cv. Agaiti-2002 under conditions of
limited water supply. However, the carotenoids content in different plant parts increased significantly
due to water shortage in both maize genotypes (Tables 2 and 3), but this increase was cultivar
and plant-part-specific. A significantly higher increase in carotenoids was found in leaf and root
of cv. Agaiti-2002 in comparison to cv. EV-1098, but in relation with stem carotenoids content,
this cultivar-specific difference was not found under drought stress. Foliar spray of α-Toc further
enhanced the content of carotenoids in all studied plant parts. Significantly more increase was recorded
in the leaf and root of cv. Agaiti-2002 in comparison to cv. EV-1098. However, this improvement in
stem carotenoids due to α-Toc foliar application was same in both genotypes. Similar increasing trend
in carotenoids under normal irrigation in all studied plant parts was also found in both genotypes due
to α-Toc foliar application (Tables 2 and 3).
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3.2. Leaf Relative Water Content, Leaf Relative Membrane Permeability, Total Soluble Proteins, and H2O2
Contents of Leaf Photosynthetic Pigments of Maize Plants Foliar-Applied with Alpha Tocopherol

Data presented in Table 3 reveals that the imposition of water stress decreased the LRWC of
both genotypes, and a slightly higher decrease in LRWC was found in cv. EV-1098 in comparison to
cv. Agaiti-2002. The foliar application of α-Toc significantly increased the LRWC of both genotypes,
and this increase was found only under drought-stressed conditions; both cultivars showed a similar
increasing trend in this regard (Tables 2 and 4).

Leaf relative membrane permeability (LRMP) increased significantly under water deficit conditions,
and this increase was similar in both maize cultivars. Exogenous application of α-Toc as foliar spray was
found to be effective in decreasing the LRMP in both maize cultivars under water-stressed conditions,
and both maize cultivars showed similar responses in this regard (Tables 2 and 4).

Drought stress exerted a tissue-specific increment in leaf, root, and stem TSP contents of both
genotypes when grown without foliar application of α-Toc. In leaf and root, this improvement in TSP
was higher in cv. Agaiti-2002 in comparison to cv. EV-1098, but in relation to stem TSP, both cultivars
showed the same increasing trend. Exogenous application of α-Toc further improved TSP accumulation
in all studied plant parts in both maize cultivars under stressed and non-stressed conditions.
Alpha-toc-induced this improvement in TSP contents was significantly more prominent in leaves of cv.
Agaiti-2002 in comparison to cv. EV-1098 under limited water supply, but a similar increasing trend
was recorded in root and stem (Tables 2 and 4).

Under stressful conditions, the extent of oxidative damage is measured in terms of MDA contents.
The data presented shows that MDA contents in all studied plant parts of both the cultivars increased
significantly under limited water supply. α-Toc foliar-application significantly reduced the MDA
accumulation in all studied plant parts, and a more prominent reduction was found in leaves in
comparison to other plant parts in both maize genotypes (Tables 2 and 4).
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3.3. Root, Stem, and Leaf Total Tocopherol (Figure 1A–C); Ascorbic Acid (Figure 1D–F); and Total Flavonoid
Contents (Figure 1G–I) of Maize Plants Foliar-Applied with α-Toc

Imposition of water stress significantly increased the accumulation of total Toc contents in the
studied plant parts of both maize cultivars. This accumulation in total-Toc content in all studied plant
parts was increased further due to the foliar application of α-Toc. This increased accumulation in
internal total-Toc in all studied plant parts due to its foliar application was more in root and leaf in
comparison to stem in both genotypes under both non-stressed and stressed conditions. α-Toc applied
this increase in all studied plant parts and was similar in both maize cultivars (Figure 1A–C).

Figure 1. Root, stem, and leaf total-Toc (A–C), AsA (D–F), and total flavonoids (G–I) of maize
plants foliar-applied with α-Toc when grown under water deficit conditions (mean ± SE; n = 4);
AsA = ascorbic acid; 0 and 50 =mmol solution of α-Tocopherol for foliar spray.

AsA and flavonoid contents in different studied plant parts also increased significantly in both
genotypes under water deficit conditions, and this improvement in AsA and flavonoid accumulation
was more in root and leaf in cv. Agaiti-2002 in comparison to cv. EV-1098 (Figure 1; Table 2).
Exogenous application of α-Toc as foliar spray further enhanced the AsA accumulation in all studied
plant parts of both maize genotypes; accumulation was higher in cv. Agaiti-2002, both under stressed
and non-stressed conditions. However, improvement in flavonoids was found only in the leaf and root
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of both maize genotypes when grown under water deficit conditions; this improved accumulation in
flavonoids was not found in stem flavonoids (Figure 1D–I).

3.4. Activities of CAT (Figure 2A–C), SOD (Figure 2D–F) and POD (2G–I) in Root, Stem, and Leaf of Maize
Plants Foliar-Applied with α-Toc

Activities of CAT and SOD in all studied plant parts increased significantly in both genotypes
when grown under limited water supply, and comparatively more improvement was found in root
and leaf of cv. Agaiti-2002 in comparison with stem. Alpha-toc application further enhanced the
CAT and SOD activities in root and leaf in both genotypes, but such improvement in CAT and SOD
activities was not found in the stem of both genotypes. In leaf, significantly more improvement in
CAT activity due to α-Toc application was recorded in cv. Agaiti-2002 as compared with cv. EV-1098;
however, in relation with SOD activity in root and leaf, cv. Agaiti-2002 was superior in comparison to
cv. EV-1098 due to α-Toc application (Figure 2A–F; Table 2).

Figure 2. Activities of CAT (A–C), SOD (D–F), and POD (G–I) in root, stem and leaf, respectively,
of drought-stressed maize plants applied with α-Toc as foliar spray when grown under water deficit
conditions (mean ± SE; n = 4). CAT = catalase; SOD = superoxide dismutase; POD = peroxidase 0 and
50 =mmol solution of α-Tocopherol for foliar spray.
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Like CAT and SOD activities, POD activity was also improved significantly under limited water
supply in both genotypes in all studied plant parts. Foliar spray of α-Toc further enhanced the
POD activity in root and leaf of both genotypes under non-stressed and stressed conditions, but this
improvement in POD activity was not found in stem of both genotypes. A non-significant difference
between genotypes was found in this regard (Figure 2G–I; Table 2).

3.5. Contents of K, Ca, Mg, N, and P in Different Parts of Maize Plants Foliary-Applied with α-Toc When
Grown under Different Water Regimes

Drought stress significantly altered the tissue-specific acquisition patterns of macro-nutrients of
both the studied cultivars when grown without α-Toc application (Tables 2 and 5). Potassium contents
of leaf, root, and stem were reduced significantly grown under water stress without foliar spray of α-Toc.
Foliar application of α-Toc increased the potassium content in specific organs under non-stressed
and stressed conditions, and the impact was significant for leaf and root K of cv. Agaiti-2002 under
water stress. The leaf, root and stem Ca and Mg uptake was also significantly improved after foliar
application of α-Toc in both maize genotypes under non-stressed and stressed conditions, which
was impaired due to limited water supply. This prominent difference in the uptake of K+, Ca2+,
and Mg2+ due to α-Toc foliar application was similar in both maize genotypes under non-stressed and
stressed conditions.

Like other nutrients, drought stress also negatively affected the P and N uptake in leaf, root,
and stem of both the cultivars and this impact was more prominent on leaf and stem N. Exogenous
application of α-Toc helped both the cultivars to maintain their N and P nutrition of root, leaf and
stem under non-stressed and stressed conditions. Regarding the N contents in studied plant parts,
comparatively more improvement in N uptake due to α-Toc foliar spray was found in leaf and root
than stem (Tables 2 and 5).
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3.6. PCA Analysis and Spearman’s Correlation Coefficient (r2) Values Extracted from XLSTAT Software of All
the Studied Attributes of Maize Plants Foliar-Applied with α-Toc

PCA and correlations coefficients among studied attributes revealed a significant positive
correlation of total-Toc contents in leaf, root, and stem with morphological and growth attributes,
levels of antioxidants, and uptake of mineral nutrients (K, Ca, Mg, N, and P) in all studied tissues
of maize. A positive correlation of leaf and stem Toc was found with leaf area (0.768 *** and 0.664 **)
and fresh weights (0.921 *** and 0.661 ***), respectively, that depicts the role of Toc in the improved
growth under drought stress. Positive correlation was also recorded of shoot dry weight with Toc
levels in studied plant tissues such as in leaf (0.578 **) and root (0.643 ***), respectively. Significantly
positive correlation was found of Toc levels in the root with LRWC (0.721 ***). CAT, POD, and SOD
activities in different plant parts like leaf (0.966 ***, 0.961 *** and 0.936 ***) and stem (0.863 ***, 0.872 ***
and 0.859 ***), respectively, were also positively correlated with plant Toc levels. Tocopherol contents
were also positively correlated with potassium and calcium contents in leaf (0.553 ** and 0.606 **,
0.569 ** and 0.633 ***), root (0.555 ** and 0.675 ***, 0.674 ** and 0.461 *), and stem (0.470 * and 0.673 ***,
0.749 *** and 0.437 *), respectively. Furthermore, a positive correlation was also recorded between
nitrogen and phosphorus contents with Toc levels in studied plant tissues such as in leaf (0.610 ** and
0.613 **, 0.539 **, and 0.683 ***), root (0.669 ***, 0.494 * and 0.488 * and 0.729 ***, 0.430 * and 0.620 **),
and stem (0.626 *** and 0.601 **, 0.536 **, and 0.688 ***), respectively. Figure 3 shows the PCA analysis
of varying studied attributes that confirmed correlation studies. Of the extracted components, F1 has
a major contribution (67.43%) that has divided the studied attributes in different groups. Of them,
the major group encircled has parameters that are positively correlated include Pr L, RFW, RDW, N R,
S L, SDW, K L, Ca L, P S, P L, K S, and LRWC, and L A, Ca R, Ca S, Mg L, Pr R, P R, N R, and N L
contributed maximally in determining the variance. The F2 component has less variance (17.70%).
Both components have a total variance of 80.13% (Figure 3; Table 6).

Figure 3. Principle component analysis of tocopherol levels in different plant tissues of maize with
studied growth and physio-biochemical attributes, and nutrient accumulation.
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Table 6. Spearman correlation coefficient values (r2) of Toc levels in different plant parts of maize with
growth, biochemical attributes, and nutrient uptake.

Toc L Toc R Toc S

Toc L 1.000
Toc R 0.204 ns 1.00
Toc S 0.847 *** 0.302 ns 1.00

SL 0.534 ** −0.644 *** 0.287ns
RL 0.192 ns −0.661 *** 0.122 ns
NL 0.797 *** −0.353 ns 0.557 **
L A 0.768 *** −0.371 ns 0.664 ***
SFW 0.921 *** −0.124 ns 0.661 ***
SDW 0.578 ** 0.643 *** 0.368 ns
RFW 0.627 *** −0.597 ** 0.381 ns
RDW 0.780 *** −0.420* 0.531 ns

L RWC 0.391 ns 0.721 *** 0.164 ns
Chl. a −0.088 ns −0.059 ns 0.266 ns
Chl. b −0.787 *** −0.181 ns −0.423*

Chl. a/b 0.553 ** 0.538 ** 0.740 ***
Tot Chl. −0.624 *** −0.133 ns −0.239 ns

RMP −0.416* 0.664 *** −0.084 ns
MDA L −0.534 ** −0.463 * −0.202 ns
MDA R −0.342 ns −0.751 *** −0.052 ns
MDA S −0.240 ns −0.845 *** −0.037 ns

Protien L 0.561 ** 0.591 ** 0.392 ns
Protein R 0.695 *** 0.324 ns 0.314 ns
Protein S 0.468 * 0.666 *** 0.159 ns

AsA L −0.434 * −0.115 ns −0.149 ns
AsA R −0.180 ns 0.709 *** −0.023 ns
AsA S −0.196 ns 0.797 *** 0.145 ns
Car L 0.191 ns 0.925 *** 0.339 ns
Car R −0.078 ns 0.870 *** 0.190 ns
Car S 0.218 ns 0.974 *** 0.411 ns
Flav L 0.669 *** 0.443* 0.426*
Flav R −0.348 ns 0.679 *** −0.269 ns
Flav S −0.211 ns 0.733 *** 0.047 ns
CAT L 0.275 ns 0.966 *** 0.434 *
CAT R −0.884 *** 0.041 ns −0.757 ***
CAT S −0.283 ns 0.863 *** −0.114 ns
POD L 0.049 ns 0.961 *** 0.255 ns
POD R −0.831 *** 0.116 ns −0.633 ***
POD S −0.263 ns 0.872 *** −0.107 ns
SOD L 0.438 * 0.936 *** 0.430 *
SOD R 0.173 ns 0.951 *** 0.273 ns
SOD S −0.220 ns 0.859 *** 0.047 ns

K L 0.553 ** 0.606 ** 0.282 ns
K R 0.555 ** 0.675 *** 0.333 ns
K S 0.470 * 0.673 *** 0.319 ns

Ca L 0.569 ** 0.633 *** 0.339 ns
Ca R 0.674 *** 0.461 * 0.416 *
Ca S 0.749 *** 0.437 * 0.469 *
Mg L 0.656 *** 0.439 * 0.470 *
Mg R 0.372 ns 0.761 *** 0.201 ns
Mg S 0.335 ns 0.833 *** 0.151 ns
N L 0.610 ** 0.613 ** 0.368 ns
N R 0.669 *** 0.494 * 0.488 *
N R 0.626 *** 0.601 ** 0.337 ns
P L 0.539 ** 0.683 *** 0.383 ns
P R 0.729 *** 0.430* 0.620 **
P S 0.536 ** 0.688 *** 0.281 ns
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4. Discussion

The exogenous application of water-soluble antioxidants have been widely investigated to improve
stress tolerance, but plant growth modulations by foliar application of lipophilic antioxidants like α-Toc
has been little studied, probably due to limited information regarding their application, absorption,
and translocation within the plant. Kumar et al. [60] and Ali et al. [61] reported that the exogenously
applied α-Toc can partly alleviate the deleterious impacts of heat and water stress in wheat. In another
study, it was found that the exogenous application of α-Toc effectively decreased the adverse effects
of salt stress in flax cultivars [44]. In most of the earlier studies, the α-Toc was applied at adult
growth stages. However, the seedling stage (among other growth stages) is considered important
due to its involvement in better seed yield by establishing better crop stand [14]. In view of the
available information in literature, the present experiment was planned with the objective to study
the involvement of α-Toc in the improvement of water stress tolerance in relation to the growth
modulations of maize depending upon tissue specific partitioning of macro-nutrients and antioxidants
in relation with its own translocation/synthesis in specific terms. For this purpose, the response of
selected maize genotypes (Agaiti-2002 and EV-1098) was examined under water stress at an early
growth stage with and without foliar spray of α-Toc.

4.1. Tocopherol Content in Different Plant Parts

Foliar spray of α-Toc significantly increased the leaf tocopherol levels under non-stressed and
stressed conditions, which pointed out the existence of an appropriate mechanism for the uptake of
α-Toc in the leaves of maize. The increments in root tocopherol contents exhibited a similar pattern,
as did the leaves, after foliar application, which suggests an efficient basipetal translocation of α-Toc
in maize. Our findings are in agreement with Kumar et al. [60], who reported an elevation in the
endogenous levels of α-Toc in heat-stressed wheat plants after its exogenous application. Furthermore,
it has been reported that the exogenous application of these organic compounds, along with altering
the cellular metabolic activities, also controls the plant’s own metabolism. In the present study,
the improvement in the internal levels of α-Toc by its exogenous application might also be due to its
involvement in regulating plant metabolism [34,36,40].

4.2. Growth, Water Relations, and Photosynthetic Pigments

Seedling growth of maize plants was adversely affected in plants grown without foliar application
of α-Toc under water stress, which is in line with the findings that drought-caused growth reduction is
a clear phenomenon in crop plants [8,14]. Similarly, in the present study, a drought-induced decrease
was recorded in root and shoot lengths, root and shoot fresh and dry weights, leaf area, and number of
leaves of both maize genotypes. Growth is dependent on physiological factors, including the content of
plant photosynthetic pigments and water relations that directly influences the leaf photosynthetic rate
by affecting the capacity of light capturing and assimilation process [61,62]. Different plant species and
even cultivars in the same species have different potentials to tolerate the adverse conditions regarding
these attributes [63].

In the present study, water-stress-induced reduction in biomass is associated with reduced
photosynthetic pigment along with disturbed plant water relations, and this reduction was less in
cv. Agaiti-2002, showing its better tolerance to drought [34]. The foliar spray of α-Toc substantially
elevated the plant’s endogenous levels and resulted in significant growth improvement under stressed
and non-stressed conditions. Increments in plant biomass production is positively associated with the
improvement in plant water relations and biosynthesis of biosynthetic pigments such as chlorophyll
and carotenoids under the influence of α-Toc foliar application. The increment in plant water status
might probably be due to impact of α-Toc on H-ATPase system showing its role in cellular osmotic
adjustment, due to a necessary part of cellular membranes. This involvement of alpha tocopherol
in cellular osmotic adjustment confers its role in maintaining the cellular water relations under
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stressful conditions. Similar might be in present study where foliar application of alpha tocopherol
improved the leaf relative water content of water stressed maize plants. This improvement in plant
water relations further confers its role in improving the leaf net photosynthetic efficiency because
plant better water content is necessary to regulate stomatal regulation for better photosynthesis [62].
Furthermore, it is found that α-Toc, being a part of cellular membranes, plays a significant role in
decreasing the degradation of photosynthetic pigments in a stressful environment [64]. Tocopherols
also protect D1 protein [65] and chloroplastic membranes from damaging effects when grown under
stressful conditions.

In the present study, foliar-applied α-Toc under drought stress further enhanced its internal
levels in parallel with the improvement in leaf photosynthetic pigments, which might be due to the
significant role of alpha tocopherol in reducing the adverse effects on leaf photosynthetic pigments,
resulting in improved photosynthetic efficiency along with better plant water relations that resulted in
better plant biomass production. In an earlier study, it was found by Sakr and El-Metwally [43] and
El-Quesni [66] in wheat and Hibiscus rosa sinensis, respectively, that exogenous application of α-Toc
enhanced plant biomass production, which might be due to the role of α-Toc in the accumulation of total
carbohydrates and protein biosynthesis, confirming its role in photosynthesis and assimilation [67];
this can be correlated with present findings, where higher biomass production was associated with
α-Toc levels in different parts that improved plant water relations and net photosynthesis as a result
of better net assimilation with improved biomass production. Furthermore, this study reveals the
increased plant dry weights due to foliar application of α-Toc, which points toward the improved
photosynthetic activity and assimilation with the establishment of new binding sites [68] after its
exogenous application.

Furthermore, in the present study, both maize cultivars maintained an optimum level of their
carotenoid contents even under drought and α-Toc supplementation, which further enhanced the
plant carotenoid contents, especially in leaf and root. These observations point out that α-Toc-induced
improvement in the growth of maize plants might be due to an improvement in the contents of
accessory pigments as additional support to different photosynthetic attributes. In an earlier study,
it was found that, in different wheat cultivars [43] and Vicia faba [69], foliar-applied α-Toc improved
the leaf carotenoid concentration in association with its enhanced growth. Without α-Toc application,
a decrease in leaf water contents was found in maize plants, which is a well-known phenomenon
in all plants. α-Toc foliar application significantly increased the leaf water content of water-stressed
maize plants, showing its protective role in drought-stressed plants, which might be due to its role in
the management of cellular turgor potential through imparting its role in cellular osmotic adjustment
by enhancing biosynthesis of osmolytes [7], resulting in better growth by providing an environment
for increased cell division and provide an environment for better photosynthesis.

4.3. Lipid Peroxidation and Antioxidative Defence Mechanism

An increase in the levels of ROS under stressful environment is a general phenomenon
due to O2 excitation to form singlet oxygen or its conversion to hydroxyl radicals (OH−),
hydrogen peroxide (H2O2), or superoxide (O−2) due to the transfer of excited electrons,
respectively [34,70], with restricted e− transfer at different steps in photosynthesis and respiration
under reduced metabolic activities. These overly produced ROS directly affect different cellular
membranes through lipid peroxidation. As a defense for the protection of the cellular membranes
and other components from the deleterious and damaging effects of overproduced ROS, plants have
evolved well-developed mechanisms for the antioxidation of ROS, i.e., comprised of non-enzymatic
(AsA, phenolics, carotenoids, flavonoids, tocopherol, etc.) and enzymatic (SOD, POD, CAT, APX)
components [14,34,71]. This antioxidative system works well in combination. In the present study,
the α-Toc-treated plants suffered significantly lower oxidative damage, especially in root and leaf, as
depicted by the lower MDA contents in these plant parts relative to untreated ones (as reported earlier
for wheat) [60]. Drought stress significantly increased oxidative stress in maize plants; this is obvious
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from increased levels of MDA, a product of lipid peroxidation. Damage to biological membranes due
to oxidative stress is a general phenomenon that generally increases in specific environments [14,45].
In an earlier study, significantly lower oxidative stress was recorded in α-Toc applied plants as
obvious from lower membrane permeability which is in line with its role in quenching lipid peroxyl
radicals, responsible for propagating lipid peroxidation [69,72,73]. It was reported that during early
growth stages, α-Toc played a significant role in counteracting the adverse effects of membrane lipid
peroxidation. Furthermore, being lipophilic, α-Toc has a significant role in membrane stabilization [74]
and also protects them from ROS [75]. Furthermore, α-Toc directly scavenges singlet oxygen [76], giving
rise an intermediate tocopherol quinone, which again yields α-Toc in chloroplasts, thereby conferring
the recycling for oxidized tocopherols [77]. Reports exist that α-Tocopherol is also an excellent quencher
and scavenger of singlet oxygen by controlling the lifetime of ROS. By resonance energy transfer, one
α-Toc molecule can neutralize up to 120 molecules of singlet oxygen [78]. The activities of antioxidants
such as SOD, POD, and CAT were found to be higher in leaves and roots of maize plant after α-Toc
treatment, which suggested their antioxidative role to be stimulated in the presence of α-Toc.

Higher activity rates of these enzymes were found in leaves and roots where more accumulation
of α-Toc was found in comparison with stem, showing the supportive role of α-Toc in the activities of
antioxidative enzymes. Furthermore, the higher levels of non-enzymatic antioxidant in root and leaf
as compared to stem (such as AsA, phenolics, and flavonoids) are also associated with high content of
α-Toc in these plant parts. These findings show that α-Toc application after its translocation to the
studied plant parts played a significant role in increasing the activities of antioxidative enzymes and
the levels of non-enzymatic antioxidant compounds and thus played an imperative role in protecting
cellular membranes by boosting the plant’s own mechanism. It was found by Fahrenholtz et al. [79]
that α-Toc acts as an antioxidative defense mechanism in plants. It was also found that α-Toc minimizes
the oxidative changes in the cellular membrane in a significant way with other antioxidants [80–82].

4.4. Uptake of Mineral Nutrients

Drought-induced growth reduction can also be attributed to disturbances in the uptake of
mineral nutrients along with other physiological attributes. It is well known that disturbance or
reductions in the leaf uptake of mineral nutrient in plants is probably due to nutrient availability,
partitioning, and transport, which is negatively affected under drought conditions. Plant mineral
nutrients status played a major role in determining drought tolerance [83]. In the present study, the
PCA analysis and the correlations studied suggest that an improvement in the levels of α-Toc contents
in different plant parts induced by its foliar application increased the uptake of mineral nutrients
(K, Ca, N, and P). Mineral nutrients effectively decrease the harsh effects of water stress by various
mechanisms [22]. For example, it has been found that better uptake of mineral nutrients like Ca2+,
N, and K+ reduces the deleterious effects of over produced ROS by increasing the concentration of
antioxidants like CAT, POD, and SOD [22]. It has been reported that P, K, and Mg improve root growth,
which results in improved water intake conferring the drought tolerance. It can be interpreted that
optimum nutrient levels maintained after α-Toc application confer drought tolerance induction in
maize plants in parallel with improved growth. This is more likely because leaf water contents were
significantly improved by foliar spray of α-Toc. The supportive role of α-Toc after its application in
the absorption of nutrients from the soil in stressful environment has been found extensively [44,78],
and it is reported that α-Toc induced increase uptake of nutrients due to α-Toc being an antioxidant,
along with membrane permeability. Furthermore, previous studies found that α-Toc induced an
increase in growth, water relation, and nutrient uptake associated with improved stem and leaf anatomy,
which further improved translocation to different plant parts. Therefore, the studies confirm that, as in
the present study, α-Toc application might improve the uptake and translocation of different nutrients
from the soil solution to the roots and then to different plant parts, resulting in better assimilation
and growth.
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5. Conclusions

It can be concluded that endogenous levels of α-Toc have an important role in enhancing water
stress tolerance of maize cultivars, and its foliar application is found to be effective in reducing
water-stress-induced adversative effects on growth by modulating different metabolic activities.
Our results confirmed that α-Tocopherol application resulted in membrane protection through
increased activities of antioxidative enzymes (CAT, POD, and SOD) and the content of non-enzymatic
antioxidants with improved water relations. The correlations and PCA analysis revealed that the
increase in α-Tocopherol contents in different plant parts after its foliar application increased the
uptake of mineral nutrients (K+, Ca2+, N, and P). Optimum water content and nutrients, along with
better antioxidant potential, ultimately resulted in drought tolerance in both maize cultivars that
increased growth. In relation to translocation-dependent effects, it was found that α-Toc followed
basipetal translocation, concentrating mainly in the roots rather than the shoot after its foliar application.
Therefore, analysis of the impact of foliar application of α-Toc on seed yield and nutritional quality of
arable crops under stressful environment should be the subject of future studies.
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Abbreviations

Toc L leaf tocopherol
Toc R root tocopherol
Toc S stem tocopherol
SL shoot length
RL root length
NL number of leaves
LA leaf area
SFW shoot fresh weight
SDW shoot dry weight
RFW root fresh weight
RDW root dry weight
L RWC leaf relative water content
Chl. a chlorophyll a
Chl. b chlorophyll b
Chl. a/b chlorophyll a/b ratio
Tot Chl. total chlorophyll
RMP relative membrane permeability
MDA L MDA leaf
MDA R MDA root
MDA S MDA stem
Protien L protein leaf
Protein R protein root
Protein S protein stem
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AsAL ascorbic acid leaf
AsA R ascorbic acid root
AsA S ascorbic acid stem
Car L carotenoids leaf
Car R carotenoids root
Car S carotenoids stem
Flav L flavonoids leaf
Flav R flavonoids root
Flav S flavonoids stem
CAT L catalase leaf
CAT R catalase root
CAT S catalase stem
POD L peroxidase leaf
POD R peroxidase root
POD S peroxidase stem
SOD L superoxide dismutase leaf
SOD R superoxide dismutase root
SOD S superoxide dismutase stem
K L potassium leaf
K R potassium root
K S potassium stem
Ca L calcium leaf
Ca R calcium root
Ca S calcium stem
Mg L magnesium leaf
Mg R magnesium root
Mg S magnesium stem
N L nitrogen leaf
N R nitrogen root
N S nitrogen stem
P L phosphorus leaf
P R phosphorus root
P S phosphorus stem
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Abstract: The main objective of this study was to determine the capacity of Trichoderma aggressivum

f. europaeum to promote pepper and tomato seedling growth compared to that of T. saturnisporum,
a species recently characterised as a biostimulant. Consequently, in vitro seed germination and
seedling growth tests were performed under commercial plant nursery conditions. Additionally,
the effects of different doses and a mixture of both species on seedling growth under plant nursery
and subsequently under greenhouse conditions were determined. Furthermore, mass production
of spores was determined in different substrates, and their siderophore and indole acetic acid
production and phosphate (P) solubilisation capacity were also determined. Direct application of
Trichoderma aggressivum f. europaeum to seeds in vitro neither increases the percentage of pepper and
tomato seed germination nor improves their vigour index. However, substrate irrigation using
different doses under commercial plant nursery conditions increases the quality of tomato and pepper
seedlings. Tomato roots increased by 66.66% at doses of 106 spores per plant. Applying T. aggressivum

f. europaeum or T. saturnisporum under plant nursery conditions added value to seedlings because
their growth-promoting effect is maintained under greenhouse conditions up to three months after
transplantation. The combined application of the two species had no beneficial effect in relation to that
of the control. The present study demonstrates the biostimulant capacity of T. aggressivum f. europaeum

in pepper and tomato plants under commercial plant nursery and greenhouse conditions.

Keywords: Trichoderma; plant growth promotion; tomato; pepper; biostimulant

1. Introduction

The success of applying Trichoderma in agriculture results from the multiple benefits that it
generates in plants. Thus, the genus Trichoderma is characterised by its strong competitive and
reproductive potential, presenting high survival rates under unfavourable or abiotic stress conditions,
such as salinity [1], water stress [2], or the presence of various toxic chemicals, including fungicides [3],
among others. Similarly, Trichoderma exhibits high efficiency in the promotion of nutrient uptake [4],
the capacity to modify the rhizosphere and root structure in which the fungus is established [5,6],
high aggressiveness against plant pathogenic fungi, efficiency in the promotion of plant growth [7–12],
and the ability to induce plant defence mechanisms, among many additional benefits [8,9,13].
The properties of Trichoderma have generated considerable research interest in these fungi for use in
agriculture, and a large number of commercial products have been developed using different Trichoderma

species [10,14]. Many formulations contain mixtures of different species that provide a wider range
of direct and indirect beneficial effects for the plants. Numerous studies have reported the benefits
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of Trichoderma application for plant growth and even increased production yield. Thus, applying
Trichoderma species, to both soil and seeds, allows the multiplication of the fungus in conjunction with
the developing root system [15]. Its ability to colonise plant roots from the appressorium-like structure
directly enhances seed vigour [16] and germination and promotes seedling growth [10,11,17]; thereby,
suggesting that these fungi should be applied from the plant nursery stage in the case of horticultural,
ornamental, or forest species, which would allow the early colonisation of the roots by Trichoderma,
before transplanting the seedlings in the field.

It has been reported that plant growth is enhanced in association with Trichoderma species
similar to that of other plant-growth-promoting microorganisms (PGPMs), but the effects are greater
with Trichoderma when plants are under biotic, abiotic, or physiological stress conditions [9,18–21].
Recently, T. aggressivum f. europaeum has been described as a melon seedling growth promoter
under saline stress conditions, in addition to its capacity to control Pythium ultimum, decreasing
the severity of the disease in seedlings [1]. Trichoderma aggressivum Samuels & W. Gams is the
causal agent of the green mould disease, which causes economic losses in the cultivation of white
button mushrooms (Agaricus bisporus (J.E. Lange) Imbach) worldwide. There are two subspecies,
T. aggressivum f. aggressivum and T. aggressivum f. europaeum found in North America and Europe,
respectively [22]. Trichoderma aggressivum, a fast-growing filamentous fungus, colonises compost
and casings used as growth substrates in mushroom cultivation and produces dense white mycelial
colonies that change colour to green after sporulation [23]. This aggressive competitor is known to
produce metabolites that are toxic to A. bisporus [24,25]. In areas colonised by T. aggressivum, fruit body
formation is retarded, and fruit bodies may be of poor quality because of damage or discolouration [23].
Numerous Trichoderma species have been isolated from Agaricus compost and Pleurotus substrates,
such as T. harzianum, T. longibrachiatum, Trichoderma ghanense, T. asperellu, and T. atroviride, although its
aggressiveness has not been determined [26]. Sánchez-Montesinos et al. [1] demonstrated its high
mycelial growth and sporulation on roots. Thus, T. aggressivum f. europaeum is a potential biofertilizer
for different crops. In our study, the growth-promoting capacity of this species has been analysed in
comparison to that of T. saturnisporum Ca1606, which was recently characterised as a biocontrol agent
and a seedling growth promoter for different horticultural plants [11,16,27]. Since the effectiveness of
microorganisms as growth promoters will depend on the crop, dose and application method, among
many other factors, further studies on T. aggressivum f. europaeum are needed to determine its efficacy.

Consequently, in the present study, T. aggressivum f. europaeum Tae52481 and T. saturnisporum

Ca1606, were tested to evaluate: (a) the effects of direct application to seeds of a fungus suspension on
root colonisation of tomatoes and peppers and subsequent plant vigour; (b) the promotion of growth
and quality of pepper and tomato seedlings under a conventional production system; and (c) the effects
of applying different doses and the synergistic effect of both isolates on tomato seedlings and on their
subsequent transplantation under greenhouse conditions.

2. Materials and Methods

2.1. Fungal Isolates

Trichoderma saturnisporum Ca1606 (TS), already known for their plant growth promotion properties,
were extracted from suppressive soils. TS was cultivated on potato dextrose agar (PDA) for 7 days at
25 ◦C in lightless conditions. The growth results measured were used to establish a comparison value.

For this study Trichoderma aggressivum f. europaeum Tae52481 (TA) were isolated from samples
of substrate used for Agaricus bisporus cultivation at mushroom farms. These fungal spore samples
were similarly cultivated on potato dextrose agar (PDA) for 7 days at 25 ◦C in dark conditions.
The corresponding growth results were recorded. The spore suspensions for both samples were
prepared using sterile distilled water. A concentration of 1 × 107 spores/mL was achieved with a
Neubauer haemocytometer.
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2.2. Analysis of Plant Growth-Promoting Attributes

In accordance with the method of Louden et al. [28], by the transference of fungal mycelial discs
(5 mm) of active culture onto Chrome-Azurol S (CAS) agar medium, siderophore production was
determined. At 24, 48 and 72 h the diameter of the siderophore colony indicative orange halos on blue
were measured.

Indole-3-acetic acid (IAA) production was estimated according to the procedure described by
Diánez et al. [16]. Five independent replicates of TA and TS were analysed. This process is described
as follows. A glucose peptone broth (GPB) of 50 mL, amended with or without L-tryptophan
(Sigma-Aldrich) at a concentration of 100 mg L−1 was prepared. Flasks containing this broth inoculated
with TA and TS were incubated on an orbital shaker at 150 rpm in dark conditions for 7 days at 25 ◦C.
Subsequently the supernatants from each flask, having first being centrifuged for 30 min at 12,000× g

and filtered through sterile Millipore membranes (pore size 0.22 μm), were collected into sterile test
tubes. In order to determine the quantity of IAA, optical density tests were carried out and compared to
a standard IAA curve. For both the TA and TS, 3 mL of the culture supernatant and 2 mL (0.5 mol L−1

FeCl3 + 98 mL of 35% HClO4) Salkowski reagent were combined and left for 30 min. The intensity of
the resulting red pigmentation density was measured at 530 nm using a scanning spectrophotometer
for each of the samples.

To determine the quantitative estimation of phosphate solubilisation, a modified version of the
Lima–Rivera procedure [29] was followed. Then, 250 mL capacity flasks containing 50 mL National
Botanical Research Institute’s phosphate (NBRIP) broth, inoculated with two 5 mm pure Trichoderma

isolates agar disks were agitated at 100 rpm and incubated at 26 ◦C for 3, 5, 7, 10 and 15 days. As a
control the procedure was carried out on uninoculated flasks containing the same NBRIP broth.
The experiments were conducted in triplicate.

Using the Fiske and Subbarow method [30] phosphate concentrations in culture supernatants
were estimated as equivalent phosphate (μg mL−1), mean values expressed and pH analysed. The total
P (phosphate) in the flasks was 10 mg mL−1.

2.3. Mass Production of TA and TS on Solid Substrates

A mixture of two kinds of substrates, one containing buckwheat husk (BH) and oat (O),
the other containing BH and rice (R) were tested for the mass multiplication of TA and TS [31].
Different proportions of BH-O (90–10%, 80–20% and 70–30% v/v) and BH-R (90–10%, 80–20% and
70–30% v/v) were submerged in 30% v/v of water for 24 h. Each mixture was sterilised for 1 h at 125 ◦C
twice on consecutive days. Each mixture was placed on a tray and aseptically inoculated by spraying
with 5 mL of spore suspension containing 1 × 107 spores mL−1 of each isolate. The trays were kept
at 25 ◦C in the dark for 15 days. In total, three samples (2 g) of the fungus-colonised substrate were
removed from the trays in each treatment. The samples were successively diluted in sterile distilled
water + 0.01% Tween 20® and the number of conidia g−1 of the solid substrate was quantified for each
replicate using a Neubauer haemocytometer. There were three replications per treatment. The collected
spores were used in the different experiments conducted in this study.

2.4. Analysis of Effects of TA and TS on Seed Germination under Laboratory Conditions

Three treatments (control, TA and TS) and four repetitions following a random block experimental
design were implemented in this study. For each repetition of the three treatments 50 seeds of tomato
(Solanum lycopersicum ‘Red Cherry’) and pepper (Capsicum annuum ‘Largo de Reus‘) were germinated
on two sheets of sterile distilled water moistened Whatman No. 1 filter paper in (150 mm) Petri dishes.
These seeds were first surface sterilized for 5 min with 1.5% sodium hypochlorite (NaOCl), rinsed
twice with sterile distilled water and dried under laminar airflow on sterile paper [16]. Germination
was achieved by treating the seeds with 50 μL of spore suspension (1 × 105 spores mL−1) of TA, TS
or 50 μL of sterile water (control). The trays were placed in a lightless incubator at 25 ± 1 ◦C, 7 days
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for tomato and 10 days for pepper seeds. For each Petri dish treated with one of the three solutions
(control, TA and TS), percent germination, root length and shoot length of tomato and pepper seeds
were recorded. A Seed Vigour Index (SVI) was calculated as follows: SVI (length) = seed germination%
(mean root length +mean shoot length) [32].

2.5. Analysis of Promoter Effects of TA and TS on Pepper and Tomato Seedlings: Experiment 1

The following experiment was conducted in autumn using a completely randomised design
at a commercial nursery (Almería, Spain). Pepper (Capsicum annuum ‘Largo de Reus’) and tomato
(Solanum lycopersicum ‘Red Cherry’) seeds were sown in 96-cell commercial peat mix filled nursery
polystyrene planting trays (70 mL volume) and covered with vermiculite. Trays were relocated to a
greenhouse and rinsed with sterile distilled water (control), or a 5 mL (TA or TS) spore suspension
per cell at 105 spores per plant, after a 2 day (tomato) or 4 day (pepper) period in a germination room
(relative humidity (RH) = 95%; 25 ◦C). Four trays of seedlings for each treatment were cultivated
under standard nursery culture conditions (18–28 ◦C; 75.4 ± 6.7% RH). Then, 20 plants per treatment
and control were randomly selected from the four replications at 45 days after sowing across the four
replications. Different growth parameters: number of leaves, stem length, stem base diameter, total leaf
area and root dry weights, as well as leaf area using the WINDIAS 3.1 of the plants, were measured.
The formula: DQI = TDW/((LS/D) + SDW/RDW)) where TDW is the total dry weight (g), LS is stem
length (cm), D is stem diameter (mm), SDW and RDW are stem and root dry weight (g), respectively;
they were employed to determine the Dickson Quality Index (DQI) [33].

2.6. Analysis of Effects of Applying Different Doses of TA and TS to Tomatoes: Experiment 2

The experimental procedure followed for experiment 2 was similar to that described for experiment
1, although conducted in winter. Again, propagated in substrate appropriately irrigated according
to climate and crop necessity under commercial plant nursery conditions and supplemented with a
commercial complex nutrient fertiliser, 96 tomato seedlings per replicate of four were treated with
three solutions of spore suspension, each with 5 mL of TA, TS conidia and TA + TS (M) (TA D1, TS D1
and M D1: 105 spores mL−1; TA D2, TS D2 and M D2: 106 spores mL−1; and TA D3, TS D3 and M D3:
107 spores mL−1). After 30 days of sowing, twenty plants from each of the three treatment batches and
control were randomly selected for harvest. The plants were measured, and data were recorded for the
same parameters described in experiment 1. In mid-February a further 25 plants were transplanted
into a sandy soil and analysed in mid-May.

In all tests, roots inoculated with Trichoderma isolates were collected at the end of the tests.
Roots were surface sterilized in 0.1% sodium hypochlorite and washed with sterilised water.
Root fragments were placed in PDA medium to determine root colonisation by the fungal isolate.

2.7. Statistical Analysis

The experimental results are presented as the means and standard error (± SE) for the different
replicates. Mean separation was carried out using Fisher’s Least Significant Difference (LSD) test.
The data were tested by one-way analysis of variance (ANOVA) or Student’s t-test with significance
defined as p-values less than 0.05 (p < 0.05). Statgraphics Centurion 18 Software was utilised for
statistical analysis.

3. Results

3.1. Mass Production of Trichoderma Isolates on Solid Substrates

The results are outlined in Table 1. Both isolates grew and sporulated well in all mixtures tested.
The proportion of 70 + 30% for buckwheat husk and oats (Figure 1), respectively, and 80 + 20% for
buckwheat husk and rice, resulted in significantly higher spore production for both species, followed by
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90 + 10% and 70 + 30% of BH + 10% R (Table 1). The lowest spore production rate was observed for
80 BH + 20% O.

Table 1. Mass production of spores on solid substrates (CFU g−1).

Treatments T. aggressivum f. europaeum T. saturnisporum

90% BH + 10% O 6.65·108
± 3.04·107 c 6.48·108

± 2.84·107 c
80% BH + 20% O 5.63·108

± 3.20·107 d 5.17·108
± 6.60·107 d

70% BH + 30% O 1.04·109
± 1.44·107 a 9.98·108

± 5.69·107 a
90% BH + 10% R 8.32·108

± 1.61·107 b 7.88·108
± 6.45·107 b

80% BH + 20% R 1.04·109
± 1.04·107 a 1.02·108

± 6.26·107 a
70% BH + 30% R 8.00·108

± 5.00·107 b 7.12·108
± 4.25·107 bc

p-value 0.0000 0.0000

BH: buckwheat husk; O: oat; R: rice; CFU: colony forming unit. Data were analysed by ANOVA and treatment means
were compared according to Fisher’s Least Significant Difference (LSD) statistical procedure (F-test at p < 0.05).
Different letters indicate significant differences according to the one-way ANOVA test (p = 0.05).

Figure 1. Mass production of (A) Trichoderma aggressivum f. europaeum and (B) Trichoderma saturnisporum

on 70 + 30% for buckwheat husk and oats.

3.2. Siderophore Production, IAA and P Solubilisation

TA and TS siderophore production was observed in the formation of an orange-coloured zone
around the fungal colonies at 24 and 48 h, and the production of TA was higher, in both cases.
No increase in the diameter of the halo (mm) was detected at 72 h in any isolate (Table 2).

Table 2. Siderophores and IAA production by Trichoderma isolates.

Radius of Siderophores Production (mm) IAA (mg mL−1)

Treatment 24 h 48 h 72 h +Trp −Trp

p-value 0.0000 0.0000 - 0.0068 0.0304
T. aggressivum 9.73 ± 0.89 18.50 ± 1.70 - 0.145 ± 0.011 0.085 ± 0.009

T. saturnisporum 5.45 ± 0.31 9.82 ± 0.56 - 0.199 ± 0.014 0.129 ± 0.021

Values are average of five replications; values after ± represent standard deviation. IAA: indole-3-acetic acid; +Trp:
with L-tryptophan; −Trp: without L-tryptophan.

Although both Trichoderma strains exhibited an in vitro ability to produce IAA in medium
supplemented with and without 100 mg L−1 tryptophan during a 7-day period, the production of
T. saturnisporum was higher under both conditions tested (Table 2). In both TA and TS, IAA production
increased in the medium supplemented with tryptophan.

The effects of TA and TS on the soluble phosphate concentration are shown in Figure 2. The initial
concentration of P in the medium was used to quantify the concentration of P solubilised by both isolates.
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As shown in Figure 2, P solubilisation was significant from the fifth day of incubation, with no significant
differences between the two isolates. Furthermore, no change in the pH of the medium was detected,
which remained at approximately 6.5–7.

Figure 2. Effects of Trichoderma aggressivum f. europaeum (TA) and Trichoderma saturnisporum (TS) on
phosphate solubilisation in National Botanical Research Institute’s phosphate (NBRIP) broth containing
tribasic calcium phosphate (10 g). T0: NBRIP broth without Trichoderma isolates. The results are shown
as the average of the three replicates, in g L−1. Mean standard deviation is expressed in the error
bar (n = 3). For each isolate, columns marked with different letters indicate a significant difference at
p < 0.05.

3.3. Effects of TA and TS Treatment on Germination and Vigour Index

The results from the in vitro application of TA and TS spores to tomato and pepper seeds are
outlined in Table 3. No significant effects on pepper and tomato seed germination percentages were
observed in either treatment. However, the application of both Trichoderma isolates led to a decrease in
the radicle and hypocotyl length (growth) parameters and significantly decreased the SVI in peppers.
The tomato seed vigour index was not affected by TA or TS treatment (p = 0.1918).

Table 3. Effects of T. aggressivum f. europaeum and T. saturnisporum on tomato and pepper seed
germination 7 and 10 days after treatment, respectively.

Treatment % Germination Root Length (cm) Shoot Length (cm) Seed Vigour Index

Pepper

p-value 0.5420 0.0126 0.0010 0.0030
T. aggressivum 83 ± 6.83a 0.64 ± 0.18b 1.66 ± 0.55b 138.14 ± 35.48b

T. saturnisporum 80 ± 3.26a 0.91 ± 0.11b 1.29 ± 0.17b 176.50 ± 18.14b
Control 78 ± 4.61a 2.16 ± 1.01a 1.98 ± 0.56a 320.32 ± 83.36a

Tomato

p-value 0.5268 0.0020 0.3154 0.1918
T. aggressivum 89 ± 6.83a 4.53 ± 0.31a 2.97 ± 0.47a 671.80 ± 112.91a

T. saturnisporum 92 ± 7.30a 3.25 ± 0.37b 2.55 ± 0.27a 536.29 ± 76.26a
Control 85 ± 8.32a 3.95 ± 0.28b 2.81 ± 0.29a 580.13 ± 96.37a

Different letters indicate significant differences according to the one-way ANOVA test (p = 0.05).
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3.4. Effects of Trichoderma Inoculation on Tomato and Pepper Seedlings

The effects of TA and TS application on morphological parameters and DQI are shown in Table 4.
Unlike the results from the direct application of both Trichoderma to the seeds, the application to the
substrate increased the study parameters compared to that of the control, and the results were better
in peppers than in tomatoes, with better quality seedlings, according to the DQI values (Figure 3).
There were no significant differences after the application of TA and TS in both horticultural plants.
The increased percentage assessed in pepper seedlings for each species (TA/TS) was 8%/8.5% for stem
length, 12.32/~0.01 for stem diameter, 7.77/5.5 for leaf number, 22.22/25 for shoot dry weight, 36.36/63.63
for root dry weight and 13.83/13.74 for leaf area, respectively. In tomato seedlings, the percentages
were 9/6 for stem length, 0.5/1.5 for stem diameter, 6/8.8 for leaf number, 12.5/5.3 for shoot dry weight,
0/–6.6 for root dry weight and 8/9.2 for leaf area. No significant differences in DQI were found in
tomato seedlings for any treatment applied with respect to that of the control.

Figure 3. (A) Differential growth of pepper seedlings with T. aggressivum f. europaeum (TA), compared
to control. (B) Tomato plants grown under field transplantation conditions (60 days).

3.5. Effects of Dose of Application of T. aggressivum f. europaeum and T. saturnisporum

Since no significant plant growth-promoting results were found in tomato seedlings, the effects
of applying three doses of both species separately, as well as jointly, were determined. The results
are outlined in Table 5, wherein values significantly higher than that of the control are highlighted in
green, and negative values in red, for better visualisation.

The increase in the dose of both species improved seedling quality, increasing all study parameters
in TA D2 and TS D3 treatments, with respect to that of the control. In treatment TA D2, stem length
increased 14.37%, plant diameter 9.4%, leaf number 21.58%, shoot dry weight 16.66% and root dry
weight 66.66%. In treatment TS D3, stem length increased 39.05%, plant diameter 15.22%, leaf number
11.55%, shoot dry weight 12.5% and root dry weight 33.33%. Although most treatments favoured the
development of seedling shoots, no favourable results were found in roots; therefore, the seedling
quality was not improved. The combination or mixture of the two species for the three doses tested
did not improve the results compared to that of their separate application.

The results of the study parameters after transplantation of the seedlings into the soil are outlined
in Table 5 (Figure 3). Three treatments, TA D1, TA D2 and TS D2, led to a good relationship between
tomato shoots and roots, with significantly higher plant quality, compared to that of the control,
without a new application of Trichoderma. Thus, shoot dry weight increased 43.20%, 22.84% and 29.58%
and root dry weight increased 29.94%, 39.32% and 31.51% after the TA D1, TA D2 and TS D2 treatment,
respectively. The establishment of the endophytic fungus at the root (Figure 4) enabled its effects to
persist after transplantation.
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Figure 4. (A) Colonization of pepper and tomato roots by T. aggressivum f. europaeum. (C) Mycelium in
pepper root (100×). (B) Conidiophores and mycelium in tomato root (100×). (D) Chlamydospores in
pepper root (200×).

4. Discussion

Numerous Trichoderma species have been described as plant-growth promoters,
including T. harzianum, T. longipile, T. tomentosum, T. viride, T. koningii, T. asperellum, T. aureoviride

and T. saturnisporum, among others [34]. This ability to promote growth depends on several factors,
including the existence of isolates of the same species that may or may not promote plant growth,
or for example, the crop and/or variety to which the species is applied [34]. Similarly, the use of a
mixture of species has been extensively studied and commercialised to increase this activity [10]. In this
study, the plant growth-promoting capacity of a new species, T. aggressivum f. europaeum, which is
characterised by its rapid growth and sporulation, was analysed and compared to that of T. saturnisporum,
a species characterised as a plant-growth promoter by Diánez et al. [16,18]. Although Allaga et al. [35]
recommend not using species that produce green mould disease, these species do not create any
problems in horticultural crops or pose any danger to mushroom crops, as long as they are applied in
different geographical areas. Additionally, mushrooms are produced in closed locations and under
completely different conditions. Furthermore, plant remains under horticultural production are not
used to prepare substrates for mushroom cultivation, as shown in many commercial species; neither are
plant remains that have been studied with plant-growth promoters, which may also cause green mould
disease, such as T. harzianum [36] or T. longibrachiatum [37].

The first objective was to obtain viable spores with high yield on low-cost substrates. This product
was used for additional tests, which demonstrated that the nutritional composition of the substrates
used did not affect the biostimulant capacity of either Trichoderma species. Lane [38] determined that
the nutrients provided in the medium could affect the biocontrol or biostimulant capacity of the agent.
Different substrates have been used for Trichoderma spore production, including barley straw [39], wheat,
rice, corn kernels [40] or a mixture of substrates, such as wheat straw, bran, cassava, potato starch and
sugar beets [41,42], among others. In general, in our study, high yields, expressed as colony forming unit
(CFU) g−1, were assessed in all substrate mixtures tested; the yields increased both in 80% buckwheat
husk + 20% rice and 70% buckwheat husks + 30% oats. Although in laboratory tests, extraction could
be performed without a problem in all mixtures, in the extractor tank, mixtures containing rice adhered
to the walls and pipes, complicating the subsequent extraction and filtration processes. For this reason,
to develop low-cost production methods for industrial scale-up, rice was rejected as a constituent of
the production substrate for TA and TS. A high siderophore and IAA production and P solubilisation
by TA and TS compared to other Trichoderma species or isolates were demonstrated in our study.
These three components play key roles in plant biostimulation by increasing nutrient availability
to plants, such as for hormone production [43,44]. However, the direct relationship between IAA
production and plant-growth promotion is not yet clear because numerous species can produce IAA,
but they do not promote plant growth [45]. Hoyos et al. [45] concluded that IAA production is not a
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species-dependent quality of Trichoderma and found no direct correlation between biostimulation and
IAA and siderophore production or P solubilisation. In turn, Vinale et al. [46] highlighted the effects of
siderophore (harzianic acid) production on the germination of tomato seeds and the improved growth
of the seedlings even under iron-deficient conditions. Similarly, Qi and Zhao [47] demonstrated that
applying T. asperellum enhanced cucumber growth by inducing physiological protection under saline
stress, and its siderophores played a key role in mitigating the negative effects of salinity.

Many Trichoderma species can produce IAA, and high IAA secretion in the presence of tryptophan
indicates the importance of tryptophan as a precursor for IAA production [48,49]. Gravel et al. [50]
reported that IAA production induced by L-tryptophan increased the fresh weight of tomato shoots
and roots. Our results indicate that TA and TS produce much higher amounts of IAA than those
assessed by other authors. Accordingly, Saber et al. [48] described IAA production of T. harzianum

isolates that were 10 times lower than that of T. aggressivum f. europaeum and T. saturnisporum assessed
in this study. Bader et al. [51] reported that IAA production ranged from 13.38 to 21.14 μg mL−1

in T. brevicompactum, T. gamsii and T. harzianum. Diánez et al. [16] described a highly similar IAA
production for T. saturnisporum; therefore, the in vitro production capacity of IAA was preserved
despite maintaining the isolate in the laboratory for 10 years. Similarly, phosphate solubilisation by
Trichoderma species has been described both in vitro and in vivo [52–54]. Recently, Tandon et al. [55]
evaluated P solubilisation of different Trichoderma koningiopsis isolates under abiotic stress conditions
and determined a range from 1.6 to 71 μg mL−1. Bononi et al. [12] found that Trichoderma isolated from
soils of the Amazon rainforest demonstrated a high potential for phosphate solubilisation, which ranged
from 51.7 to 90.3% 10 days after inoculation. Despite their high P solubilisation capacity, some of these
isolates inhibited the germination of soybean seeds. In our study, the P solubilisation range of both
isolates was lowest on the tenth day of incubation, at 5.9% and 6.16% for TA and TS, respectively.

Applying PGPMs to seeds makes it possible to use a lower concentration of spores while ensuring
that the PGPMs are readily accessible at germination and during early developmental plant stages,
stimulating healthy and rapid establishment, and consequently, maximising crop production [43].
However, the direct application of different Trichoderma isolates or species to seeds (bioprimming) has not
always had beneficial effects. In this study, the seed germination rate was not affected by T. aggressivum

f. europaeum or T. saturnisporum application. Similar results were found by Azarmi et al. [18] after
applying T. harzianum isolates to tomato seeds. Hajieghrari et al. [56] demonstrated that direct exposure
of corn seeds to Trichoderma spores decreased the percentage of seed germination, as well as radicle
and shoot length. However, You et al. [57] demonstrated that T. harzianum and T. koningiopsis isolates
significantly enhanced the tomato seed vigour index when they were used to treat tomato seeds.
Our results demonstrated that direct T. aggressivum f. europaeum and T. saturnisporum application
decreased seed vigour, significantly so in peppers but not in tomatoes. However, the application of
either species under commercial plant nursery conditions, via substrate irrigation, similarly enhanced
pepper seedling quality significantly, albeit again non-significantly for tomatoes. Optimising the
application dose for each species is a factor that should be considered, among other factors, to enable
companies and producers to adopt this technology with higher security [58]. Increasing the dose of
T. aggressivum f. europaeum and T. saturnisporum applied to tomato seedlings increased most of the
study parameters, as well as the DQI value in treatments TA D2, TA D3 and TS D3. The endophytic
establishment of Trichoderma in plant nurseries may ensure its colonisation once transplanted. As such,
in the TA D2 treatment, tomato plants continued to show better quality, without any additional
application of Trichoderma, and plant quality improved in other treatments with Trichoderma applied
separately. The poorest results were obtained for mixtures of both species, with no improvement in
study parameters for any dose tested, and even a reduction of 21.62%, 10.63% and 25% in stem length,
diameter and shoot dry weight of tomato seedlings in the MD3 treatment, respectively. Similar results
were found by Liu et al. [59], who reported that the combination of three species, T. afroharzianum,

T. pseudoharzianum and T. asperelloides, decreased the biocontrol and growth-promoting effects in
comparison to the application of each species separately.
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Although major reductions in the use of chemical fertilisers without production losses is currently
difficult in many farming systems, their gradual decrease accompanied by the use of biostimulants
or biofertilizers is a tool that can optimise the use of chemical inputs while reducing environmental
pollution and food crop contamination.

5. Conclusions

The present study demonstrated, for the first time, the biostimulant capacity of T. aggressivum

f. europaeum in pepper and tomato plants under commercial plant nursery and greenhouse conditions,
with similar results to those of T. saturnisporum.

6. Patents

This isolate was patented with a Spanish patent number ES2706099: New strain of T. aggressivum

f. europaeum, compositions and applications.
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Abstract: In the present study, P. variotii, an endophytic fungus isolated from plant roots from the
Cabo de Gata Natural Park (Parque Nacional Cabo de Gata—Spain), was tested to determine the
effect on the growth promotion of tomato and pepper seeds and seedlings. For these purposes,
germination trials in a laboratory and two experiments in a commercial nursery and greenhouse
conditions were performed. The P. variotii isolate has shown a high ability to produce siderophores
and IAA, but low ability to solubilize P. High values for germination percentage, seedling vigor,
root and shoot length were obtained by P. variotii on tomato and pepper against control. P. variotii

applications resulted in improved most of the growth parameters evaluated, for both horticultural
crops, with the best results in the development of pepper seedlings. The application of a higher dose
of P. variotii improved most of the morphological parameters and the Dickson quality index (DQI)
value in tomato in seedlings and plants. The establishment of the endophytic fungus at the root
enabled its biostimulant effects to persist after transplantation without any additional application.
Few studies have analyzed this species as a biostimulant. The positive results from the tests showed
its high potential. The application of this isolate can be of enormous benefit to horticultural crops for
its high reproductive and establishment capacity.

Keywords: Paecilomyces; PGPF; tomato; pepper; plant probiotic microorganisms

1. Introduction

The genus Paecilomyces includes more than 100 species known for their multiple activities and
habitat heterogeneity [1]. Among them, Byssochlamys spectabilis (Udagawa and Shoji Suzuki) Houbraken
and Samson, formerly known as Paecilomyces variotii Bainier, is an ascomycete characterized by its
ability to produce secondary metabolites, which belong to different chemical groups with wide
biological activity [2–5]. This species has been described as a biological control agent (BCA) against
nematodes [6,7], trematode eggs [8] and phytopathogenic fungi, such as Biscogniauxia mediterranea,
Fusarium moniliforme and Phytophthora cinnamomi [9], Pyricularia oryzae [10], Fusarium graminearum [11]
and Magnaphorte oryzae [12], among others, that function through their raw extracts, secondary bioactive
metabolites or their mycelia. P. variotii produces metabolites with herbicidal [13] and insecticidal [14]
activity and has been reported to control infections caused by pathogenic bacteria in fish [15] and
humans [9]. In turn, this fungal species has even been shown to degrade aromatic compounds [16,17], in
addition to removing ammonium from synthetic media and reducing ammonia emissions from chicken
manure. [18]. However, it is also associated with many types of human infections in immunosuppressed
patients [19]. Nevertheless, only studies related to the possible activity of these metabolites as a
hormone-like substance or a promoter of phytohormone production by plant hosts have been published
to date [20]. Very few references describe the application of P. variotii as a plant-growth promoter. The
biocontrol agent ZhiNengCong (ZNC), which is an extract of P. variotii, is used in China [21]. ZNC is a
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highly effective plant elicitor that promotes plant growth by inducing auxin accumulation in root tips
with low concentrations [21].

The use of plant probiotic microorganisms (PPMs) is an effective alternative to the use of chemical
fertilizers [22–24]. The most studied PPMs are plant growth-promoting bacteria (PGPB), although there
are numerous examples of plant growth-promoting fungi (PGPF), which increase crop yield [25–27].
Thus, the most relevant are those that establish endosymbiotic relationships, such as arbuscular
mycorrhizal fungi, which solubilize nutrients, such as phosphorous, and micronutrients absorbed
by plants [28–30]. Trichoderma is one of the most studied genera as PGPF [31], although many others
fungi have demonstrated their potential growth-promoting capacity, such as Penicillium oxalicum [32],
Penicillium simplicissimum [33], Fusarium oxysporum [34], Fusarium equiseti [35], Alternaria sp. [36],
Aspergillus spp. [37] and Phoma [38], among others.

In the present study, P. variotii, an endophytic fungus isolated from plant roots from the Cabo de
Gata Natural Park (Parque Nacional Cabo de Gata—Spain), was tested to evaluate: (a) the effects of
seed priming with a fungus suspension on root colonization and tomato and pepper plant vigor; (b) the
promotion of growth and quality of pepper and tomato seedlings under a conventional production
system and (c) the effects of applying different doses to tomato seedlings and their subsequent
transplantation in a greenhouse.

2. Materials and Methods

2.1. Isolation of P. variotii from Plant Roots

Twenty roots of different species of autochthonous plants from the Cabo de Gata Natural Park
(CGNP; Almería, Spain) were collected for the isolation of fungal organisms in 2017. Collected samples
were cleaned under running tap water to remove debris before use, air dried and processed for isolation
of endophytic fungi. To remove epiphytic and surface-adhering microbes, the roots were cut into
small, 2–3 cm long, pieces, were surface-sterilized with 2% sodium hypochlorite for 3 min and washed
three times with sterile distilled water. The surface-sterilized samples were allowed to dry on sterile
paper towels. Ten fragments from each root were placed onto potato dextrose agar (PDA, Difco)
supplemented with 50 μg mL−1 chloramphenicol to suppress bacterial growth. After incubation at
25 ◦C for 7 d, individual hyphal tips of the developing fungal colonies were removed, placed on PDA
medium and incubated for 5–7 d.

Colony morphology of the pure cultured isolates on PDA and conidiophore morphology were
examined and identified by light microscopy, and all selected isolates were stored for further studies.
Only one isolate, whose identification under a microscope was consistent with the genus Paecilomyces

(Figure 1), was selected for this study (P. variotii CDG33). Molecular identification of the selected fungi
was conducted following the procedure described by Diánez et al. [26]. The sequence was analyzed
using a BLAST search in the GenBank database of the National Centre for Biotechnology Information
(NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) and aligned to the nearest neighbors. The sequence has
not been deposited in the GenBank database because the isolate is subject to patent.

The culture of P. variotii has been deposited in the CECT (Spanish Type Culture Collection, Valencia,
Spain) with the collection number CECT 20957. This strain was selected for the experiments based on
the results of a preliminary assay (data not shown).
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Figure 1. Conidiophore of Paecilomyces variotii (A: 400×; C: 200×; D: 100×) and an aspect of colony
morphology (B) in the potato dextrose agar (PDA) medium.

2.2. Analysis of Plant Growth-Promoting Attributes

Siderophore production was determined on the chrome-azurol S (CAS) medium following the
method of Schwyn and Neilands [39] and Louden et al. [40]. Fungal mycelial discs (5 mm) of active
culture were transferred to CAS medium and orange halos around the colonies on blue were indicative
of siderophore production. The diameter of the orange halo was measured at 24, 48 and 72 h.

Indole-3-acetic acid (IAA) production was estimated according to the procedure described by
Diánez et al. [26]. P. variotii was grown in 50 mL of glucose peptone broth (GPB) amended with or
without L-tryptophan (Sigma-Aldrich) at a concentration of 100 mg L−1. The flasks were inoculated
and incubated on an orbital shaker at 150 rpm at 25 ◦C in the dark for 7 d. After incubation, the
suspension from each flask was centrifuged for 30 min at 12,000× g. The supernatant was filtered
through sterile Millipore membranes (pore size 0.22 μm) and collected in sterile tubes. The culture
supernatants (3 mL) were pipetted into test tubes, and 2 mL Salkowski reagent (2 mL of 0.5 mol L−1

FeCl3 + 98 mL of 35% HClO4) was added to it. The tubes containing the mixture were left for 30 min
for red color development. The intensity of the color was determined by measuring the optical density
at 530 nm using a scanning spectrophotometer. The quantity of IAA was determined by comparison
with a standard curve for IAA. Five independent replicates of P. variotii were analyzed.

The qualitative evaluation of the phosphorus solubilized by P. variotii was performed using
NBRIP and PVK media supplemented with 2% agar (Difco Laboratories, Detroit, MI, USA). Phosphate
solubilization was detected by the formation of transparent zones surrounding fungal colonies in both
media [41]. For the quantitative estimation of phosphate solubilization, a modified version of the
procedure by Lima-Rivera [42] was followed. Flasks (250 mL capacity) containing 50 mL of NBRIP
broth were inoculated with two disks of agar (5 mm diameter) that had been taken from pure cultures
of P. variotii. Uninoculated flasks were used as a control (three replicates). Incubation was conducted
at 26 ◦C at a shaking speed of 100 rpm for 3, 5, 7, 10 and 15 d. Supernatants of each culture were
analyzed for pH and phosphate concentration. Phosphates in culture supernatants were estimated
using the Fiske and Subbarow method [43] and expressed as equivalent phosphate (μg mL−1). The
experiments were conducted in triplicate and values were expressed as the mean. The total P in flasks
was 10 mg mL−1.

2.3. Mass Production of P. variotii on Solid Substrates

A mixture of two kinds of substrates, buckwheat husk (BH) and oat (O), were tested for the mass
multiplication of P. variotii. Different percentages (90–10%, 80–20% and 70–30% v/v BH-O) of both
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substrates were submerged in different percentages of water (10%, 20% and 30% v/v) for 24 h. Each
mixture was sterilized for 1 h at 125 ◦C twice on consecutive days. Each mixture was placed on a
tray and aseptically inoculated by spraying with 5 mL of spore suspension containing 4 × 106 spores
mL−1 of P. variotii. The trays were kept at 25 ◦C in the dark for 10 d. In total, three samples (2 g) of
the fungus-colonized substrate were removed from the trays in each treatment. The samples were
successively diluted in sterile distilled water + 0.01% Tween 20® and the number of conidia g−1 of the
solid substrate was quantified for each replicate using a Neubauer hemocytometer. There were three
replications per treatment. The collected spores were used in the different experiments conducted in
this study.

2.4. Analysis of Effects of P. variotii on Seed Germination under Laboratory Conditions

Seeds of tomatoes (Solanum lycopersicum ‘Red Cherry’) and pepper (Capsicum annuum ‘Largo
de Reus’) were used in this study. The trial used a random block experimental design with two
treatments (control and P. variotii) and four repetitions. Each repetition included 50 seeds that were
germinated in Petri dishes (150 mm diameter) containing two sheets of Whatman No. 1 filter paper
that were moistened with sterile distilled water. The seeds were surface-sterilized sterilized with 1.5%
sodium hypochlorite (NaOCl) for 5 min, rinsed twice with sterile distilled water and dried under
laminar airflow on sterile paper [26]. Treatments were performed by pipetting 50 μL of P. variotii spore
suspension (1 × 105 spores mL−1) or 50 μL of water (control) on each seed; all boxes were placed in
an incubator (25 ± 1 ◦C in the dark). Root length (mm) was measured from the tip of the primary
root to the base of the hypocotyl. After 7 and 10 d, for tomatoes and peppers, respectively, percent
germination, root length and shoot length were recorded and a seed vigor index (SVI) was calculated
as follows: SVI (length) = seed germination% (mean root length +mean shoot length) [44].

2.5. Analysis of Promoter Effects of P. variotii on Pepper and Tomato Seedlings: Experiment 1

This experiment was performed in nursery polystyrene planting trays, each with 96 cells (70 mL
volume), at a commercial nursery (Almería Province, Spain). Pepper and tomato seeds red cherry
and Largo de Reus, respectively, were sown into commercial peat mix and covered with vermiculite.
After 2 d (tomato) and 4 d (pepper) in a germination room (relative humidity (RH) = 95%; 25 ◦C),
trays were located in a greenhouse and rinsed with water (control) or a 5 mL spore suspension per cell
at 105 spores per plant. Seedlings were grown using standard nursery culture conditions (18–28 ◦C;
75.4% ± 6.7% RH) and four trays were used for each treatment. At 45 d after sowing, 20 plants per
treatment and control were randomly selected from the four replications and measured for different
growth parameters: number of leaves, stem length, stem base diameter, total leaf area and aerial and
root dry weights. Leaf area was measured using the WINDIAS 3.1. (Delta-T Devices Ltd., Cambridge,
UK, 2009) leaf area processing software. The Dickson quality index [45] was determined using the
formula Dickson quality index (DQI) = TDW/((LS/D) + SDW/RDW)), where TDW is the total dry
weight (g), LS is the stem length (cm), D is the stem diameter (mm) and SDW and RDM are the stem
and root dry weight (g), respectively. The experiments were conducted in autumn using a completely
randomized design.

2.6. Analysis of Effects of Applying Different Doses of P. variotii to Tomatoes: Experiment 2

For this experiment, the procedure described in experiment 1 was followed. Three doses of
P. variotii conidia (PaeD1: 104 spores mL−1, PaeD2: 105 spores mL−1 and PaeD3: 106 spores mL−1) were
applied to tomato seedlings growing under commercial plant nursery conditions with irrigation of the
substrate, by adding 5 mL of spore suspension to each plant. The test was conducted in winter and
four replicates were performed with 96 plants per replicate. The seedlings were harvested 30 d after
sowing. Twenty plants per treatment and control were randomly selected from the four replicates
and measured for the same parameters as described above. Another 25 plants from each treatment
were transplanted into sandy soil in mid-February and analyzed in mid-May. The experiment was
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performed under greenhouse conditions (Figure 2). Water requirements were established according to
climatic conditions and crop needs. Plants were fertilized with a commercial complex nutrient fertilizer.

Figure 2. Tomato plants grown under commercial seedlings (A) and field assay, 30 (B) and 60 (C) days
after transplanting.

In all tests (experiments 1 and 2), tomato and pepper roots inoculated with P. variotii were collected
at the end of the tests. Roots were surface-sterilized in 0.1% sodium hypochlorite and washed with
sterilized water. Lastly, 2 cm root fragments were placed in PDA medium to determine root colonization
by the fungal isolate.

2.7. Statistical Analysis

Statistical analysis was conducted using Statgraphics Centurion XVIII Software. The data were
tested by a one-way analysis of variance (ANOVA) or Student’s t-test with significance defined as
p values less than 0.05 (p < 0.05). The experimental results are presented as the means and standard
error (±SE) for the different replicates. Mean separation was performed using Fisher’s least significant
difference (LSD) test.

3. Results

A total of 42 fungal isolates were obtained from the analyses of 20 root samples taken from plants
native to the CGNP. All fungal isolates were obtained in pure cultures using standard techniques.
The isolates were identified as filamentous fungi belonging to the phylum Ascomycota. The fungal
isolates were identified to the genus level. Aspergillus, Trichoderma sp., Rustroemia sp. and Penicillium

sp., were the most characteristic genera. They differed in color, type of conidiophore or presence of
microsclerotia-like structures. Therefore were considered to be different. The presence of the genus
Paecilomyces was especially relevant, and this genus was thus selected for this study (isolate CDG33).
The amplified sequences of isolate of Paecilomyces were compared with available DNA sequences using
BLAST, having 99% homology with Paecilomyces variotii accession number JX282326.1.

3.1. Mass Production of P. variotii on Solid Substrates

The fungus multiplied well in all mixtures tested. Among the different treatments, whose
composition varied in water content and the percentage of oats or buckwheat husk that were tested for
mass multiplication of P. variotii, the proportion of 70%+ 30% for buckwheat husk and oats, respectively,
with 20% water content, resulted in significantly higher spore production (Figure 3), followed by 90% +
10% with 10% water content (Table 1). The lowest spore production rate was observed at a percentage
of 80% + 20% with 10% water (Figure 3).
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Figure 3. Mass production of P. variotii spores at a proportion of 70% + 30% buckwheat husk and oats,
respectively, +20% water (A,B) and at 80% + 20% with 10% water (C).

Table 1. Effects of solid media on mass multiplication of P. variotii at varying substrates percentages
(v/v) and water contents (v/v).

Treatments

% (v/v) water

10 20 30

BH-O% CFU·g−1 BH-O% CFU g−1 BH-O% CFU g−1

90-10 1.13 × 108
± 1.2 × 107 b 90-10 8.5 × 107

± 7.09 × 106 ef 90-10 9.14 × 107
± 9.73 × 106 de

80-20 7.0 × 107
± 1.32 × 107 g 80-20 1.05 × 108

± 1.09 × 107 bc 80-20 1.0 × 108
± 5.11 × 106 d

70-30 8.04 × 107
± 1.14 × 107 f 70-30 1.24 × 108

± 1.06 × 107 a 70-30 1.07 × 108
± 9.54 × 106 bc

BH: buckwheat husk; O: oats. Data were analyzed by ANOVA and treatment means were compared according to
Fisher’s least significant difference (LSD) statistical procedure (F-test at p < 0.05).

3.2. Plant Growth-Promoting Characteristics of P. variotii: Siderophore Production, IAA and P Solubilization

The formation of an orange-colored zone around the fungal colonies was observed, which indicated
siderophore production by P. variotii (Figure 4A). The diameter of the halo (mm) was estimated at
3.88 ± 0.33, 5.55 ± 0.22 and 8.83 ± 1.29 for 24, 48 and 72 h, respectively.

IAA was produced by P. variotii in medium supplemented with 100 mg L−1 tryptophan during a
7 d period, and the final concentration was 0.049 ± 0.001 mg mL−1. The final concentration of IAA was
0.03 ± 0.001 mg mL−1 in medium supplemented without tryptophan.

No halo of P solubilization by P. variotii was detected in any of the media used (NBRIP and PVK
media supplemented with 2% agar). The effect of P. variotii on the soluble phosphate concentration is
shown in Figure 4. The initial concentration of P in the medium was used to quantify the concentration
of P solubilized by P. variotii. As shown in Figure 4B, no P solubilization was detected during up to
15 d of incubation, assessing a soluble P of 2.01 ± 0.68 g L−1 versus 0.74 ± 0.25 in the control (p = 0.0243).
In turn, no change in the pH of the medium was detected, which remained at approximately 7.
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Figure 4. Formation of orange-colored halos owing to production of siderophores by P. variotii (A).
Effects of P. variotii on phosphate solubilization (B) in NBRIP broth containing tribasic calcium phosphate
(10 g). Mean standard deviation is expressed in error bar. The results are shown as the average of the
three replicates, in g L−1.

3.3. P. variotii Inoculation Effects on Tomato and Pepper Seed Germination

Table 2 outlines the results of the in vitro application of P. variotii to tomato and pepper seeds.
Direct inoculation of seeds by P. variotii isolate spores had a significant effect (p < 0.05) on the percent
seed germination, root and shoot length, and SVI in tomatoes. The increase in root and shoot length
was 18.23% and 17.85%, respectively. However, pepper seeds treated with P. variotii showed no
improvement in SVI (p > 0.05).

Table 2. Effects of P. variotii isolate on tomato and pepper seed germination 7 and 10 d after treatment,
respectively. pp

Treatment % Germination Root Length (cm) Shoot Length (cm) Seed Vigor Index

Pepper

p -value 0.5369 0.6162 0.0010 0.9975
P. variotii 80 ± 9.79 2.37 ± 1.30 1.66 ± 0.55 323.00 ± 127.07

T0 76 ± 7.30 2.26 ± 1.24 1.98 ± 0.56 322.93 ± 119.36

Tomato

p-value 0.0020 0.0013 0.0036 0.0000
P.variotii 89 ± 3.82 4.41 ± 1.33 3.30 ± 1.15 686.70 ± 210.40

T0 75 ± 3.82 3.73 ± 1.32 2.80 ± 1.02 498.70 ± 164.28

T0: control without P. variotii. Data were analyzed using Student’s t-test (p < 0.05).

3.4. Promoter Effects of P. variotii Isolates on Tomato and Pepper Seedlings: Experiment 1

The effects of P. variotii application on morphological parameters and DQI are shown in Table 3.
Most of the growth parameters evaluated in tomato and pepper were improved by P. variotii, when
compared with those of the experimental control, with the best results in the development of
pepper seedlings.

These increases were statistically significant for most parameters. The increases assessed in pepper
and tomato seedlings (P/T) were 9.7%/6.9% for stem length, 4.9%/0.8% for stem diameter, 10.6%/6.0%
for leaf number, 18.2–6.7% for root dry weight, 16.7%/10.7% for aerial dry weight and 10.1%/7.5% for
leaf area. In tomatoes, P. variotii applications resulted in a decrease in root dry weight, albeit without
significant differences from that of the control. P. variotii application improved plant quality, albeit
without significant differences for tomato plants (p = 0.2059). In all tests (experiments 1 and 2), P. variotii

was observed in tomato and pepper roots analyzed in PDA medium.
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Table 3. Morphological parameters and quality index of pepper and tomato seedlings treated with
P. variotii isolate at 45 d after sowing.

Treatment
Length of
Stem (cm)

Diameter
(mm)

Number
of Leaves

Areal Dry
Weight (g)

Root Dry
Weight (g)

Leaf Area
mm2 DQI

Pepper

p-value 0.0000 0.0008 0.0000 0.0000 0.0022 0.0020 0.0054
P. variotii 29.63± 1.75 3.83 ± 0.21 7.39 ± 0.54 0.42 ± 0.05 0.13 ± 0.02 83.58± 11.27 0.051± 0.00

T0 27.01± 2.07 3.65 ± 0.23 6.68 ± 0.70 0.36 ± 0.04 0.11 ± 0.03 75.88± 11.15 0.046± 0.00

Tomato

p-value 0.0002 0.0039 0.0330 0.0042 0.1443 0.0397 0.2059
P. variotii 27.37± 2.06 3.81 ± 0.27 4.40 ± 0.54 0.62 ± 0.07 0.14 ± 0.02 74.45± 11.85 0.067± 0.01

T0 25.61± 2.07 3.78 ± 0.22 4.15 ± 0.48 0.56 ± 0.10 0.15 ± 0.02 69.28± 10.17 0.063± 0.01

T0: control without P. variotii. Data were analyzed using Student’s t-test (p < 0.05).

3.5. Effects of Dose of Application of P. variotii Isolates on Tomato Seedlings and Transplanted Plants:
Experiment 2

The effects of applying three doses on the development of tomato seedlings under commercial
plant nursery conditions and subsequent transplantation into soil under greenhouse conditions are
shown in Table 4. As shown in Table 4, applying different doses of P. variotii promoted seedling shoot
development, significantly decreasing, in some cases, root development. The best results were assessed
for dose 3, which resulted in a 30.2% increase in stem length, 15.7% in stem diameter, 19.5% in leaf
number and 46.2% in aerial dry weight. However, root dry weight decreased 25.0%. The decrease in
root length can cause stress when transplanting tomato seedlings, thereby decreasing plant quality.
The DQI [45] expresses the global aptitude of a plant to successfully overcome the transplantation
phase, based on overall plant development, while considering the balance between plant shoots and
roots. Higher values of this index indicate higher seeding quality. In this case, despite the decrease in
root length, a higher value of this index was observed for dose 3, with a significant difference for all
doses tested, but not with the control treatment.

Table 4. Morphological parameters and Dickson quality index (DQI) of tomato seedlings (30 d after
sowing) and plants (90 days after transplanting) treated with different doses (104, 105 and 106 spores
per plant, (D1, D2 and D3, respectively) of P. variotii.

Tomato seedling

Treatment
Length of
stem (cm)

Diameter
(mm)

Nº leaves
Areal dry

Weight (g)
Root dry

Weight (g)
DQI

p-value 0.0000 0.0000 0.0002 0.0000 0.0028 0.0481
Pae D1 16.12 ± 2.11a 3.72 ± 0.38b 3.58 ± 0.53b 0.27 ± 0.09a 0.039 ± 0.01a 0.045 ± 0.01b
Pae D2 14.46 ± 2.58b 3.50 ± 0.38c 3.71 ± 0.84ab 0.25 ± 0.08a 0.035 ± 0.01a 0.046 ± 0.01b
Pae D3 16.27 ± 3.05a 3.99 ± 0.28a 3.93 ± 0.78a 0.38 ± 0.09a 0.027 ± 0.01b 0.054 ± 0.01a

T0 12.5 ± 2.22b 3.45 ± 0.36c 3.29 ± 0.61c 0.25 ± 0.08b 0.036 ± 0.01a 0.045 ± 0.01b

Tomato Plants

Treatment
Length of
stem (cm)

Diameter
(mm)

Internodes
Areal dry

Weight (g)
Root dry

Weight (g)
DQI

p-value 0.1876 0,1244 0.9759 0.0048 0.7796 0.0283
Pae D1 82.75± 12.97ab 11.57± 1.08ab 14.20 ± 1.93a 50.67± 10.80a 4.22 ± 1.20a 24.84 ± 7.68a
Pae D2 87.20 ± 9.42a 11.59± 1.02ab 14.30 ± 1.25a 49.19± 10.21a 4.26 ± 1.64a 24.23 ± 8.16a
Pae D3 77.60 ± 7.75b 11.84 ± 1.08a 14.10 ± 1.28a 49.38± 10.53a 4.20 ± 1.37a 25.78 ± 7.66a

T0 84.00± 7.10ab 10.58 ± 0.91b 14.00 ± 1.63a 39.13 ± 7.99b 3.73 ± 0.91a 16.84 ± 3.79b

T0: control without P. variotii. Different letters indicate significant differences according to the one-way ANOVA test
(p = 0.05). Treatment means were compared according to the Fisher’s LSD statistical procedure (F-test at p < 0.05).
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Once transplanted in soil, the findings showed that the three doses favored several morphological
parameters studied in the development of tomato plants in relation to those of control plants, with
higher values for dry weights and DQI but without significant differences for the three doses tested.
The establishment of the endophytic fungus at the root (Figure 5), therefore, enabled its effects to
persist after transplantation.

Figure 5. P. variotii mycelium and conidiophores colonizing tomato (A: 100×; B: 200×) and pepper
roots (C: 400×).

4. Discussion and Conclusions

In this study, fungal isolates from surface-sterilized root segments of native plants and soil were
collected from the CGNP. This park is located in an arid-to-semiarid Mediterranean region where the
predominant fungi genera are Penicillium and Aspergillus, as well as isolates from the group termed Dark
Septate Endophytic (DSE) fungi, which colonize plant roots. The DSE fungi isolated herein formed
dark brownish microsclerotia-like structures. The role of DSE fungi in nature has been considered to be
similar to that of mycorrhizal fungi [46,47]. These isolates will be analyzed in future studies. Among
all isolates, the plant growth-promoting capacity of the only isolate from P. variotii was analyzed in
this study.

Nevertheless, P. variotii was selected given the sparse literature on this species as a plant-growth
promoter. The ability of P. variotii to stimulate plant growth is poorly studied, while for other species of
the same genus, the growth-promoting effect is generally associated with an improvement in the plant
status for its nematicide effect for the control of diseases caused by different nematode species [48].

A key requirement for selling microorganisms with a biostimulant capacity is that they have a
high-spore production capacity in substrates with a low-production cost. Nevertheless, grains whose
agitation leads to a rapid release of spores must be selected to obtain the formulation. For this reason,
buckwheat husk and oats were selected for high performance in the spore production of P. variotii.

This production occurred in the entire substrate, not only on the surface. Generally, commercial
spore production methods often only use cereal grains, rice or other starch-based substrates [49]. The
nutritional composition of the medium in which the growth promotor multiplies can affect its biocontrol
or biostimulant capacity [50]. Based on our results, P. variotii can stimulate plant development under
the production conditions described herein.

The P. variotii isolate has shown the ability to produce siderophores and IAA. Biostimulation
is generally associated with increased nutrient availability, similar to biofertilization [51], but it is
also caused by multiple other factors, such as mechanisms including enhancement of plant systemic
resistance [52]. Thus, siderophore production plays a key role by enhancing the Fe uptake of plants
and can be considered an ecofriendly alternative to the use of chemical fertilizers and pesticides
in the agricultural sector [53]. Vala et al. [54] describe the production of both hydroxamate and
carboxylate-type siderophores by P. variotii isolated from the surface of mangrove plants. Terrestrial
P. variotii has previously been shown to secrete the trihydroxamate siderophore ferrirubin [55]. The
P. variotii isolate has shown a relatively high IAA production in relation to its genus, and tryptophan
incorporation slightly increased in vitro IAA biosynthesis by P. variotii. Other studies also reported that
Trp considerably stimulated microbial IAA yield in vitro [56–58]. Ali [59] described IAA production
by P. variotii lower than 2 ng mL−1 produced in Czapek medium supplemented with tryptophan. In
our study, we described a much higher production for the same species. Waqas [60] described IAA
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production by P. formosus at 34.07 ± 3.92 μg mL−1, a result very similar to the findings of this study, and
consequently, a plant growth-promoting effect. Nevertheless, Waqas [61] analyzed the variability of IAA
production as a function of the culture medium used and conversely found that P. variotii had virtually
undetectable phosphatase activity. These results differed from the high phosphatase production by
a P. variotii isolate from the medicinal plant Caralluma acutangula [59]. In soil, P-solubilizing fungi
constitute approximately 0.1–0.5% of the total fungal population [62]. The use of microbial inoculants
(biofertilizers) possessing P-solubilizing activities in crop productivity is considered as an alternative
to further application of mineral P fertilizers [63]. Endophyte co-inoculation of plants exponentially
improved the phosphatase activity of soil compared to that of the non-inoculated plants under stress
conditions [64]. Etesami et al. [65] showed the relationship among ACC deaminase activity, IAA
production, siderophore production and phosphate solubilization of bacterial strains and their effect
on root elongation of rice seedlings. In this study, this correlation could not be determined since an
isolate of P. variotii was analyzed.

The application of beneficial microorganisms (biopriming) may not only help to improve
germination and vigor parameters but also relieve a wide range of physiological, abiotic and biotic
stresses in both seeds and seedlings [66]. Nevertheless, biopriming can potentially lead to a more
resistant plant after transplanting. This can depend on numerous factors, such as plant species,
microorganisms, applied dose and substrates, among others. Thus, in this study, the P. variotii isolate
enhanced germination and root vigor in tomato seeds. However, the results with pepper plants were
different, with no significant differences from that of the controls and even with a 19.27% decrease in
shoot length (p < 0.05). This may be because germination of pepper seeds is often more heterogeneous.
Cochran [67] determined that the germination percentage and the accumulation of dry matter in the
large seeds of bell pepper were higher in relation to the small seeds. P. variotii enhanced several tomato
and pepper seedling parameters. The application doses for different crops must be studied for optimal
outcomes. In this study, the application of a higher dose (106 spores mL−1 versus 105 spores mL−1)
improved the different morphological parameters value in tomato seedlings under commercial plant
nursery conditions. After transplanting in the greenhouse, the biostimulant effects persisted 4 months
after applying the three doses without any additional application. Similar benefits have been observed
as a result of the application of other species of the genus Paecilomyces. Waqas [68] described improved
soybean seedling germination and SVI when applying the endophyte Paecilomyces sp. The application
of P. variotii extracts significantly increased cherry radish yield, dry matter accumulation, the root–shoot
ratio and quality. This extract has a very high biological activity, with a low cost, which has a great
application prospect [69]. Similar studies conducted by Anis [70] showed increased sunflower seedling
vigor under biotic stress conditions when applying P. variotii and Macrophomina phaseolina spores,
in vitro, with no favorable results when conducting the tests in pots. In turn, Maitlo [71] assessed
chickpea plant biostimulation when inoculating them with P. lilacinus and F. oxysporum f. sp. ciceris,
which also reduced chickpea wilt.

In intensive horticulture under plastic, the benefits of the application of biostimulants or
biofungicides based on microorganisms, are in question, because farmers perceive low efficacy
of these products as disease controllers when compared with the rapid response presented by chemical
fertilizers or fungicide. The current changes in legislation regarding the reduction of active ingredients
and the commercialization of biostimulants and biopesticides, together with the need to increase the
sustainability of agriculture in terms of public health and the environment, require the use of PPMs as
a key element in horticulture.

To the best of our knowledge, the present study demonstrated for the first time the
biostimulant capacity of P. variotii in pepper and tomato plants under commercial plant nursery
and greenhouse conditions.
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5. Patents

This isolate was patented with a Spanish patent number ES2684858A1: New strain of Paecilomyces

variotii, compositions and applications.
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Abstract: The root-knot nematode is one of the most damaging plant-parasitic nematodes worldwide,
and the ecofriendly alternative approach of biological control has been used to suppress nematode
populations. Here the nematicidal activity of Aspergillus japonicus ZW1 fermentation filtrate against
Meloidogyne incognita was evaluated in vitro and in greenhouse, and the effects of A. japonicus ZW1
fermentation filtrate on seed germination and the active compound of A. japonicus ZW1 fermentation
filtrate were determined. The 2-week fermentation filtrate (2-WF) of A. japonicus ZW1 exhibited
markedly inhibitory effects on egg hatching, and 5% 2-WF showed potential nematicidal activities on
second-stage juveniles (J2s); the mortality of J2s was 100% after 24 h exposure. The internal contents
of nematodes were degraded and remarkable protruded wrinkles were present on the body surface
of J2s. The nematicidal activity of the fermentation was stable after boiling and was not affected by
storage time. A germination assay revealed that 2-WF did not have a negative effect on the viability
and germination of corn, wheat, rice, cowpeas, cucumbers, soybeans, or tomato seeds. The pot-grown
study confirmed that a 20% fermentation broth solution significantly reduced root galls and egg
numbers on tomatoes, and decreased galls and eggs by 47.3% and 51.8% respectively, over Czapek
medium and water controls. The active compound from the A. japonicus ZW1 fermentation filtrate
was isolated and identified as 1,5-Dimethyl Citrate hydrochloride ester on the basis of nuclear
magnetic resonance (NMR) and LC-MS (liquid chromatograph-mass spectrometer) techniques. Thus,
fermentation of A. japonicus ZW1 could be considered a potential new biological nematicide for the
control of M. incognita.

Keywords: biocontrol Aspergillus japonicus; root-knot nematode; fermentation filtrate; biological
control; seed germination

1. Introduction

Root-knot nematodes (Meloidogyne spp.) are economically important worldwide pathogens
causing considerable damage to many crops, including cucumbers, tomatoes, rice [1–4], and even
cotton [5,6]. Meloidogyne incognita is an important species of root-knot nematodes worldwide due to its
direct impact on crop yields [7–9]. Specifically, it is capable of causing an estimated yield loss of 5–43%
within vegetable crops cultivated in tropical and subtropical areas [10] and estimated $100 billion loss
per year worldwide [11].

Due to their short life cycle and high reproduction rates, these root-knot nematodes have been
particularly challenging to control. Previously, chemical nematicides are efficiently used to suppress
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nematode populations, such as fenamiphos, sebufos, dazomet, and carbofuran [12]; however, these have
been found to be harmful to both the eco-environment and human health due to their toxic effects.
Thus, as a result of these negative impacts and the significant economic losses which can result from
nematodes, new and alternative biological control options are urgently needed [13]. Therefore, the
use of biological agents to suppress the population of plant-parasitic nematodes could provide an
alternative strategy to sustainably manage plant-parasitic nematodes. Using biofumigation instead of
harmful fumigants (like synthetic nematicide methyl bromide) to control nematodes is an increasingly
feasible method of parasitic nematode management [14]. Plants such as Melia azedarach have been
found to be potential sources of biofumigation plant material to control Meloidogyne spp. on tomato [15].
Moreover, microbial agents for the control of plant-parasitic nematodes is also a potential method; such
as bacteria [16,17], fungi [18,19] and actinomycetes [20], which are nematophagous or antagonistic
for root-knot nematodes. Specifically, Arthrobotrys irregularis, Pochonia chlamydosporium, Paecilomyces

lilacinus, Myrothecium verrucaria, bacteria Pasteuria usgae, Bacillus firmus, Burkholderia cepacia, Pseudomonas

fluorescens, and Streptomyces avermitilis [21,22] have been commercially used in many countries for
the control of plant-parasitic nematodes. Some potential microbial sources were constantly obtained,
volatiles from beneficial bacteria (Bacillus sp., Paenibacillus sp. and Xanthomonas sp.) can control
M. graminicola second-stage juveniles (J2s) on rice and significantly reduced infection of susceptible
rice [23]. Co-inoculation of Streptomyces spp. strains KPS-E004 and KPS-A032 showed success in
suppressing root-knot nematode [24].

In our previous study, A. japonicus ZW1 culture filtrate was shown to have marked nematicidal
activity against M. incognita. As a result, the main objective of this work was to evaluate the potential
biological control of A. japonicus ZW1 against root-knot nematodes including: (1) the nematicidal
activity of A. japonicus ZW1 fermentation filtrate on eggs and J2s within pot and in vitro experiments;
(2) electron microscopic evaluation of J2 bodies after treatment with 2-week fermentation filtrate (2-WF);
(3) effect of boiling and storage time on nematicidal activity stability of the fermentation filtrate; and
(4) evaluation for the effect of A. japonicus ZW1 fermentation filtrate on the germination of various
crop seeds.

2. Materials and Methods

2.1. Nematode Preparation

Tomato seeds (cv. Xin Bite 2 F1) were sourced from Yashu Garden Seeds Co., Ltd., (Guangzhou,
China) and were used to generate seedlings for culturing the M. incognita. For the nematodes culture,
one-month-old tomato seedlings were transplanted into pots (7 × 7 × 8 cm) with second stage juveniles
of root-knot nematode-infected peat moss (Gui Yu Xin Nong Technology Co., Ltd., Nanning, China)
and maintained at 25 ◦C with a 14 h light (22000 Lux) and 10 h dark photoperiod treatment within
a GXZ-280C incubator (Jiangnan Instrument Factory, Ningbo, China). Tomato roots were collected
35 days after inoculation and were gently rinsed with tap water. Eggs were then extracted with 1%
NaOCl [25] and hatched at 25 ◦C using the modified Baermann funnel method [26]. Eggs were put in
30 ìm pore sieves, nested in petri dishes (6 cm-diameter) containing 3 mL distilled water, and the fresh
J2s in water were then collected on the day of experiment and used for subsequent experimentation.

2.2. Fermentation Filtrate Preparation

A. japonicus ZW1 from soil was deposited in the China Center for Type Culture Collection
(accession number CCTCC No. M 2014641) and GenBank (accession number KR708636.1). One cm2

potato dextrose agar (PDA) with a fresh culture of A. japonicus ZW1 (cultured 3-5 days at 25 ◦C)
was inoculated in triangular flasks with 100 mL Czapek medium (NaNO3 0.2 g, KCl 0.05 g, FeSO4

0.001 g, K2HPO4 0.1 g, MgSO4 0.05 g, Sucrose 3.0 g, H2O 100 mL) and incubated in a MQD-S2R shaker
(Minquan Instrument Co., Ltd., Shanghai, China) at 150 rpm and 25 ◦C [27] for 3 consecutive weeks,
with 10 triangular flasks replicates per week. Czapek medium without inoculation was used as a
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negative control. At the end of the 3-week period, fermentation broth from a total of 30 conical flasks
was then filtered using 0.45 μm Millipore filters (Whatman, Clifton, NJ, USA) and 1-week fermentation
filtrate (1-WF), 2-WF, and 3-week fermentation filtrate (3-WF) were prepared. The concentration of
2.5% (i.e., fermentation filtrate volume: sterilized water volume = 1:39), 5% (1:19), 10% (1:9), 20% (1:4)
and 50% (1:1) of 1-week fermentation filtrate(1-WF), 2-week fermentation filtrate (2-WF), and 3-week
fermentation filtrate (3-WF) were used and 20% Czapek medium and sterilized water were used
as control.

2.3. Effect of Fermentation Filtrate on Meloidogyne Incognita Egg Hatching

Fresh eggs were treated with 2.5%, 5%, 10%, 20%, and 50% 1-WF, 2-WF, and 3-WF; and also 20%
Czapek medium and sterilized water as controls. The specific experimental conditions were as follows:
approximately 100 eggs and 200 μL of different concentrations of fermentation filtrate were dispensed
into each well of 96-well plate, with 4 replicates for each treatment. Additionally, all experiments were
performed in triplicate. The initial number of eggs was counted, and the hatched J2s were recorded
using an inverted microscope (Ti-S, Nikon Instruments Inc., Tokyo, Japan) at 0, 3, 6, 9, 12, 15 d after
exposure in the dark at 25 ◦C. The cumulative hatching rate was calculated using the following formula:
cumulative hatching rate = (the number of hatched J2s)/(the initial number of eggs) × 100%.

2.4. Nematicidal Activity of Fermentation Filtrate on Meloidogyne Incognita J2s

Approximately 60 fresh J2s were contained in each well of a 96-well plate and treated with 200 μL
of 2.5%, 5%, 10%, 20%, and 50% 1-WF, 2-WF, and 3-WF, 20% Czapek medium and sterilized water.
The number of dead nematodes were counted using a Ti-S Nikon microscope (Nikon Instruments Inc.,
Tokyo, Japan) at 6, 12, 24, 48 h after treatment with the solutions and pictures were taken at each time
point except for 48 h. It wax determined whether he bodies of dead J2s were straight and lacking
movement even after mechanical prodding [28,29]. The test was conducted at 25 ◦C in the dark and
the experiment was replicated 4 times. J2 mortality was calculated for each well as follows: mortality
= (the number of dead J2s/total J2s) × 100%. This experiment was performed a total of three times.

2.5. Scanning Electron Microscopy Observations

J2s were treated with 10% 2-WF for 10 h and subsequently analyzed with scanning electron
microscopy (SEM) using the approach as described below [30,31]. In preparation for the microscopic
evaluations, J2 specimens were fixed in 2.5% glutaraldehyde with 0.1 M phosphate buffer (pH 7.2) at
4 ◦C overnight and subsequently washed 3 times in 0.1 M phosphate buffer. Afterwards, they were then
fixed in 1% osmium tetroxide for 2 h, washed 3 times in 0.1 M phosphate buffer again, dehydrated in a
graded series of ethanol, critical point dried with Quorum K850 critical dryers (Emitech, East Sussex,
England, UK) and finally sputter coated with MSP-2S gold-palladium (IXRF, Austin, TX, USA).
Prepared J2 specimens were observed using a SU8100 scanning electron microscope (Hitachi, Tokyo,
Japan) operating at 3.0 kV accelerating voltage.

2.6. Transmission Electron Microscopy Observations

The technical approach was very similar to the aforementioned method described for ‘scanning
electron microscopy observations’; however, after J2s were dehydrated with ethanol, they were
subsequently embedded in Araldite (Sigma-Aldrich, Sigma-Aldrich LLC., Darmstadt, Germany).
To enable evaluation of the specimens, ultrathin sections (70 nm) were obtained using an EM UC7
ultramicrotome (Leica, Wetzlar, Germany) with a Diatome Ultra 45◦ diamond knife (Diatome Ltd.,
Helmstrasse Nidau, Switzerland). Sectioned samples were then stained with uranyl acetate and
lead citrate using carbon film copper 500 mesh [30,32]. Sections of the J2 bodies were then observed
using an HT7700 transmission electron microscope (Hitachi, Tokyo, Japan) operating at an 80.0 kV
accelerating voltage.
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2.7. Greenhouse Experiment

Thirty day old (3–4 leaf stage) healthy tomato seedlings (cv. Xin Bite 2 F1) were transplanted in a
pot (785 cm3) containing 250 g autoclaved and dried peat moss. A total of 2000 fresh J2s were inoculated
in each pot at 3 days after transplanting. Subsequently, 130 mL of 20% and 50% 2-WF were used in
this experiment and applied in pots. 20% of Czapek medium and tap water were utilized as controls.
A randomized design with 6 replicates for each treatment group was used for the pot experiment and
all materials were maintained after inoculation at 25 ◦C in a greenhouse with a 14 h light and 10 h dark
photoperiod. Thirty-five days after transplantation, tomato roots were collected and gently washed
with tap water to remove residual materials. Plant height, root fresh weight, and the total number of
galls and eggs per plant root system were determined. The eggs were extracted separately from plants
with a 1% NaOCl method as previously described [25] and were subsequently collected in beakers
with water. Afterwards, 50 μL of a well-mixed egg suspension solution were transferred to a counting
dish to enable egg count determination. Eggs were counted three times and the total number of eggs
in the entire suspension was calculated. This experiment was repeated twice.

2.8. Effect of Boiling and Storage Time on Nematicidal Activity Stability of Fermentation Filtrate

Two-hundred mL of fresh 2-WF was dispensed into two 100 mL beakers respectively. One of the
beakers was boiled in a microwave oven at 100 ◦C, whereas the second beaker was maintained at room
temperature. The fermentation filtrate from two beakers were diluted to 10% and sterilized water was
used as a control. Nematicidal activity was then conducted as described above and the experiment
was triplicated.

For the analysis of storage time, the experiment was set up for 1-, 2-, and 3-week old 2-WF at
4 ◦C and 25 ◦C in dark, respectively; with 4 replicates for each treatment. After storage, the 2-WF
solution was filtered through a sterile 0.45 μm polyethersulfone filter (Whatman, Clifton, NJ, USA)
and subsequently diluted to a 10% solution in sterilized water. Sterilized water alone was used as a
negative control. The nematicidal activity was measured as described above and this experiment was
repeated 3 times.

2.9. Evaluation of the Strain Fermentation Filtrate on The Germination of Crop Seeds

In this study, the effect of 2-WF of A. japonicus ZW1 was evaluated on seed germination of
various crops, e.g., from corn (Qingnong 13), wheat (Mianmai 41), cowpeas (Shanlv), cabbage (Green
column), cucumbers (Liaoning 8), rice (Teyou 09103), tomatoes (Hongyingguo 808), and soybeans
(Ludou 4). First, healthy seeds were surface sterilized with 2% NaOCl for 3 min and subsequently
rinsed 5 times with sterilized water [33]. Seeds were treated with 10% and 20% 2-WF in triplicates
across 3 independent experiments, with sterilized water used as a negative control. The sterilized crop
seeds were then exposed to the fermentation filtrate in a moist chamber and incubated for several
days in the dark at room temperature (25 ◦C). Sprouted seeds were counted every day until the
seed germination rate no longer changed. The seed germination rate was calculated as: (number of
germinated seed/total tested seeds) × 100%.

2.10. Isolation and Structural Determination of Aspergillus Japonicus ZW-1 Nematicidal Metabolites

Eight litre of A. japonicus ZW-1 2-week fermentation broth was filtered through 8 layers of muslin
gauze, then concentrated to 500 mL using rotary evaporation (Hei-VAP Core ML G3, Instruments
GmbH & Co. Heidolph, KG, Schwabach, Germany) at 55 ◦C. The crude extract (15.6 g) from A. japonicus

ZW-1 fermentation broth was extracted with 1-butanol and evaporated at 40 ◦C until dry, dissolved in
methanol (MeOH) and chromatographed on methylated sephadex LH20 (Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China) using MeOH as eluent to give two fractions, the two fractions
were dissolved in distilled water to make 2.0 mg mL−1 aqueous solution for activity assay. One fraction
showed activity against J2. This active fraction was dissolved in the chloroform, at which point white
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crystals formed. The solution was filtered through cotton which was then washed 20 times using
chloroform and dried at room temperature to get the purified active compound.

The chemical structures of the active compound were determined using nuclear magnetic
resonance (NMR) analysis and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS)
analysis. 1H nuclear magnetic resonance (NMR) and 13C NMR spectra were acquired in MeOH with a
Bruker AVANCE III HD600 spectrometer (Bruker Corporation, Faellanden, Switzerland) at 600 MHz
for 1H NMR spectra and 125 MHz for 13C NMR spectra using tetramethylsilane as the internal standard.
HR-ESI-MS analysis was performed using a Waters E2695 model ion trap mass spectrometer (Waters,
Milford, MA, USA) [34]. The nematicidal activity of active compounds at different concentrations (1.25,
1.00, 0.75, 0.50, 0.25 mg mL−1) was measured as described above and this experimental approach was
repeated 3 times. Sterilized water was used as a control.

2.11. Statistical Analysis

Data were analyzed using SPSS 19.0. software (SPSS Inc. Chicago, IL, USA) and statistical
significance was calculated using a one-way analysis of variance (ANOVA). The means of different
parameters for each treatment group were compared among each other using a Fisher’s protected least
significant difference (LSD) test at p < 0.05. All figures for statistical analyses were made using Sigma
Plot 10.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Effect of Fermentation Filtrates on Hatching of Meloidogyne Incognita Eggs

The fermentation filtrate of A. japonicus ZW1 at various concentrations and different time points
showed significant nematicidal activity against cumulative hatching rate of eggs. The cumulative
hatching rate of eggs increased over time in the 1-WF, 2-WF, and 3-WF treatments (Figure 1). In relative
comparison to 1-WF, M. incognita eggs exhibited higher sensitivity to 2-WF and 3-WF. Fifteen days after
incubation, the cumulative hatching rates in 20% and 50% 1-WF were 71.1% and 30.1%, respectively,
and were significantly lower in comparison to 2.5%, 5%, and 10% 1-WF and controls (p < 0.05). For the
2-WF treated samples, cumulative hatching rates in 5%, 10%, 20%, and 50% 2-WF were 42.5%, 36.0%,
24.3%, and 6.4%, respectively, 15 d after incubation. These values were significantly lower than that of
the 2.5% 2-WF and control treatments (p < 0.05). Cumulative hatching rates in 5%, 10%, 20%, and 50%
3-WF treatments were 53.0%, 42.2%, 34.6%, and 21.2%, respectively, 15 d after incubation. These results
were significantly lower than that of the 2.5% 2-WF and control treatments (p < 0.05).

Figure 1. Cumulative Meloidogyne incognita eggs hatching rates in Aspergillus japonicus ZW1 fermentation
filtrate. The bars represent the standard error. The same letter is not significantly different (p < 0.05)
according to a Fisher’s protected least significant difference (LSD) test.
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3.2. Nematicidal Activity of Fermentation Filtrates on Meloidogyne Incognita J2s

The time of culturing influenced the nematicidal activity of the fermentation filtrate on J2s
(Figure 2). In comparison to the 1-WF and control treatments, the mortality of J2s was higher in 2-WF
and 3-WF treatments at different time points post incubation. In the 1-WF treatment, the mortality
of J2s was less than 3.3% and no significant difference was observed after treatment for a 6 to 48 h
period. Conversely, application of 2-WF and 3-WF resulted in a significantly higher mortality of
J2s at different concentrations of the fermentation filtrates as compared to the controls (p < 0.05).
When investigating 50% 2-WF and 3-WF, the mortality of J2s reached 100% after a 6 h incubation
period. After the 48 h incubation period, the mortality of 2.5% 2-WF and 3-WF treatments reached
56.1% and 56.8%, respectively, and were all significantly higher than the controls (p < 0.05). From a
morphological perspective, treatment with 2-WF resulted in differences in the J2 when compared to
the controls (Figure 3). Specifically, microscopic observations revealed that the bodies of J2s in the
2-WF treatment were either straight or arched without movements at 6 h post-incubation (Figure 3,
A2). However, bubbles (Figure 3, Bu) appeared in the body of J2s over time and protruded wrinkles
(Figure 4, Wr) on the body surface and areas of intensive cytoplasmic vacuolization were observed
(such as damaged areas; Figure 5, Da) at 10 h post-exposure to treatment with 2-WF.

Figure 2. The mortality of Meloidogyne incognita J2s in Aspergillus japonicus ZW1 fermentation filtrate.
Means with the same letter in each group designate no significant differences (p < 0.05) based on
analysis with a Fisher’s protected LSD test.

3.3. Greenhouse Experiment

Treatment with fermentation broth of A. japonicus ZW1 resulted in a significant reduction in the
number of root galls and eggs per plant as compared to controls (Table 1). The number of root galls
and eggs were 8.2 and 3488.9 per plant in the 50% fermentation broth treatment, respectively; whereas
16.8 and 6020 were observed per plant in the 20% fermentation broth treatment, respectively. In both
treatments, the number of root galls and eggs was significantly lower than what was observed in
controls (p < 0.05). The 50% fermentation broth decreased root galls by 78.6% and eggs by 69.4% per
plant in comparison to treatment with the Czapek medium control (38.4 root galls and 11413.3 eggs)
and 79.9% root galls and 72.0% eggs per plant compared with the tap water control (40.8 root galls
and 12480.0 eggs, respectively), and root galls and eggs from the 20% fermentation broth treatment
decreased by 56.3% and 47.3% per plant compared with the Czapek medium control (38.4 root galls
and 11413.3 eggs, respectively), and 58.8% and 51.8% compared with the tap water control (40.8 root
galls and 12480.0 eggs, respectively).
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Figure 3. Morphology of second-stage juveniles of Meloidogyne incognita treated with 10% 2-week
fermentation filtrate (2-WF) of Aspergillus japonicus ZW1. A1–A4 were treated with 10% 2-WF;
B1–B4 were treated with sterilized water; A1 and B1 were treated at 0 h; A2 and B2 were treated at 6 h;
A3 and B3 were treated at 12 h; and A4 and B4 were treated at 24 h. Bu: bubbles. Scale bars of A1–A4

and B1–B4 were 100 μm.

Table 1. Effect of Aspergillus japonicus ZW1 fermentation broth on the formation of galls and eggs on
roots and the growth of tomato plants infected with Meloidogyne incognita.

Treatments Plant Height (cm) Fresh Root Weight (g) Root Galls per Plant Egg Number per Plant

50% Fermentation Broth 26.6 ± 0.6 a 0.6 ± 0.3 a 8.2 ± 1.7 c 3488.9 ± 155.6 d
20% Fermentation Broth 26.5 ± 0.6 a 0.9 ± 0.2 a 16.8 ± 1.4 b 6020.0 ± 214.9 c
Czapek Medium Control 26.9 ± 0.5 a 0.7 ± 0.1 a 38.4 ± 4.3 a 11413.3 ± 338.9 b

Tap Water Control 26.4 ± 0.6 a 0.8 ± 0.2 a 40.8 ± 3.8 a 12480.0 ± 200.4 a

Values represent means ± standard error of six replicate plants per treatment using the combination of two different
experiments. Means with the same letter were not significantly different (p < 0.05) according to a Fisher’s protected
LSD test.
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Figure 4. Visualization of the effect of 10% 2-WF of Aspergillus japonicus ZW1 on the morphology
of Meloidogyne incognita J2s with scanning electron microscopy. (A,C,E) J2s treated with 10% 2-WF.
(B,D,F) J2s treated with sterilized water. (A,B) Head region of J2. (C–F) The lateral field of J2. Scale
bars of (A,B,E,F) and (C,D) were 2 and 5 μm, respectively. Wr: protruded wrinkles (black arrow).
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Figure 5. Cross-sections of Meloidogyne incognita J2 treated with 10% 2-WF of Aspergillus japonicus ZW1.
(A–C) J2s treated with A. japonicus ZW1 fermentation filtrate. (D–F) J2s treated with sterilized water.
Scale bars of A, B, C, D, E, and F were 2 μm. Da: damaged and area. Gu: gut. Dn: destructed nuclei.
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3.4. Effect of Boiling and Storage Time on the Nematicidal Activity of Fermentation Filtrate

The mortality of J2s in fresh and boiled 10% 2-WF did not display any significant differences
(Table 2). After a 48 h incubation period, the mortality of J2 reached 100.0% in both fermentation filtrates
and was significantly higher than what was observed in the sterilized water treatment (p < 0.05).

Table 2. Nematicidal activity of the boiled fermentation filtrate of Aspergillus japonicus ZW1 on
Meloidogyne incognita J2s.

Treatment with 10% 2-WF
Incubation Time (h)

6 12 24 48

Untreated 44.9 ± 5.6 a 91.2 ± 3.3 a 91.9 ± 3.4 a 99.2 ± 0.8 a
Boiled 40.5 ± 4.7 a 93.6 ± 2.4 a 96.6 ± 2.0 a 99.0 ± 1.0 a

Sterilized Water 0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 b 0.1 ± 0.1 b

Values represent means ± standard deviation of three replicates. Means with the same letter are not significantly
different (p < 0.05) according to a Fisher’s protected LSD test.

No significant difference was observed in the mortality of J2s exposed to different storage
conditions of 10% 2-WF (Table 3). Specifically, they all reached 100% mortality after a 48 h incubation
period, which was higher than the sterilized water treatment (p < 0.05).

Table 3. Mortality of Meloidogyne incognita J2s in Aspergillus japonicus ZW1 fermentation filtrate under
different storage conditions.

Treatments with 10%
2-WF

Storage Time
Incubation Time (h)

6 12 24 48

4 ◦C
1-week 58.9 ± 5.3 a 99.4 ± 0.6 a 100.0 ± 0.0 a 100.0 ± 0.0 a
2-week 58.3 ± 2.2 a 98.8 ± 0.7 a 100.0 ± 0.0 a 100.0 ± 0.0 a
3-week 60.8 ± 2.2 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

25 ◦C
1-week 62.1 ± 1.8 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a
2-week 55.6 ± 3.3 a 99.0 ± 0.6 a 100.0 ± 0.0 a 100.0 ± 0.0 a
3-week 58.4 ± 4.4 a 98.7 ± 0.8 a 99.6 ± 0.4 a 100.0 ± 0.0 a

Sterilized Water – 0.0 ± 0.0 b 0.0 ± 0.0 b 0.0 ± 0.0 b 1.4 ± 0.8 b

Values represent the means ± standard error of four replicates; means with the same letter are not significantly
different (p < 0.05) according to a Fisher’s protected LSD test.

3.5. Effect of Fermentation Filtrate on Seed Germination

The 20% and 10% 2-WF did not influenced the germination of corn, rice, tomato, cowpea,
and cucumber seeds (Table 4). Two days after incubation with 10% 2-WF, the wheat seed germination
rate was 85.4% and was significantly higher than what was observed in the control (p < 0.05).
After an extended period of time beyond the 48-h time period, this value did not increase any further.
For soybean seeds treated with 10% 2-WF, germination was significantly lower than what was observed
in sterilized water (p < 0.05) at day 1; however, there were no statistically significant differences
2–5 days post-incubation across 20% and 10% 2-WF and sterilized water treatments. For cabbage seeds,
germination in 20% 2-WF was significantly lower than what was observed in 10% 2-WF and control
treatments (p < 0.05).
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Table 4. Seed germination (%) in different concentrations of 2-week Aspergillus japonicus ZW1
fermentation filtrate.

Seeds Treatments
Incubation Time (d)

1 2 3 4 5 6

Wheat
20% 64.6 ± 4.5 a

78.1 ± 1.8
ab

78.1 ± 1.8
ab

78.1 ± 1.8
ab

78.1 ± 1.8
ab

–

10% 63.5 ± 5.5 a 85.4 ± 3.8 a 85.4 ± 3.8 a 85.4 ± 3.8 a 85.4 ± 3.8 a –
Sterilized Water 60.4 ± 4.6 a 72.5 ± 1.3 b 73.5 ± 0.9 b 73.5 ± 0.9 b 73.5 ± 0.9 b –

Corn
20% 10.4 ± 1.0 a 83.3 ± 1.0 a 88.5 ± 2.8 a 88.5 ± 2.8 a 88.5 ± 2.8 a –
10% 11.5 ± 4.5 a 81.3 ± 6.5 a 90.6 ± 4.8 a 90.6 ± 4.8 a 90.6 ± 4.8 a –

Sterilized Water 9.4 ± 4.8 a 78.1 ± 4.8 a 89.6 ± 2.1 a 89.6 ± 2.1 a 89.6 ± 2.1 a –

Rice
20% 3.0 ± 1.8 a 94.0 ± 1.8 a 97.0 ± 1.8 a 97.0 ± 1.8 a 97.0 ± 1.8 a –
10% 4.0 ± 2.7 a 96.0 ± 4.0 a 97.0 ± 3.0 a 97.0 ± 3.0 a 97.0 ± 3.0 a –

Sterilized Water 1.0 ± 1.0 a 90.9 ± 3.0 a 93.9 ± 1.8 a 93.9 ± 1.7 a 93.9 ± 1.8 a –

Tomato
20% 0.0 48.1 ± 2.9 a 73.1 ± 3.2 a 81.8 ± 3.3 a 87.5 ± 1.8 a 87.5 ± 1.8 a
10% 0.0 51.6 ± 2.7 a 69.5 ± 3.6 a 79.5 ± 4.6 a 89.3 ± 3.3 a 91.3 ± 3.2 a

Sterilized Water 0.0 46.6 ± 8.2 a 72.8 ± 4.2 a 85.0 ± 4.3 a 90.0 ± 2.5 a 91.0 ± 1.6 a

Soybean
20% 33.3 ± 2.8 ab 90.6 ± 4.8 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a –
10% 26.0 ± 5.2 b 86.5 ± 1.0 a 96.8 ± 1.8 a 99.0 ± 1.0 a 99.0 ± 1.0 a –

Sterilized Water 41.8 ± 3.8 a 90.6 ± 3.6 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a –

Cowpea
20% 56.3 ± 3.6 a 99.0 ± 1.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a –
10% 64.3 ± 7.3 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a –

Sterilized Water 65.6 ± 3.6 a 99.0 ± 1.0 a 99.0 ± 1.0 a 99.0 ± 1.0 a 99.0 ± 1.0 a –

Cucumber
20% 100.0 100.0 100.0 100.0 100.0 –
10% 100.0 100.0 100.0 100.0 100.0 –

Sterilized Water 100.0 100.0 100.0 100.0 100.0 –

Cabbage
20% 65.1 ± 4.6 b 72.1 ± 6.9 b 72.1 ± 6.9 b 72.1 ± 6.9 b 72.1 ± 6.9 b –
10% 89.0 ± 1.2 a 95.1 ± 1.8 a 96.1 ± 2.5 a 96.1 ± 2.5 a 96.1 ± 2.5 a –

Sterilized Water 77.9 ± 4.0 a 95.0 ± 3.7 a 95.0 ± 3.7 a 95.0 ± 3.7 a 95.0 ± 3.7 a –

Values represent the means ± standard error of four replicates; means with the same letter were not significantly
different (p < 0.05) according to a Fisher’s protected LSD test.

3.6. Structural Confirmation of Nematicidal Substance from 2-WF

The active compound was a pale-yellow crystal, which can dissolve easily in water. The 1H NMR
spectrum in MeOH exhibited signals due to two methyl groups at δ 3.68 (each 3H, s, 7, 8-CH3), 2.95,
2.85 (each 2H, AB system, d, J = 12.0 Hz, 2, 4-CH2). The 13C NMR and heteronuclear multiple-quantum
correlation spectra revealed two carbonyl carbons at δC 175.00 (s, C-6), 170.46 (s, C-1, C-5), two methoxy
groups 72.84 (s, C-3), 50.78 (q, C-7, C-8), 42.63 (t, C-2, C-4). The electrospray ionization mass
spectrometry (ESI-MS) data of active compound was identified the molecular formula of C8H12O7

by the [M]− ion signal at m/z 219 [M]−. The structure of the active compound was determined to be
1,5-Dimethyl Citrate hydrochloride ester (C8H12O7 HCl, Figure 6) by the analysis of its spectroscopic
data and comparison with the values in the literature [35].

Figure 6. Chemical structures of active compound from Aspergillus japonicus ZW1 fermentation filtrate.

3.7. Effect of 1,5-Dimethyl Citrate Hydrochloride Ester on Meloidogyne Incognita J2s

1,5-Dimethyl Citrate hydrochloride ester had a strong toxic activity against J2s at low
concentrations, and J2s mortality increased with the duration of exposure in different concentration
of 1,5-Dimethyl Citrate hydrochloride ester (Table 5). There were significant differences in mortality
between concentrations and control after exposure (p < 0.05). The mortality of J2s in concentrations of
1.25, 1.00, 0.75, 0.50, and 0.25 mg mL−1 of 1,5-Dimethyl Citrate hydrochloride ester were 91.7%, 57.7%,
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36.9%, 20.8%, and 3.3% respectively at 48 h after exposure, which were significantly higher than that of
sterilized water (p < 0.05).

Table 5. Mortality (%) of Meloidogyne incognita J2s in different concentrations of active compound from
Aspergillus japonicus ZW-1 fermentation filtrate.

Concentration mg/mL
Incubation Time (h)

6 12 24 48

1.25 63.4 ± 0.9 a 72.9 ± 0.5 a 78.8 ± 0.6 a 91.7 ± 0.5 a
1.00 39.9 ± 0.7 b 44.4 ± 0.6 b 47.1 ± 0.4 b 57.7 ± 0.5 b
0.75 23.3 ± 0.8 c 31.4 ± 0.3 c 34.1 ± 0.7 c 36.9 ± 0.7 c
0.50 2.0 ± 0.3 d 4.8 ± 0.1 d 7.9 ± 0.2 d 20.8 ± 0.7 d
0.25 0.0 ± 0.0 e 0.0 ± 0.0 e 1.6 ± 0.1 e 3.3 ± 0.1 e

Sterilized Water 0.0 ± 0.0 e 0.0 ± 0.0 e 0.0 ± 0.0 f 0.0 ± 0.0 f

Values represent the means ± standard error of four replicates; means with the same letter each column were not
significantly different (p < 0.05) according to a Fisher’s protected LSD test.

Nematicidal activity of 1,5-Dimethyl Citrate hydrochloride ester was evaluated by comparing the
median lethal concentrations (LC50) for different concentrations on M. incognita J2s under different
exposure times. The concentrations at which 50% of the dead M. incognita J2s (LC50) were 1.0373,
0.9646, 0.9397, and 0.7614 mg mL−1 1,5-Dimethyl Citrate hydrochloride ester for 6, 12, 24, and 48 h
respectively. The LC50 values were decreasing with the enhanced of exposure time (Table 6).

Table 6. Toxicity of active compound to Meloidogyne incognita J2s at different treatment durations.

Exposure Time (h) Slope (±SE) Correlation Coefficient LC50 (95%CI) LC90 (95%CI)

6 4.8790(±0.2118) 0.9881
1.0373

(0.9112–1.1808)
1.5283

(1.2756–1.8312)

12 5.1225(±0.2843) 0.9800
0.9646

(0.8229–1.1308)
1.4059

(1.1282–1.7520)

24 5.1099(±0.1618) 0.9760
0.9397

(0.7922–1.1145)
1.9421

(1.4234–2.6498)

48 5.4928(±0.2180) 0.9596
0.7614

(0.6261–0.9260)
1.5469

(1.0971–2.1811)

LC-lethal concentration expressed in mg/mL active compound with 95% confidence intervals (CI). SE, standard error.

4. Discussion

In general, the management of parasitic nematodes is a challenging process and current control
strategies are mostly dependent upon the application of nematicides [36]. However, many effective
nematicides have been restricted for usage and have been banned from the market in recent years due
to environmental concerns [37]. Biological options are gaining attention as promising new tools due
to their environmentally-friendly and non-toxic characteristics. The potential for using microbes in
controlling plant-parasitic nematodes has been documented [38] and effective microbes have been
obtained from soil, plants, and the surface of nematodes [39–41]. Aspergillus spp. are very common
in soil and are lethal to the nematode population; A. niger and A. candidus were the potential fungal
agents to be used against plant-parasitic nematodes [35,42,43]. The results of this study indicated that
fermentation of the A. japonicus ZW1 from soil was found to not only inhibit egg hatching but was
also toxic to nematodes in vitro. The 2-WF was shown to be more toxic to J2s than 1-WF and 3-WF;
this effect showed the presence of more active compounds in 2-WF, worth previous characterization.
The similar behavior of several fungi and bacteria were also studied against plant parasitic nematodes.
Among them a culture filtrate of the rhizosphere bacterium Pseudoxanthomonas japonensis isolated from
soil exhibited strong nematicidal activity against the M. incognita [30]; a metabolite of Xylaria grammica

KCTC 13121BP isolated from lichen showed strong J2 killing and egg-hatching inhibitory effects [44];
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and a culture medium of Stenotrophomonas maltophilia and Rhizobium nepotum isolated from the surface
of nematodes reduced the pathogenicity of wild pine wood nematodes [39].

Natural products have many limitations, such as natural laccases, which have poor stability
of enzymatic activity [45]. As a result, it was important to determine and assess if the novel
environmentally-friendly nematicides could be stable for practical and durable application
opportunities. Consequently, in our present study, we were interested to determine the durability of
the novel biological filtrates. Importantly, the toxic activity of the A. japonicus ZW1 fermentation filtrate
was not effected by boiling, storage time (1-, 2-week, and 3-week) and warm/cold conditions (25 ◦C
and 4 ◦C). Usually, the surface coating of nematodes was considered to play an important role in the
external protection of nematode bodies, sensing, and communication [46,47]. The microbes and plant
produced several acidic metabolites or proteinases that specifically degraded the outer membrane of
host cells during primary infection [42,48,49]. In our study, wrinkles on the surface of the body of J2s in
2-WF were observed with scanning electron microscopy, and internal bubbles appeared in their body
over time. Additionally, other prominent changes such as intensive cytoplasmic vacuolization areas
were observed using transmission electron microscopy; suggesting that the activity of compounds
produced by A. japonicus ZW1 targeted the skin of nematodes and changed its permeability [50].
Previous research showed acidoid (acetic acid) damage the nuclei of cells and led to intensive
cytoplasmic vacuolization areas in the body of J2 M. incognita [28]. Nematicidal metabolites from the
endophytic fungus Chaetomium globosum YSC5 significantly reduced the reproduction of M. javanica as
well [51]. In our present study, nematicidal compound 1,5-Dimethyl Citrate hydrochloride ester from
A. japonicus ZW1, first isolated and identified on the basis of NMR, LC-MS techniques, was different
with the nematicidal compounds produced by A. niger (oxalic acid) and A. candidus (Citric acid and
3-hydroxy-5-methoxy-3-(methoxycarbonyl)-5-oxopentanoic acid). M. incognita J2 mortality reached
100% at 1 day, and egg hatching was suppressed by 95.6% at 7 days after treated with 2 mmol L−1

(180 μg mL−1) oxalic acid [42]. 3-hydroxy-5-methoxy-3-(methoxycarbonyl)- 5-oxopentanoic acid was an
isomer of 1,5-Dimethyl Citrate, which increased the mean percentage of immobile Ditylenchus destructor

by 50% at a concentration of 50 mg mL−1 after exposure for 72 h [35]. In our study, M. incognita J2
treated with 1,5-Dimethyl Citrate hydrochloride ester, mortality reached 91.7% at 48 h after exposure
to 1.25 mg mL−1 concentration, the LC50 was 0.7614 mg mL−1, which exhibited the most potent toxic
activity against the J2 of M. incognita. However, the interesting thing was that in in vitro bioassay,
fermentation of the strain exhibited better nematicidal effects, and the mortality of J2s reached 100%
after exposed to 5% concentration (approximately 100 μg mL−1 1,5-Dimethyl Citrate hydrochloride
ester) A. japonicus ZW1 fermentation filtrate at 24 h. Our speculation is that the nematicidal effect
originated 1,5-Dimethyl Citrate hydrochloride ester combined with some other compounds produced
by A. japonicus ZW1. Thus, we still need further study to find and proved other nematicidal activity
compounds by metabonomics analysis.

No effect on the seed germination of corn, wheat, rice, cowpeas, cucumbers, soybeans, and tomatoes
was observed for the 10% and 20% 2-WF treatments. In whole pot experiments, treatment with the
fermentation broth of the strain suppressed root galls and egg populations for tomatoes. As a result,
these results suggested that A. japonicus ZW1 produced and excreted metabolites that were toxic to
root-knot nematodes but did not exert negative effects on seed germination. Thus, A. japonicus showed
desirable, effective, and safe biocontrol properties against M. incognita for both in vitro and greenhouse
conditions. Taken together, these observations suggest that the fermentation filtrate of A. japonicus ZW1
is safe for use as a biological control fungus against root-knot nematodes. However, further studies are
warranted and necessary to evaluate the in vivo efficacy of the strain against root-knot nematodes or
other plant-parasitic nematodes.

5. Conclusions

A. japonicus ZW1 fermentation filtrate exhibited a potential biocidal activity on M. incognita

in vitro and in vivo. The A. japonicus ZW1 2-week fermentation filtrate exhibited markedly inhibitory
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effects on egg hatching and nematicidal activities on J2s followed by 3-week fermentation filtrate.
The A. japonicus ZW1 filtrate penetrated the body wall of M. incognita and caused intensive cytoplasmic
vacuolization with remarkable protruded wrinkles appearing on the body surface of the J2s. Moreover,
the nematicidal activity of the fermentation was stable after a boiling treatment and was not affected
by storage time. A. japonicus ZW1 fermentation filtrate had no negative effect on the viability and
germination of corn, wheat, rice, cowpeas, cucumbers, soybeans, and tomato seeds. The main active
compound of 1,5-Dimethyl Citrate hydrochloride ester was first isolated and identified from the
A. japonicus ZW1 fermentation filtrate. Finally, this work highlights the relevance of A. japonicus ZW1
fermentation filtrate as a potential new biological nematicide resource for the control of M. incognita.
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Abstract: Chromium (Cr) is recognized as a toxic metal that has detrimental effects on living
organisms; notably, it is discharged into soil by various industries as a result of anthropogenic
activities. Microbe-assisted phytoremediation is one of the most emergent and environmentally
friendly methods used for the detoxification of pollutants. In this study, the alleviative role of
Staphylococcus aureus strain K1 was evaluated in wheat (Triticum aestivum L.) under Cr stress. For this,
various Cr concentrations (0, 25, 50 and 100 mg·kg−1) with and without peat-moss-based bacterial
inoculum were applied in the soil. Results depicted that Cr stress reduced the plants’ growth by
causing oxidative stress in the absence of S. aureus K1 inoculation. However, the application of
S. aureus K1 regulated the plants’ growth and antioxidant enzymatic activities by reducing oxidative
stress and Cr toxicity through conversion of Cr6+ to Cr3+. The Cr6+ uptake by wheat was significantly
reduced in the S. aureus K1 inoculated plants. It can be concluded that the application of S. aureus

K1 could be an effective approach to alleviate the Cr toxicity in wheat and probably in other cereals
grown under Cr stress.

Keywords: chromium; Staphylococcus aureus; wheat; oxidative stress; antioxidants

1. Introduction

Environmental pollution by toxic metals has dramatically increased because of various man-made
actions taken while revolutionizing industries and urban life. Although these activities have
substantially improved the living standards of humans, they have, at same time, deteriorated the
environment [1]. Direct or indirect discharge of sewage and industrial effluent into surface water bodies
has resulted in augmentation of chromium (Cr) and other toxic metals in soils [2], causing toxicity to
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plants [3], animals and humans [4]. In agricultural systems, Cr can easily move to different parts of
crops and accumulate there to be later consumed by the animals and humans [5]. Soil contamination
by Cr and other heavy metals impacts biodiversity negatively and badly disturbs the living entities in
the soil [6].

Major origins of Cr contamination are the leather industry [7,8], mining [1], steel industry, paint
industry, wood preservatives, volcanic eruption and weathering [9]. Chromium exerts negative
effects on plants by reducing the plant height and root growth, interrupting the germination process,
causing disproportion in nutrient levels, exerting harmful effects on photosynthesis, retarding soil
microbial activities, inhibiting enzyme activity and stimulating the formation of reactive oxygen species
(ROS) which result in induction of oxidative stress in plants [1,10,11]. Chromium can cause different
malfunctions in human biological systems that may lead to the death of affected persons [12–14].
Wastewater effluents from the industries are discharged directly into water bodies that are utilized
mostly for irrigation purposes. Farmers have to rely on this untreated contaminated water due to
limited resources and inadequate sanitation facilities [15].

A major staple food across the world is wheat (Triticum aestivum L.), which fulfils food requirements
of about 50% of the worldwide population [16]. Amongst wheat-producing countries, Pakistan comes
ninth in the world. Wheat subsidizes necessary amino acids, vitamins and minerals, dietary fibers and
phytochemicals in our diet [17]. Wheat can accumulate higher Cr concentration in stems followed
by leaves and grains [18]. According to the literature, increased heavy metal accumulation in wheat
tissues has become a potential source of food chain contamination that can cause serious abnormalities
to human biological systems [19,20]. Crops may also have the ability to reduce the Cr from Cr6+ to
Cr3. This reduction process is likely to happen in roots as a detoxification mechanism [21]. There are a
number of remediation methods used to treat sites contaminated with toxic metals. Presently, scientists
have made rampant use of biologically centered techniques to deal with such toxic contaminants in
order to remove them from environmental entities, including water, air and soil, or at least make them
less damaging to the ecosystem [22]. The phytoremediation technique is a modernized method with a
lower budget and environmentally sustainable system [23]; it destroys contaminants by using plants
along with their rhizospheric microorganisms. Microbial-assisted phytoremediation helps to deal
with toxic heavy metals by stabilizing or transforming them to less toxic forms in carrier materials
such as soil, shallow water, sediments or groundwater [24]. Microbes have the capability to modify
their genetic sequences in response to variation in environmental factors [25]. In soil polluted with
heavy metals, microbes assist the plants by producing various growth-regulating substances, such as
organic acids, hormones, siderophores and enzymes, that help in plant growth promotion by involving
diverse mechanisms, namely acidification, precipitation, redox reactions and chelation [26]. Likewise,
roots excrete beneficial nutrients to support the successful colonization and growth of microbes [26].
Chromium-reducing bacteria have the capability to remediate Cr toxicity by reducing Cr6+ into Cr3+

in the rhizosphere through bioaccumulation and biosorption mechanisms [27]. Staphylococcus aureus is
a Gram-positive, ubiquitous and round-shaped facultative anaerobe that grows in clusters, forming
a biofilm on surfaces. It can grow in a range of growth temperature from 7 to 48 ◦C, with 37 ◦C as
the optimal temperature for growth [28]. It was isolated from tannery effluent and characterized
as a chromium-reducing bacterium. The application of phytoremediation, along with Cr-resistant
bacteria for detoxification of Cr6+, has been considered a safe, effective and economical technique over
customary techniques [29,30]. In this study, the alleviative role of Staphylococcus aureus strain K1 under
Cr stress was evaluated in wheat plants. It was hypothesized that microbes (such as Staphylococcus

aureus strain K1) may alleviate Cr toxicity in wheat by enhancing antioxidant enzymatic activities of
wheat while reducing oxidative stress through biotransformation (Cr6+ into Cr3+) and biosorption
of Cr.
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2. Materials and Methods

2.1. Soil Preparation

Sandy clay loam soil was brought from nursery and was air-dried without direct sunlight. After
air-drying, soil sieving was done by a mesh with a pore size of 2 mm. Soil was then sterilized at a
temperature of 121 ◦C for 20–30 min for the purpose of removing any kind of contaminant or bacteria
that can cause hindrance in further findings [31]. Chromium solutions of different concentrations
were prepared from stock solution of K2Cr2O7 in the laboratory, and soil was spiked with final Cr
concentrations of 0, 25, 50 and 100 mg·kg−1 of soil.

These different concentrations of Cr were taken to determine the maximum concentration of
hexavalent Cr tolerable by strain K1. However, in case of Cr reduction, the lower concentration of Cr
was used due to the fact that Cr is found in lower concentrations in the natural environment, especially
in industrial effluents [31]. The concentrations of Cr used were similar to those used in the literature
and were chosen considering the fact that, in field conditions, we had to establish the reduction ability
of this particular strain rather than its maximum potential to survive in response to metal stress [15].
The soil was added in the pots (5 kg soil per pot) with proper mixing following the treatment plan.
Electrical conductivity and pH from saturated soil were determined by making a soil-to-water ratio of
1:25. Soil was extracted with ammonium bicarbonate diethylenetriaminepentaacetic acid (AB-DTPA)
solution for the measurement of bioavailable trace elements in the soil [32]. Soil organic matter was
determined following the prescribed method [33]. Soil physicochemical characteristics are given in
Table 1.

Table 1. Soil characterization of pot experiment.

Soil Properties Unit Values

Texture Properties Sandy Clay Loam

pH - 7.71
Sand % 63.7
Clay % 21.9
Silt % 14.4

Electrical Conductivity (EC) dSm−1 4.77

Soluble Ion Values

Cl− mmolcL−1 7.15
Ca2+ +Mg2+ mmolcL−1 14.92

CO3
2− mmolcL−1 0.85

OM % 0.90
CEC cmolckg−1 13.2

HCO3
− mmolcL−1 3.84

Metal Concentration

Available Cr6+ mg·kg−1 0.04
Available Zn2+ mg·kg−1 0.72
Available Cu2+ mg·kg−1 0.23

2.2. Segregation of Cr-Resistant Bacteria

A modified method of serial dilution was adopted to isolate the Cr-tolerant bacteria from
metal-contaminated industrial effluent [34]. For this, ten-fold serial dilutions (10−1, 10−2, 10−3 and 10−4)
were prepared from samples of collected wastewater using sterilized distilled water [34]. Then, 0.1 mL
from each dilution was added to petri plates having Tryptic Soy Agar complemented with 0.5 mM
Cr6+. Morphologically different colonies were picked and transferred to petri plates supplemented
with gradually elevated levels (0.0, 0.5, 2.5, 5.0, 10.0, 15.0, 20, 22 and 23 mM) of Cr6+ [35]. The bacteria
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that showed maximum resistance to the highest concentration of hexavalent Cr were selected for use
in further studies.

2.3. Bacterial Identification

Molecular characterization was carried out through the amplification of 16S rDNA
gene via polymerase chain reaction (PCR) using the following universal primers: 27F
(5′-AAACTCAAATGAATTGACGG-3′) and 1492R (5′-ACGGGCGGTGTGTAC-3′) [36]. For genomic
DNA extraction, Favorgen DNA extraction kit was used following the manufacturer’s guideline.
The initial denaturation temperature was set at 94 ◦C for a period of 5 min, and this was followed by
40 recurring cycles of denaturizing DNA at 94 ◦C for 45 s, annealing at 53 ◦C for 45 s and elongation at
72 ◦C for 60 s. Final extension was set at 72 ◦C for 10 min, and this was followed by temperature being
held at 4 ◦C [37]. PCR product (5 μL) was loaded in gel wells, and the reaction was allowed to complete;
the product was then visualized using Gel Documentation System (Slite 200 W) under ultraviolet
light [37]. After validation, 30 μL PCR product was delivered to Macrogen (Seoul, Korea) for the
purpose of sequencing. ChormasPro (v1.7.1) software was used for correction of sequences that were
submitted to GenBank for accession number. A phylogenetic tree was constructed by downloading
similar partial 16S rDNA gene sequences from the NCBI BLAST database with the help of computer
software MEGA (v7.0.) [38].

2.4. Bacterial Inoculum Preparation

In order to obtain pure inoculum of S. aureus strain K1, an individual isolated colony was
inoculated in 250 mL sterilized nutrient broth and incubated at 150 rpm on orbital rotary shaker for
48 h (at 37 ◦C). The pure culture was harvested via centrifugation at 6000× g for 10 min, and the
supernatant was discarded. The pellet was washed with sterilized distilled water and resuspended in
100 mL of normal saline (0.85% NaCl) solution. Overall, cell density for the inoculum was maintained
at 1 × 108 CFU mL−1 [39].

2.5. Seed Coating and Pot Experiment

For this study, seeds of wheat variety Sehar were taken from Ayub Agriculture Research Institute,
Faisalabad, Pakistan. Seeds were first washed thoroughly with distilled water, and this was followed
by surface sterilization using 10% hydrogen peroxide (H2O2) for 30 min [40]. The sterilized seeds
were immersed in double volume of bacterial suspension (1 × 108 CFU mL−1) and kept at 37 ± 2 ◦C
on a rotary shaker (90 rpm) for 2 h. To facilitate the attachment of bacterial inoculum to the seeds,
carboxymethyl cellulose (CMC) (2%) was added to the suspension as a sticking agent. Seeds were
dried under shade after 2 h of inoculation for further experimental use. Uninoculated sterilized
seeds were used as control. Clay and peat moss in equal parts (1:1) were mixed and the seeds were
added to this mixture, which was shaken well for proper coating and incubated overnight in the
dark. The completely randomized design had a total of eight treatments, with three replicates for each
treatment. A total of eight seeds per pot were sown, and thinning was performed to result in four
seedlings per pot after 3 weeks of seed germination.

2.6. Treatments

The experiment was conducted in plastic pots using different concentrations of Cr (0, 25, 50 and
100 mg·kg−1) in the presence and absence of bacterial inoculation. Different treatments were as follows:
T1 (Control), 0 mg·kg−1 Cr; T2, 25 mg·kg−1 Cr; T3, 50 mg·kg−1 Cr; T4, 100 mg·kg−1 Cr; T5, 0 mg·kg−1

Cr + S. aureus K1; T6, 25 mg·kg−1 Cr + S. aureus K1; T7, 50 mg·kg−1 Cr + S. aureus K1; T8, 100 mg·kg−1

Cr + S. aureus K1.

2.7. Plant Harvesting

At 135 days after seed sowing, plants were harvested at maturity. The height and spike lengths
of plants were measured with a meter rod. Shoots, roots, spikes and grains were separated properly.
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Then, 0.1 M HCl was used to remove the metals from the root surface, and the roots were washed with
distilled water. Samples of roots and shoots were kept in a hot air oven (70 ◦C) for a period of 72 h.
Afterwards, dry weight was recorded and samples were crushed to small pieces and processed for
further analyses.

2.8. Determination of Chlorophyll Contents and Gas Exchange Parameters

At 8 weeks after seed germination, fresh leaf samples were taken to determine chlorophyll contents
using acetone (85% v/v) for pigment extraction. These leaf samples were kept in the dark at 4 ◦C
for 24 h. Centrifugation of samples was done to get the supernatant. Absorbance was recorded by
spectrophotometer at three different wavelengths (470, 647 and 664.5 nm), and final chlorophyll contents
were calculated by following the prescribed method [41]. Photosynthetic rate, transpiration rate and
stomatal conductance of samples were recorded 8 weeks after seed germination on a fully sunny day
using an infrared gas analyzer (IRGA, LCA-4, Analytical Development Company, Hoddesdon, UK).

2.9. Determination of Reactive Oxygen Species and Antioxidant Enzyme Activities

At 2 months after seed sowing, fresh leaves of plants were sampled for the estimation of
reactive oxygen species (ROS) through the assessment of electrolyte leakage (EL) and the contents of
malondialdehyde (MDA) and hydrogen peroxide (H2O2). Additionally, the activities of enzymes such
as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX)
were assessed. For the EL estimation, distilled water tubes were used to place leaf samples. Samples
were autoclaved at 32 ◦C for period of 2 h, and the observed EC of the solution was termed as EC1.
Afterwards, this solution was autoclaved at 121 ◦C for 20 min to measure EC2, and finally EL was
calculated using the following equation as described by Dionisio-Sese and Tobita [42]:

EL = (EC1/EC2) × 100

The concentration of MDA was measured using the method of Heath and Packer (1968) as
modified by Dhindsa et al. [43] and Zhang and Kirham [44]. Hydrogen peroxide was recorded through
homogenization of samples in phosphate buffer 50 mM (pH 6.5) and centrifugation followed by
addition of 20% H2SO4 (v/v). Samples were centrifuged once more for 15 min, and readings were
taken by spectrophotometer at 410 nm absorbance [45]. A spectrophotometer was utilized to record
the activities of antioxidant enzymes such as SOD, POD, CAT and APX. Fresh leaf samples were
crushed in liquid nitrogen (N2), and 0.05 M phosphate buffer (pH 7.8) was utilized for the purpose
of standardization. This was followed by centrifugation at 4 ◦C on 12,000× g for a period of 10 min.
Supernatant was collected for the sake of antioxidant enzyme activity measurements. The method of
Zhang [46] was employed to measure SOD and POD activities, while the Aebi method [47] was used
for CAT activity. APX contents were estimated using the method of Nakano and Asada [48].

2.10. Estimation of Cr Contents in Plants

Digestion of dry shoot and root samples was performed for 1 g of each sample in 4:1 (v/v) ratio of
HNO3:HClO4 as described by Rehman et al. [49]. Finally, the digested samples were run on an atomic
absorption spectrophotometer for the estimation of Cr concentrations in the processed samples.

2.11. Statistical Analysis

The IBM SPSS Statistics for Windows, Version 21.0, was used for the data analyses, using the
analysis of variance (ANOVA) tool at a 5% probability level. Tukey’s HSD post hoc test was performed
for multiple comparison of triplicates.

3. Results

The current study was envisaged to assess the capability of metal-resistant Staphylococcus aureus

strain K1 to ameliorate the Cr stress in wheat plants.
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3.1. Growth Characteristics of Isolate K1

The bacterial strain K1, capable of tolerating a Cr concentration of up to 22 mM, was selected for
further studies. Morphologically, it is characterized by Gram-positive cocci (≈1 μm) with yellowish
golden color. Chemically, it is oxidase- and coagulase-negative and catalase-positive (Table 2).
The BLASTn investigation showed that it has a close resemblance (99%) to Staphylococcus aureus strain
ATCC 12600 (NR_115606.1) and Staphylococcus aureus strain NBRC 100910 (MG971399.1). The similar
16S rDNA gene sequences from GenBank were used to carry out phylogenetic analysis, which also
confirmed that the isolate K1 belongs to Staphylococcus aureus; therefore, it was named Staphylococcus

aureus strain K1 (KX685332). This was done in order to remain confident that the bacterial strain used
in this study was Staphylococcus aureus strain K1, as culture media can sometimes be contaminated
with other bacteria.

Table 2. Biochemical and morphological characteristics of S. aureus strain K1.

Sr. No. Characteristic Staphylococcus aureus K1

1 Morphology Convex, round
2 Color Yellowish, golden
3 Gram-reaction +ve
4 Catalase +ve
5 Coagulase plasma reaction −ve

3.2. Effect of S. aureus K1 Contact Time on Chromium (Cr6+) Reduction

Staphylococcus aureus K1 exhibited optimum growth at pH 8 and 35 ◦C. Under optimum growth
conditions, the effect of contact time on bacterial ability to reduce the hexavalent Cr in the medium was
observed. It was observed that the Cr reduction of S. aureus K1 increased with increasing contact time
(Figure 1). It was found that 26%, 45%, 71%, 80% and 99% Cr6+ (initial metal concentration = 1 mM)
was removed from the medium by Staphylococcus aureus K1 after 2, 4, 8, 16 and 24 h of incubation,
respectively (Figure 1).

 
Figure 1. The impact of contact time (hours) impact on the Cr removal ability of Staphylococcus aureus K1.

3.3. Effect of S. aureus K1 on Plant Growth Promotion

Chromium stress substantially decreased the growth of wheat plants. A significant reduction in
the length of shoots (31.18%), roots (32.02%) and spikes (40.70%) and the dry weight of shoots (34.29),
roots (44.17) and grains (31.06%) of the plant was observed at 100 mg·kg−1 Cr concentration alone as
compared to S. aureus K1 inoculated seeds + 100 mg·kg−1 Cr concentration (Figure 2). A significant
change in shoot and root length was observed in inoculated plants as compared to uninoculated plants at
all levels of Cr. Wheat plants stressed with 50 mg·kg−1 of Cr showed an observable reduction in growth
attributes; however, this decrease was minimized in inoculated plants compared to uninoculated
plants, as shown in Figure 2. The growth was gradually decreased when the Cr concentration in the
growth medium increased from 25 to 100 mg·kg−1 (Figure 2A–D). Moreover, the maximum growth
reduction was noticed with 100 mg·kg−1 of Cr stress. The data regarding plant growth attributes
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indicated that inoculation with S. aureus K1 significantly improved the wheat growth and dry biomass
under Cr stress conditions.

Figure 2. Influence of the different Cr levels (0, 25, 50, 100 mg·kg−1), with and without peat-moss-based
microbial inoculation, on length of shoot (A) and root (B), dry weight of shoot (C) and root (D) and
grain dry weight (E) of wheat. Bars indicate the mean of three replicates with standard deviation (SD).
Different bars with lowercase letters show noteworthy changes among various treatments at p < 0.05.

3.4. IRGA Parameters and Chlorophyll Contents

IRGA parameters such as transpiration rate, stomatal conductance and photosynthetic rate
gradually reduced under increased Cr concentrations alone. The transpiration rate was greater at
25 mg·kg−1 of Cr stress and decreased with increasing Cr stress levels at concentrations from 50
to 100 mg·kg−1. Without microbial inoculation, transpiration rate decreased by 12%, 21% and 32%
under 25, 50 and 100 mg·kg−1 Cr stress, respectively, as compared to control (Figure 3A). Similarly,
stomatal conductance and photosynthetic rate in uninoculated plants also reduced with increasing Cr
concentrations. Stomal conductance decreased by 9%, 25%, 45% and photosynthetic rate decreased
by 12%, 25% and 46% under 25, 50 and 100 mg·kg−1 Cr stress, respectively, as shown in Figure 3B,C.
These results explain the effective role of bacterial inoculation in improving gas exchange attributes
in Cr-stressed wheat plants by comparing uninoculated plants. Similarly, chlorophyll a contents
decreased by 9.40%, 26.21% and 40.08% in inoculated plants and by 10.66%, 28.02% and 41.87% in
uninoculated plants under 25, 50 and 100 mg·kg−1 Cr stress, respectively, as shown in Figure 3D.
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On the other hand, as compared to untreated control, chlorophyll b was reduced by 15.36%, 27.27%
and 40.80% in uninoculated wheat plants and by 14.44%, 27.24% and 40.63% in inoculated wheat
plants under 25, 50 and 100 mg·kg−1 Cr stress, respectively, as shown in Figure 3E. A gradual decrease
in carotenoid contents was also observed in inoculated and uninoculated plants with increasing level
of Cr stress, where inoculated plants showed 6%, 19% and 27% reduction in carotenoid contents while
uninoculated plants showed 9%, 19% and 28% reduction under 25, 50 and 100 mg·kg−1 Cr stress,
respectively (Figure 3F)

Figure 3. Influence of the different Cr levels (0, 25, 50, 100 mg·kg−1), with and without peat-moss-based
microbial inoculation, on transpiration rate (A), stomatal conductance (B), photosynthetic rate (C),
chlorophyll a (D), chlorophyll b (E) and carotenoids (F) of wheat plants. Bars indicate the mean values
and standard deviation of three replicates. Different bar letters show significant changes among various
treatments at p < 0.05.

3.5. Estimation of EL, MDA and H2O2

A substantial increase in EL was noted in both roots and shoots of wheat plants under Cr stress,
as shown in Figure 4A,B. Uninoculated wheat plants showed more EL in leaves and roots under all
Cr levels (0, 25, 50 and 100 mg·kg−1) as compared to inoculated plants. EL in uninoculated leaves
was increased by 17.98%, 36.40% and 56.52% and EL in uninoculated roots increased by 9%, 32% and
53% under 25, 50 and 100 mg·kg−1 Cr, respectively. On the other hand, inoculation with S. aureus K1
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increased EL in leaves by 15.83%, 33.26% and 55.90% and in roots by 13%, 33% and 56%, under 25,
50 and 100 mg·kg−1 Cr, respectively (Figure 4A,B).

Figure 4. Influence of the different Cr levels (0, 25, 50, 100 mg·kg−1), with and without peat-moss-based
microbial inoculation, on EL in leaves (A), EL in roots (B), MDA in leaves (C), MDA in roots (D),
H2O2 in leaves (E) and H2O2 in roots (F) of wheat plants. Bars indicate the mean values and standard
deviation of three replicates. Different bar letters show significant changes among various treatments
at p < 0.05.

There was a noticeable increase in MDA content of leaves, showing lipid peroxidation due to high
level of Cr stress, as shown in Figure 4C,D. Maximum MDA contents were observed in leaves and
roots of uninoculated plants under 100 mg·kg−1 Cr stress as compared to their respective controls.
However, inoculation with S. aureus K1 reduced MDA content in all the plants of varying level of Cr
stress compared to uninoculated plants. Likewise, a gradual rise in H2O2 of wheat leaves was observed
with increasing levels of Cr (Figure 4E,F). Furthermore, a noteworthy decrease in H2O2 content was
observed in S. aureus K1 inoculated plants, both Cr-stressed and control.

3.6. Effect of S. aureus on Antioxidant Enzyme Activities

The findings revealed that SOD activity in leaves and roots was significantly higher at the
25 mg·kg−1 Cr level but gradually decreased with increasing Cr levels, both in uninoculated and
inoculated plants. SOD activity increased by 19.59%, 5.22% and 6.98% in uninoculated plant leaves and
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by 17.58%, 5.22% and 3.08% in uninoculated plant roots under 25, 50 and 100 mg·kg−1 Cr treatments,
respectively. However, inoculation with S. aureus K1 enhanced the SOD activity by 24.71%, 9.64% and
3.51% in leaves and 20.83%, 9.49%, and 4.34% in roots under 25, 50 and 100 mg·kg−1 Cr, respectively
(Figure 5A,B). As compared to noncontaminated treatments (control), a decline in the CAT activity was
observed under Cr contamination (Figure 5C,D). Inoculation with S. aureus K1 provoked a substantial
increase in the activity of the CAT enzyme in wheat leaves (Figure 5C). CAT activity in roots also
improved (114.31 Units·g−1 FW) under bacterial inoculation as compared to uninoculated plants
(102.66 Units g−1 FW) at 25 mg·kg−1 Cr (Figure 5D). Moreover, abridged CAT activity was noticed at
the highest level of Cr stress (100 mg·kg−1); activity at this level was increased by 5.52% in leaves and
3.63% in roots for uninoculated plants, while inoculated plants showed increase of 5.06% in leaves and
1.37% in roots, as shown in Figure 5C,D. The POD activity substantially (p < 0.05) increased due to
addition of Cr as compared to control (Figure 5E,F). There was a noticeable reduction in POD activity
in leaves under bacterial inoculation with S. aureus strain K1 (22.27%, 11.99% and 0.21%) as compared
to uninoculated treatments (21.63%, 10.12% and 2.92%) (Figure 5E). There was a substantial increase in
the activity of the APX enzyme observed under Cr stress in wheat plants, as shown in Figure 5G,H.
There was increase in APX activity in plant shoots and roots, with the maximum production occurring
at the Cr concentration of 25 mg·kg−1, and the APX activity decreased at the highest Cr level in
the growth medium (Figure 5G,H). Furthermore, the maximum APX activity was observed in roots
without inoculation at Cr concentration of 25 mg·kg−1, as shown in Figure 5H.

Figure 5. Cont.
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Figure 5. Influence of the different Cr levels (0, 25, 50, 100 mg·kg−1), with and without peat-moss-based
microbial inoculation, on SOD in leaves (A), SOD in roots (B), CAT in leaves (C), CAT in roots (D), POD
in leaves (E), POD in roots (F), APX in leaves (G) and APX in roots (H) of wheat plants. Bars indicate
the mean values with standard SD of three replicates. Different bar letters show significant changes
among various treatments at p < 0.05.

3.7. Cr Accumulation in Plants

The data regarding Cr accumulation in shoots and roots of the wheat plants are shown in
Figure 6A,B. With increasing concentration of applied Cr, a gradual increase in Cr concentrations
was observed in roots and shoots in a dose-additive manner. In addition, inoculation of S. aureus

K1 significantly decreased the Cr concentrations both in shoots and roots as compared to
uninoculated plants.

Figure 6. Cont.
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Figure 6. Influence of the different Cr levels (0, 25, 50, 100 mg·kg−1), with and without peat-moss-based
microbial inoculation, on Cr concentrations in shoots (A) and roots (B) of wheat plants. Bars indicate
the mean values with standard SD of three replicates. Different bar letters show significant changes
among various treatments at p < 0.05.

4. Discussion

The major objective of our research was to appraise the effectiveness of Staphylococcus aureus

K1 treatment in reducing the toxic effects of Cr stress in wheat plants. An indigenous bacterial
strain, Staphylococcus aureus K1 (GenBank accession no. KX685332), capable of tolerating up to
22 mM of Cr6+ was isolated from a metal-polluted environment. Numerous research studies with
similar metal-tolerant bacterial isolations from metal-contaminated sites have been reported [35,50,51].
Our results also supported the findings of Mustapha and Halimoon [52], who isolated a total of
21 isolates from electroplating industries and reported that merely 5 of them were Cr-tolerant (up to
50 mg·L−1). The results of the current study show that S. aureus K1 increased plant growth parameters
under Cr metal stress (Figure 2).

4.1. Detoxification of Metals by S. aureus K1

Microbes have a number of metal resistance mechanisms involving chromosomes,
transposon-encoded genes or plasmids. These mechanisms are mostly plasmid-facilitated and show
resistance to some particular anion or cation [53]. Metals can have different impacts inside cells
depending upon their concentration [53]; once a certain level is exceeded, bacteria respond with
the initiation of a number of resistance mechanisms, including metallothioneins, P-type ATPases,
CDF transporters and RND efflux pumps [54]. The genes located on plasmids, chromosomes or
transposons that are responsible for resistance can easily be transferred to new community members
from their point of location [53,55].

The genotype of bacteria, the nature and type of the metal and the pH of the culturing media are
among the factors responsible for showing the degree of tolerance of microbes to various metals (Hg,
Co, Pb, Ag, Zn, Mn, Cu, Cr) [56]. This kind of resistance against toxic heavy metals might be recognized
by employing a number of potential methods like bioaccumulation of heavy metals by microbes, ion
exclusion and low-molecular-weight binding protein production [57,58]. Elevated levels of metal
resistance systems in bacterial cells are an indication of environmental heavy metal bioavailability [59].
The results of Chudobova et al. [60] showed a maximum resistance and capability of S. aureus strains
under Cd2+ and Zn2+ ions. This resistance observed in S. aureus might be due to the efflux system
containing a P-type ATPase transport system acting against Cd2+ ions [53,61].

4.2. Effect of S. aureus on Plant Growth Promotion under Cr Metal Stress

Different wheat varieties may differ in their response to different concentration of Cr in the soil.
This could be attributed to various biological aspects of wheat varieties, as different wheat varieties
show differences in growth parameters (e.g., leaf size). A heavy metal like Cr can easily make its
way to aerial portions of plants, where it will affect their shoot metabolism at the cellular level and
cause severe damage to minerals, water and nutrients, consequently retarding plant growth [10,62].
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However, bacterial inoculation may improve the nutritional requirements of both micro- (Mn, Zn, Cu
and Fe) and macronutrients (N, P and K) by modifying host physiology, which results in changed
uptake pattern of roots. Similarly, a recent investigation done by Islam et al. [63] showed an increase in
Fe and K concentrations in maize plants under Cr stress due to bacterial inoculations. According to
an observation, plants with bacterial inoculation showed a reduction in metal accumulation in their
aerial parts, which might be due to delayed translocation of metals from roots to upper parts [64].
Similar observations were recorded in this current research. Moreover, we isolated S. aureus K1 from
wastewater that was contaminated with Cr, so the microbes may have the capability of performing
metal detoxification as a part of their metabolic system. There was substantial improvement in plant
growth and leaf pigments due to inoculation of specific microbes [63].

4.3. Chlorophyll Contents

Higher chlorophyll contents were observed in plants with bacterial inoculation compared to
uninoculated plants (Figure 3). However, with further increasing metal concentrations, a reduction
in chlorophyll contents was noted. This is in agreement with the findings of another research study,
where chlorophyll a and chlorophyll b in wheat plants decreased with increasing concentrations of Pb
in the growth medium [65].

4.4. ROS Species and Antioxidant Enzyme Production

Reactive oxygen species can be produced in plants when exposed to Cr6+, which may damage the
photosynthetic apparatus and protein complex of thylakoid membranes and result in inhibition of
chlorophyll production [66]. In adverse conditions, plants release MDA contents; this reveals the level
of lipid peroxidation, as MDA is the last decomposition product of membrane lipid peroxidation [67].
The increase in MDA contents found in the present study is indicative of imbalance between the
generation and removal of free radicals in the cells [68]. The decreased lipid peroxidation with S. aureus

K1 inoculation under Cr stress could be due to the increase in ROS-scavenging enzyme production in
plants. This may be supported by a previously published study which revealed that the gene profile of
metal detoxifying enzymes was activated by bacterial inoculation to deal with metal stress [69]. Reactive
oxygen species are generated in response to stress caused by heavy metals like hexavalent Cr, and plants
have a detoxifying antioxidant enzyme system for their maintenance. These enzymes are POD, SOD,
APX and CAT, and they work alongside other non-enzymatic antioxidants. The activities performed by
antioxidant enzymes in plants under metal stress are extremely variable and dependent on plant species,
metal concentration, metal ions and exposure time period [70]. At low metal concentration, SOD activity
may increase, but it becomes constant with increased metal concentration [71]. The enhancement in
CAT activity was also noted in a number of plants under metal stress [72]. An increase in CAT activity
was also observed as an adaptive trait of isolate CPSB21 [73]. Increased antioxidant enzyme activities
in plants with inoculation of CPSB21 may be due to increases in mRNA/gene expression of antioxidant
enzymes as compared to uninoculated plants [74].

4.5. Reduction of Cr Concentration in Plants by Bacterial Inoculation

A significant difference was found between uninoculated and S. aureus K1 inoculated plants in
terms of Cr concentration. In contaminated soil, the results showed that the level of Cr was higher in
the roots of wheat plants than it was in the shoots, which may be due to decreased translocation of Cr
from roots to shoots of plants [75,76]. Immobilization of Cr in root cell vacuoles may lead to higher
Cr accumulation in roots, which can cause toxicity in plants [77]. In the present study, inoculation of
wheat plants with Cr-resistant microbes decreased the Cr concentration and its translocation from soil
to roots and upper parts of wheat plants. The reduction of hexavalent Cr (Cr6+) to trivalent Cr (Cr3+)
by bacterial isolates may be the reason for the improved growth of wheat plants [78] and hence the
decreased level of the Cr contents in soil. Hasnain and Sabri [79] also reported a pattern of decreased
Cr uptake and accumulation in roots and shoots of wheat plants inoculated with Pseudomonas sp.
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A decrease in Cr concentration in soil was observed after wheat plant harvesting. This decrease was
recorded in uninoculated Cr-contaminated wheat plants as a result of increased accumulation and
uptake of Cr in roots and shoots [80]. Such decrease may also be due to Cr6+ reduction into Cr3+

under the influence of bacterial inoculation [78,81]. Scientists are also considering the use genetically
engineered microorganisms (GEM), which may be well adjusted to their local environment (both
climatic and soil) for effective elimination of heavy metals from contaminated soils [58,82,83].

5. Conclusions

The outcomes of this study indicate that the application of the peat-moss-based microbial inoculum
improved plant growth and yield parameters and comparatively decreased metal accumulation by
the plants. Overall, gas exchange attributes and chlorophyll contents increased with S. aureus K1
inoculation. This research study concluded that S. aureus K1 reduced the toxicity of Cr in wheat
plants. The Cr-resistant S. aureus K1 supported the plant growth, decreased and detoxified Cr in
plants and allowed better production of wheat in a Cr-contaminated environment. However, in-depth
exploration (i.e., at the molecular level) of the alleviative mechanisms in plants should be conducted in
future studies.
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Abstract: Organic materials from various sources have been commonly adopted as soil amendments
to improve crop productivity. Phosphorus deficiency and fixation in alkaline calcareous soils drives
a reduction in crop production. A two-year field experiment was conducted to evaluate the impact of
rock phosphate enriched composts and chemical fertilizers both individually and in combination with
plant growth promoting rhizobacteria (PGPR) on wheat productivity and soil chemical and biological
and biochemical properties. The present study demonstrates significant increments in crop agronomic
and physiological parameters with Pseudomonas sp. inoculated RPEC1 (rock phosphate + poultry litter
+ Pseudomonas sp.) over the un-inoculated untreated control. However, among all other treatments
i.e., RPEC2 (rock phosphate + poultry litter solubilized with Proteus sp.), RPC (rock phosphate +
poultry litter), HDP (half dose inorganic P from Single Super Phosphate-SSP 18% P2O5) and SPLC
(poultry litter only); RPEC1 remained the best by showing increases in soil chemical properties
(available phosphorus, nitrate nitrogen, extractable potassium), biochemical properties (alkaline
phosphatase activity) and biological properties (microbial biomass carbon and microbial biomass
phosphorus). Economic analysis in terms of Value Cost Ratio (VCR) showed that the seed inoculation
with Pseudomonas sp. in combination with RPEC1 gave maximum VCR (3.23:1) followed by RPEC2

(2.61:1), FDP (2.37:1), HDP (2.05:1) and SPLC (2.03:1). It is concluded that inoculated rock phosphate
(RP) enriched compost (RPEC1) can be a substitute to costly chemical fertilizers and seed inoculation
with Pseudomonas sp. may further increase the efficiency of composts.

Keywords: available phosphorus; enriched compost; PGPR; poultry litter; rock phosphate; wheat

1. Introduction

The function of fertilizers for maximum crop production in under-developed countries is
customary and well recognized. Nevertheless, the increasing prices of inorganic phosphate fertilizers
and the extensive use of chemical fertilizers in agriculture, is also under debate due to environmental
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concerns and for consumer health reasons [1]. Reduction of agrochemicals for crop production is of
great concern for sustainable agriculture [2]. Moreover, inorganic phosphate fertilizers are not totally
soluble in soil matrix due to precipitation reactions with ions of Al and Fe in acidic, and Ca in alkaline
calcareous soils [3]. Moreover, high dose application of chemical fertilizers creates negative impacts
such as changes in soil pH through alkalization and acidification, pollution of water resources through
runoff, suppression of microorganisms and friendly insects, fixation of nutrients, degradation of soil
structure due to increased decomposition of organic matter [4]. The research workers are required to
look for substitutes to inorganic fertilizers [5], which are cost-effective and environmentally friendly.
The use of rock phosphate (RP) as an alternative for P fertilizer is gaining attention in sustainable
agriculture through microbial solubilization [6] and preparation of RP-enriched compost [7]. The mixing
of RP with organic materials such as animal feces, plant residues and inoculation with acid-producing
microbes may enhance P solubility from RP because when organic materials decompose, more soluble
P is released due to the action of organic acids produced by the microbes [8]. The incorporation
of organic residues either singly or in conjunction with a cheap source of mining element as rock
phosphate may help to improve soil quality and productivity [9]. Rock phosphate enriched compost
which was solubilized by phosphate solubilizing fungi and applied on a mung-bean crop, significantly
enhanced yield and P-uptake [10].

Various RP enriched composts and inorganic fertilizers such as diammonium phosphate (DAP)
were applied on wheat in a pot experiment. The data revealed that RP enriched composts showed
no significant performance in the earlier stages of wheat growth but at maturity, it gave higher
grain yield, nutrient uptake and increased fertility status of P and K in the soils [11]. Isolated
phosphate-solubilizing fungi from phosphate mines of China were reported to have efficient
biofertilizers and P solubilizers with the capacity to enhance the growth of wheat [12]. Colonization
of soil by nonindigenous phosphate-solubilizing microorganisms depend both on their interactions
with indigenous microorganisms associated with plants and their ability to utilize diverse substrates
in soil [13]. The role of phosphate-solubilizing microorganisms in phosphate solubilization has been
attributed mainly to their abilities to reduce the pH of the surroundings by the production of organic
acids [13]. Preparing the RP-enriched compost with phosphate solubilizing microbes may not only
compensate for the higher cost of manufacturing fertilizers, but also provide a sustainable source of
available phosphorus to growing plants in alkaline soils [14].

Plant growth promoting rhizobacteria (PGPR) are important inoculants for integrated nutrient
management [15] which help in dissolving inorganic P by excreting organic acids and chelation of P
cations to release P in soil solution [16]. It was reported that there are several PGPR inoculants currently
commercialized that promote growth either by suppression of plant disease, improved nutrient
acquisition, or phytohormone production [17]. Generally, phytohormone in plants plays a vital role in
cell division, proliferation, and differentiation, vascular tissue alteration, responses to light and gravity,
general root and shoot architecture, seed and tuber germination, ethylene synthesis, vegetative growth
processes, fruit development [18–20], initiation of lateral and floral organ and organogenesis [21],
initiation of rooting, foliation and flowering [22], formation of lateral and adventitious roots [23],
and increasing the growth of cambium and size of xylem cells [24]. Bacterial phytohormone production
is widely distributed among plant-associated bacteria and is still considered the primary mechanism
that enhances the growth and yield of plants [25].

PGPRs influence direct growth promotion of plants by fixing atmospheric nitrogen, solubilizing
insoluble phosphates, secreting hormones such as IAA, GAs, and Kinetins besides ACC
(1-aminocycloprapane-1-carboxylic acid) deaminase production [26], that helps in the regulation
of ethylene. Amongst the majority of influential P solubilizers, bacterial strains from the genera
Pseudomonas, Bacillus, Rhizobium and Enterobacter are of great importance. Application of phosphate
solubilizing microbes in the production of compost can help to increase the interest of farmers to
use organic phosphatic fertilizers in alkaline soils [14]. Therefore, this study aimed to evaluate
the availability of phosphorus from RP enriched compost with the application of PGPRs and its

122



Agronomy 2020, 10, 1390

comparative effectiveness with inorganic fertilizers (Single Super Phosphate) on soil nutrient status,
wheat growth and production.

2. Material and Methods

2.1. Experimental Site and Treatments

Two-year field experiments at National Agricultural Research Centre, Islamabad (73◦70′ E
and 33◦39′ N with an altitude 610 masl during growing months Nov, 2010-May, 2011 and Nov,
2011-May, 2012), were conducted on wheat (var. GA-2002). Soil textural class of the experimental
site was silty loam. The meteorological data during the growing season (2010–2012) of wheat is
given in Table 1. Different composts being prepared during the previous experiments [27] were used
in the study for their effectiveness to get better crop production. The treatments included; Control
(Untreated un-inoculated); SPLC (Simple poultry litter compost); RP (rock phosphate 18.5% P2O5);
RPEC1 (rock phosphate + poultry litter solubilized with Pseudomonas sp. during composting process);
RPEC2 (rock phosphate + poultry litter solubilized with Proteus sp. during the composting process);
FDP (Full dose inorganic P from Single Super Phosphate-SSP18% P2O5); HDP (Half dose inorganic
P from Single Super Phosphate-SSP 18% P2O5). Treatments were applied at a rate of 100 kg P ha−1,
respectively from composts as well as from inorganic fertilizers on a total P basis during seed bed
preparation. The nutrient status of different composts, is given in Table 2. The recommended dose of
nitrogen at the rate of 100 kg ha−1 was equally applied to each plot (4 m × 3 m) either from inorganic
fertilizer (Urea-46% N) or compost on a nutrient basis. However, SPLC was applied at the rate of 4.5t
ha−1. There were three replications for each treatment. All the fertilizer treatments were applied to
respective plots at the same time of sowing.

Table 1. Meteorological data during the growing seasons of wheat crop (2010–2012).

2010–2011 2011–2012

Months
Av. Temp

(◦C)
Rainfall

(mm)
R.H (%)

Av. Temp.
(◦C)

Rainfall
(mm)

R.H (%)

Nov. 18.03 4.13 64.2 16.32 7.09 65.52
Dec. 18.18 26.97 64.89 19.23 0 62.74
Jan. 15.5 8.32 71.29 15.55 59.06 68.48
Feb. 11.91 78.73 75.84 14.21 44.12 70.07

March 15.55 53.19 63.02 16.03 15.95 58.65
April 15.27 53.96 61.08 14.87 40.93 54.68
May 17.71 17.29 44.75 17.84 9.47 38.44

Mean 16.02 34.66 63.58 16.29 25.23 59.8

Adopted from CAEWRI, National Agricultural Research Centre, Islamabad. Av. Temp—Average temperature;
R.H—relative humidity, mm =millimeter.

Table 2. Nutrient composition of different composts applied as treatments in the experiments.

Compost Av. P (%) Total N (%) TOC (%) C:N

SPLC 0.35 1.35 19.36 14.34
RPEC1 1.72 1.29 16.3 12.66
RPEC2 1.24 1.28 17.7 13.83

SPLC—Simple poultry litter; RPEC1—Poultry litter + rock phosphate + Pseudomonas sp.; RPEC2—Poultry litter
+ rock phosphate + Proteus sp.; Av. P—Available phosphorus; N—Nitrogen; TOC—Total organic carbon; C:N;
Carbon–nitrogen ratio.

2.2. Seed Inoculation

The PGPR strains; Pseudomonas sp. (Accession no. KF307201) and Proteus sp. (Accession no.
KF307202) were used at 6 × 108 CFU/mL for seed inoculation. Wheat seeds were inoculated with
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cultures for 4 h and then the seeds were shade dried before sowing. The inoculants were applied
individually as well as in combination with organic and inorganic fertilizer treatments.

2.3. Yield, Physiology and Plant Nutrient Analysis

Growth and yield parameters; the number of tillers, grain yield and total dry matter yield were
recorded at the time of harvesting. However, for the determination of dry matter yield, the aerial part
of the plant from each plot was harvested. Then the spikes were separated from harvested plants of
respective treatments and the grains of each pot were weighed to calculate grain yield [kg ha−1].

Chlorophyll and phytohormones (IAA, GA) were analyzed in flag leaves of the wheat plants.
Chlorophyll was recorded by using SPAD chlorophyll meter [Konica Minolta, Langenhagen, Germany],
while leaf IAA and GA were extracted through the method of Kettner and Doerffling [28] and analyzed
on HPLC (Agilent 1100, Waldbronn, Germany) using UV detector and C-18 column (39 × 300 mm).
Methanol, acetic acid, and water (30:1:70) were used as mobile phase. The wavelength used for
the detection of IAA was 280 nm [29] whereas for GA, it was adjusted at 254 nm. These hormones
were identified on the basis of retention time and peak area of the standards. Pure IAA and GA3

(Sigma Chemicals Co. Ltd. St. Louis, Missouri, USA) were used as standard for identification
and quantification of plant hormones. The above ground plants were harvested from each plot,
dried at 70 ◦C for 48 h, ground at the grinding mill and samples were stored in Ziploc polyethylene
bags at room temperature till nutrient analysis. Total phosphorus in plant samples and in seeds was
analyzed through Olsen and Sommers [30]. However, phosphorus concentration in shoot was used for
the calculation of plant P uptake (kg ha−1).

2.4. Soil Analysis

Initial soil samples were taken for physicochemical properties (Table 3). Soil samples (0–30
cm) were analyzed for the texture [31], organic matter [32], total P [33]. However, soil samples
were extracted through Ammonium Bicarbonate Diphenyl Triamine Penta Acetic Acid (AB-DTPA)
solution for determination of available P, NO3-N and extractable K following the method of Soltanpour
and Schwab [34] and soil pH (1:5 soil–water) using the method of Mclean [35]. Undisturbed soil samples
were collected for soil bulk density (g cm−3) using stainless steel cylinders [36]. Soil phosphatase
activity was determined by the method of Tabatabai and Bremner [37], whereas, microbial biomass
carbon and microbial biomass phosphorus was determined following the method adopted by Steel
and Torriej [38]. For determining post-harvest soil properties, soil samples were collected after 6 days
of wheat crop harvesting.

Table 3. Physicochemical, biological and biochemical properties of soil.

Properties 2010–2011 2011–2012

Texture Silty Loam Silty Loam
Sand 18% 18%
Silt 52% 50%

Clay 30% 32%
pH 7.48 7.5

Ec (dSm−1) 0.45 0.46
Bulk density (g cm−3) 1.43 1.42

NO3-N (mg kg−1) 3.23 3.4
Total Phosphorus (mg kg−1) 500 482

Available Phosphorus (mg kg−1) 2.7 2.8
Extractable potassium (mg kg−1) 96 92
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Table 3. Cont.

Properties 2010–2011 2011–2012

Organic matter (%) 0.86 0.84
Cu (μg g−1) 1.1 0.78
Fe (μg g−1) 54.38 58.98
Zn (μg g−1) 1.7 1.64
Mn (μg g−1) 1 1.32

Microbial Biomass carbon (mg kg−1) 83 84
Microbial Biomass phosphorus (mg kg−1) 7 8

Alkaline phosphatase activity (μg g−1) 110 112

2.5. Statistical Analysis

The experiment was laid down following the randomized complete block design (RCBD) with
split plot design. Different soil amendments (composts and inorganic fertilizers) were assigned with
the main plot while PGPRs were placed in sub-plots of the field. Analysis of variance (ANOVA) was
conducted with the General Linear Models and means were compared according to the Tukey HSD
test with Statistix 8.1 [39]. Two years of data were pooled because there were not interactions between
the two years and year was included as a random effect in statistical model.

3. Results

Means of two-year data (2010–2011 and 2011–2012) are provided here due to the result similarity
trend from both the years.

3.1. Yield and Yield Components

The data for the number of tillers showed 36%, 34%, 30%, 24% and 21% increases with un-inoculated
RPEC1, FDP, RPEC2, SPLC and HDP, respectively, over un-inoculated untreated control (Table 4).
The treatment RP did not show any significant increase over un-inoculated untreated control. Seed
inoculation with PGPRs without any fertilizer treatment did not show any difference with un-inoculated
control. However, seed inoculation with Pseudomonas sp. in combination with RPEC1 treatment
showed a maximum 5% increase in the number of tillers over un-inoculated RPEC1 and FDP.

C—Control (un-inoculated untreated), SPLC—Simple poultry compost, RPEC1—Rock phosphate
enriched compost inoculated with Pseudomonas species, RPEC2—Rock phosphate enriched compost
inoculated with Proteus species, RP—Rock phosphate, HDP—Half dose inorganic P fertilizer, FDP—Full
dose inorganic P fertilizer.

The data presented in Table 4, showed that there was a significant (p ≤ 0.05) effect of PGPR
on grain yield of wheat crop. A maximum (18%) increase in grain yield was recorded in plants
inoculated with Pseudomonas sp. which was 4% higher than inoculation with Proteus sp. Without
inoculation, maximum (67%) increase in grain yield was recorded with the application of RPEC1 which
was 4%, 9% and 16% higher than FDP, RPEC2 and SPLC, respectively over un-inoculated untreated
control. However, RPEC2 showed a 52% increase in grain yield over control. The interactive effect of
fertilizers × PGPR, was highly significant (p ≤ 0.05) for grain yield. Pseudomonas sp. inoculated RPEC1

and FDP gave maximum (10%) increase over un-inoculated RPEC1 and FDP treatments, respectively.
The Proteus sp. in combination with RPEC1 also showed 3% increase over un-inoculated RPEC1

treatment, whereas the treatment RP produced minimum grain yield showing 14% increase over
un-inoculated RP treatment.

The data in Table 4 show that the treatment RPEC1 resulted in a maximum increase in dry matter
yield which was 3.8%, 16%, 27% higher than FDP, RPEC2 and SPLC respectively, over un-inoculated
untreated control. The stimulatory effect of PGPR was recorded on dry matter yield. However,
the interactive effect of PGPR and fertilizer treatments was significant for dry matter yield of wheat
crop. The combination of Pseudomonas sp. with RPEC1 gave the maximum increase (62%) similar to
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FDP (60%) while with Proteus sp. in combination with RPEC1 showed 56% increase over un-inoculated
untreated control. RP inoculation with Proteus sp. showed nonsignificant difference with un-inoculated
untreated control.

Table 4. Effects of plant growth promoting rhizobacteria (PGPR), P-enriched compost and inorganic
fertilizers on yield and yield components on wheat.

Number of Tillers (m−2)

Treatments C SPLC RPEC1 RPEC2 RP HDP FDP

Without inoculation
260 e 323 c 354 a 339 b 261 e 315 c,d 347 ab

(±2.22) (±1.42) (±2.83) (±3.53) (±3.12) (±3.9) (±2.88)

Proteus sp. 263 e 331 c 361 a 347 b 264 e 321 d 352 ab

(±2.98) (±2.17) (±2.67) (±4.94) (± 4.24) (±3.87) (±4.72)

Pseudomonas sp. 267 f 343 d 372 a 356 b,c 269 f 326 e 364 ab

(±3.61) (±3.14) (±4.88) (±5.01) (±3.9) (±2.84) (±2.92)

Grain yield (kg ha−1)

Without inoculation
2177 f,g 3120 d 3629 a 3317 c 2195 f 3020 d,e 3495 b

(±29.22) (±36.09) (±210.74) (±24.36) (±29.032) (±25.78) (±31.16)

Proteus sp. 2474 f,g 3319 e 3731 a 3524 c 2498 f 3511 c,d 3620 b

(±20) (±25.45) (±33.22) (±24.67) (±36.103) (±23.24) (±29.2)

Pseudomonas sp. 2571 f,j 3433 d 3987 a 3639 c 2592 f 3364 d,e 3848 b

(±32.89) (±34.36) (±39.84) (±23.48) (±22.86) (±38.96) (±29.07)

Dry matter yield (kg ha−1)

Without inoculation
8955 f,g 10,804 d 13,714 a 11,773 c 8969 f 10,746 d,e 13,208 b

(±38.43) (±31.9) (±26.7) (±32.33) (±24.41) (±35.9) (±24.47)

Proteus sp. 8978 e 10,930 c 13,926 a 12,077 c 8987 e 10,806 c,d 13,358 b

(±28.97) (±39.93) (±35.55) (±26.23) (±34.48) (±37.13) (±27.2)

Pseudomonas sp. 9005 f,g 11,138 d 14,503 a 12,651 c 9050 f 10,891 e 14,382 a,b

(±34.02) (±0.67) (±37.14) (±36.29) (±45) (±34.65 (±25.37)

All the treatments sharing common letter are similar otherwise they differ significantly at p ≤ 0.05.

3.2. Leaf Chlorophyll, IAA and GA Contents

Mean data recorded for chlorophyll contents in flag leaves of wheat crop showed that there was
a significant (p ≤ 0.05) difference for the treatments (Figure 1). Among the un-inoculated treatments,
RPEC1 showed the highest (28%) increase which was 2%, 6%, 12% and 25% higher than FDP, RPEC2,
SPLC and HDP, respectively. Seed inoculation with Pseudomonas sp. resulted in an increase (4%)
in chlorophyll content over un-inoculated treatments. However, the interactive effect of treatments
(PGPRs × fertilizer) showed 29% increase followed by FDP (27%) over un-inoculated untreated
control. While the treatment RP showed a nonsignificant difference when applied in combination with
Pseudomonas as well as Proteus sp.

Data in Figure 2 show that RPEC1 resulted maximum (12%) increase in IAA content, having
a similar effect as with FDP, followed by RPEC2 showing a 9% increase, while HDP and SPLC showed
a similar effect (i.e., 7% increase) in IAA content over un-inoculated untreated control. The inoculation
of seeds with Pseudomonas sp. gave higher values of IAA by showing 6% increase over un-inoculated
treatments. The interactive effect of PGPR × Fertilizer was nonsignificant except for Pseudomonas sp.
which showed a 20% increase, when used in combination with RPEC1 and FDP treatments.

The treatment RPEC1 resulted in a 13% increase in GA content, followed by FDP (11%), RPEC2

(9%), SPLC (6%), while HDP resulted only a 4% increase over un-inoculated untreated control (Figure 3).
However, seed inoculation with Pseudomonas sp. showed a maximum (5%) increase over un-inoculated
RPEC2 treatment. The data showed that the treatments RPEC1 and FDP in combination with
Pseudomonas sp. showed a maximum (16%) increase in GA contents of flag leaves. PGPR inoculation
with RP and HDP showed a nonsignificant difference among respective un-inoculated treatments.
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Figure 1. Effects of PGPR, P-enriched compost and inorganic fertilizers on leaf chlorophyll concentration
(μg g−1). C—Control; SPLC—Poultry litter only; RPEC1—Rock phosphate + poultry litter solubilized
with Pseudomonas sp. during the composting process; RPEC2—Rock phosphate + poultry litter
solubilized with Proteus sp. during composting process), RP—Rock phosphate + poultry litter;
HDP—Half dose inorganic P from Single Super Phosphate-SSP 18% P2O5; FDP—Chemical fertilizer
(Single Super Phosphate). All the treatments sharing a common letter are similar, otherwise they differ
significantly at p ≤ 0.05.

Figure 2. Effects of PGPR, P-enriched compost and inorganic fertilizers on leaf IAA concentration (μg g−1)
in wheat. C—Control; SPLC—Poultry litter only; RPEC1—Rock phosphate + poultry litter solubilized with
Pseudomonas sp. during the composting process; RPEC2—Rock phosphate + poultry litter solubilized with
Proteus sp. during composting process), RP—Rock phosphate+poultry litter; HDP—Half dose inorganic P from
Single Super Phosphate—SSP 18% P2O5; FDP- Chemical fertilizer (Single Super Phosphate). All the treatments
sharing common letter are similar otherwise they differ significantly at p ≤ 0.05.
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Figure 3. Effects of PGPR, P-enriched compost and inorganic fertilizers on leaf GA concentration
(μg g−1) in wheat. C—Control; SPLC—Poultry litter only; RPEC1—Rock phosphate + poultry litter
solubilized with Pseudomonas sp. during the composting process; RPEC2—Rock phosphate + poultry
litter solubilized with Proteus sp. during composting process), RP—Rock phosphate + poultry litter;
HDP—Half dose inorganic P from Single Super Phosphate—SSP 18% P2O5; FDP—Chemical fertilizer
(Single Super Phosphate). All the treatments sharing common letter are similar otherwise they differ
significantly at p ≤ 0.05.

3.3. Plant Phosphorus Uptake and Seed Phosphorus

The data presented in Figure 4 show that the phosphorus uptake was maximum (70%) due to
the application of RPEC1 followed by RPEC2 (63%) and FDP (60%), while RP treatment showed no
significant difference compared to un-inoculated untreated control. Seed inoculation with Pseudomonas sp.
resulted in a maximum (7%) increase in P-uptake over un-inoculated treatments. The interaction of
fertilizer treatments and PGPRs showed that RPEC1 in combination with Pseudomonas sp. showed
maximum increase (88%) in P-uptake followed by Proteus sp. inoculated RPEC1 (79%) over untreated
un-inoculated control.

The seed phosphorus content showed a 61% increase following application of RPEC1 over
un-inoculated untreated control, which was 12%, 17%, 33% and 41% higher than FDP, RPEC2, SPLC
and HDP, respectively (Figure 5). The application of Pseudomonas sp. alone also resulted in an increase
(3.5%) in seed P contents over un-inoculated untreated control whereas the interactive effect of PGPR
× Fertilizer was nonsignificant.
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Figure 4. Effects of PGPR, P-enriched compost and inorganic fertilizers on plant P uptake (kg ha−1) in
wheat. C—Control; SPLC—Poultry litter only; RPEC1—Rock phosphate+poultry litter solubilized with
Pseudomonas sp. during the composting process; RPEC2—Rock phosphate + poultry litter solubilized
with Proteus sp. during composting process), RP—Rock phosphate + poultry litter; HDP— Half dose
inorganic P from Single Super Phosphate—SSP 18% P2O5; FDP—Chemical fertilizer (Single Super
Phosphate). All the treatments sharing common letter are similar otherwise they differ significantly
at p ≤ 0.05.

Figure 5. Effects of PGPR, P-enriched compost and inorganic fertilizers on plant P uptake (kg ha−1) in
wheat. C—Control; SPLC—Poultry litter only; RPEC1—Rock phosphate+poultry litter solubilized with
Pseudomonas sp. during the composting process; RPEC2—Rock phosphate + poultry litter solubilized
with Proteus sp. during composting process), RP—Rock phosphate + poultry litter; HDP— Half dose
inorganic P from Single Super Phosphate—SSP 18% P2O5; FDP—Chemical fertilizer (Single Super
Phosphate). All the treatments sharing common letter are similar otherwise they differ significantly
at p ≤ 0.05.
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3.4. Soil Properties

3.4.1. Available P, Nitrate Nitrogen and Extractable Potassium

The post-harvest soil analysis for phosphorus availability showed that the treatments significantly
increased the P availability (Table 5). The treatment RPEC1 resulted in a significant increase over
un-inoculated untreated control, the value of which was 37%, 82%, and 130% higher than SPLC, HDP
and RP, respectively. The PGPR seed inoculation effect was significant (p ≤ 0.05) for post-harvest
available soil P contents. The phosphorus content was increased (20% and 9%) in the rhizosphere of
plants treated with Pseudomonas sp. and Proteus sp. respectively. In combination with Pseudomonas sp.,
the treatment RPEC1 gave maximum increase (3.43-fold) over un-inoculated untreated control, while
RPEC1 in combination with Proteus sp. and Pseudomonas sp. in combination with FDP showed
similar results by giving a 3.17-fold increase over the un-inoculated untreated control. The PGPRs
(Pseudomonas sp. and Proteus sp.) in combination with RPEC2 showed a similar effect for increase
[8%] in available P over un-inoculated RPEC2. The treatment RP in combination with Pseudomonas sp.
resulted in 30% increase over un-inoculated RP, which was 16.5% higher than Proteus sp. inoculated RP.

C—Control (un-inoculated untreated), SPLC—Simple poultry compost, RPEC1—Rock phosphate
enriched compost inoculated with Pseudomonas species, RPEC2—Rock phosphate enriched compost
inoculated with Proteus species, RP—Rock phosphate, HDP—Half dose inorganic P fertilizer, FDP—Full
dose inorganic P fertilizer. Soil samples for nutrient and biological analyses were collected two days
after wheat harvesting.

Table 5. Effects of PGPR, P-enriched compost and inorganic fertilizers on post-harvest soil of wheat in
field experiments.

Available P (mg kg−1)

Treatments C SPLC RPEC1 RPEC2 RP HDP FDP

Without inoculation 2.8 g 6.0 e 10.9 a 9.7 b 4.4 f 7.8 d 8.76 c

Proteus sp. 2.9 g 6.3 e 11.6 a 10.1 b 4.9 f 8.4 c,d 8.90 c

Pseudomonas sp. 3.2 g 6.9 e 14.4 a 10.48 b 5.7 f 9.2 c,d 9.74 b,c

Nitrate nitrogen (mg kg−1)

Without inoculation 3.07 f 3.87 a,b,c 3.98 a 3.92 a,b 3.07 f 3.39 e 3.78 b,c,d

Proteus sp. 3.08 e 3.88 a,b 4.04 a 4.07 a 3.07 e 3.42 d 3.81 b,c

Pseudomonas sp. 3.0 f 3.89 b,c 4.20 a 4.14 a,b 3.08 f 3.44 e 3.85 c,d

Extractable potassium (mg kg−1)

Without inoculation 95.50 c,d 106 a,b 109.5 a 106 a,b 96.5 c,d 101 a,b,c 102 a,b,c

Proteus sp. 96.33 d 108 a,b 110 a 107 a,b 97 c,d 102 a,b,c 103 a,b,c

Pseudomonas sp. 97.2 d 108 a,b 112 a 109 a,b 98 c,d 104 b,c 104 b,c

Alkaline phosphatase (μg PNP g−1 hr−1)

Without inoculation 117 d 136 b 151 a 143 a,b 118 d 127 c 133 b,c

Proteus sp. 118 f,g 142 b,c 157 a 147 b 121 f 132 d,e 137.5 c,d

Pseudomonas sp. 120 e 155.5 b 167 a 156 b 122 e 136 c,d 143.5 c

Microbial biomass carbon (μg g−1 )

Without inoculation 84 f,g 112 c 136 a 123 b 87 e,f 93 e 106 c,d

Proteus sp. 89 f,g 119 c 144 a 137 a,b 92 f 103 e 114 c,d

Pseudomonas sp. 93 f,g 127 c 159 a 146 b 96 f 114 d,e 120 c,d

Microbial biomass phosphorus (μg g−1 )

Without inoculation 7 d 14 b 19 a 18 a 7 d 10 b,c 11 b,c

Proteus sp. 8 d 16 b,c 21 a 19 a,b 8 d 11 c,d 12 c,d

Pseudomonas sp. 8 e 18 c 26 a 24 a,b 8 e 13 d 13 d

All the treatments sharing a common letter are similar otherwise they differ significantly at p ≤ 0.05.
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Mean data for post-harvest soil nitrate-nitrogen showed significant differences with the application of
fertilizer treatments (Table 5). The treatments RPEC1 and RPEC2 resulted a 36% increase followed by SPLC,
FDP and HDP showing 29%, 26% and 14% increase over un-inoculated untreated control, respectively.
The treatment RP showed nonsignificant difference with the control. There was a nonsignificant effect of
seed inoculation on NO3-N over un-inoculated control. However, the maximum increase was recorded
by the application of Pseudomonas sp. which was 4% higher over un-inoculated control treatments.
The interactive effect of PGPR and fertilizer treatments was nonsignificant with SPLC, RP, HDP and FDP,
while the treatments RPEC1 and RPEC2 showed 36% and 35% increases over un-inoculated untreated
control. The mean data showed that all the treatments increased extractable potassium except RP (Table 5).
A maximum increase (15%) in the content of extractable K was recorded following the treatment RPEC1

followed by SPLC and RPEC2 which were significantly similar in their effect by showing 11% and 12%
increase over un-inoculated untreated control, respectively. The treatments FDP and HDP also showed
similar effects and increased extractable K by 7% over control. Seed inoculation with Pseudomonas sp.
showed 2% increase in seed phosphorus contents over un-inoculated untreated control. The interactive
effect of PGPR × Fertilizers, was nonsignificant, whereas Pseudomonas sp. inoculation in combination
with RPEC1 showed maximum (17%) phosphorus contents over un-inoculated untreated control.

3.4.2. Alkaline Phosphatase and Microbial Biomass

Alkaline phosphatase activity was significantly (p≤ 0.05) increased as a result of different treatments
(Table 5). The treatment RPEC1 resulted a maximum increase (29%) over un-inoculated untreated
control, which was 5.6%, 11%, 13.5% and 19% higher than RPEC2, SPLC, FDP and HDP respectively.
Pseudomonas sp. inoculation showed 8% increase over un-inoculated treatments, which was 2.5%
higher than Proteus sp. inoculation. Significant (p ≤ 0.05) increase in alkaline phosphatase activity
was recorded due to the combine effects of PGPRs with different fertilizer treatments. The inoculation
of Pseudomonas sp. in combination with the treatment RPEC1 showed maximum (43%) increase over
untreated un-inoculated control. The treatments RPEC2 and SPLC in combination with Pseudomonas sp.
and RPEC1 in combination with Proteus sp. showed similar effect and increased the alkaline phosphatase
activity by 34% over un-inoculated untreated control. The treatment FDP in combination with
Pseudomonas sp. showed a 23% increase over untreated un-inoculated control; the effect of which was
significantly similar to un-inoculated RPEC2 treatment. The PGPRs (Pseudomonas sp. and Proteus sp.)
in combination with HDP showed a similar effect but significantly lower percentage increase than
un-inoculated HDP treatment.

Mean data showed that the fertilizer treatments significantly (p ≤ 0.05) improved the microbial
biomass carbon contents (Table 5). Significant increase (65%) was recorded in microbial biomass
carbon contents in RPEC1 treatment over control; the increase for RPEC1 was also 9%, 22%, 30%, 43%,
and 60% higher than that of RPEC2, SPLC, FDP, HDP and RP, respectively. Inoculation of seeds with
Pseudomonas sp. showed maximum (16%) increase in microbial biomass carbon over un-inoculated
treatments, the values of which were 8% higher than Proteus sp. inoculated treatments. The interactive
effect of PGPR inoculation to seeds and fertilizer treatments was also significant with microbial biomass
carbon contents. Among the Pseudomonas sp. inoculated treatments, RPEC1 showed 89% increase in
microbial biomass carbon over un-inoculated untreated control, while the treatment RPEC2 showed
74% increase, which was significantly similar with Proteus sp. inoculated RPEC1 treatment. However,
Proteus sp. inoculated RPEC2 increased microbial biomass carbon by 63% and showed a nonsignificant
difference with un-inoculated RPEC1 treatment. Pseudomonas sp. in combination with FDP showed
a nonsignificant difference with un-inoculated RPEC2 but was 13% higher than the un-inoculated FDP
treatment. The treatment RP in combination with Pseudomonas sp. increased microbial biomass by 10%
over untreated un-inoculated control.

The data in Table 5 show that microbial biomass phosphorus (MBP) increased significantly (p≤ 0.05)
with the application of fertilizer treatments than the un-inoculated untreated control. The maximum
increase (1.75-fold) in MBP was recorded from the treatment RPEC1 which was 7%, 37% and 83%
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higher than RPEC2, SPLC and FDP, respectively while FDP showed nonsignificant difference with
HDP. The treatment RP showed a nonsignificant difference with un-inoculated untreated control.
There was also a significant effect of PGPR on microbial biomass phosphorus. Pseudomonas sp.
inoculation increased microbial biomass P by 33% over un-inoculated treatments, the values of which
were 14% higher than Proteus sp. inoculated treatments. Pseudomonas sp. inoculation with RPEC1

showed a maximum increase (2.7-fold) in MBP followed by RPEC2 (2.43-fold) over un-inoculated
untreated control. The treatment RPEC1 in combination with Proteus sp. showed an (61%) increase
over un-inoculated untreated control which was at par with Pseudomonas sp. inoculated SPLC.
The treatments FDP, HDP increased (46%) microbial biomass P showing nonsignificant difference
with each other and RP showed 12% increase in microbial biomass P with PGPR inoculation over
un-inoculated untreated control.

3.5. Economic Analysis

The economic analysis of applied treatments (Table 6) in terms of value cost ratio (VCR) showed
that RPEC1 performed best with and without seed inoculation. Among the un-inoculated treatments,
RPEC1 showed maximum VCR (2.72) followed by RPEC2 (2.14), FDP (1.94) while the minimum
(0.06) VCR was received from RP. Seed inoculation with Pseudomonas sp. in combination with RPEC1

superseded all of the treatments resulting in maximum VCR (3.23). Hence, rock phosphate enriched
compost alone or more so in combination with phosphate solubilizing bacteria (PSB), can perform
better than chemical fertilizers. The economic analysis revealed that RPEC could be an economically
feasible substitute to costly chemical fertilizers for sustainable crop production.

Table 6. Economic Analysis of the applied products presented as value cost ratio (VCR).

Treatments
Grain Yield Increase in Yield Increased Yield Value Cost of Inputs Net Return

VCR
kg ha−1 Rs. ha−1

Control 2177 - - - - -

SPLC 3120 943 28,290 17,760 10,530 1.59:1
RPEC1 3629 1452 43,560 16,010 27,550 2.72:1
RPEC2 3317 1140 34,200 16,010 18,190 2.14:1

RP 2195 18 540 9285 −8745 0.06:1
HDP 3020 843 25,290 13,435 11,855 1.88:1
FDP 3495 1318 39,540 20,385 19,155 1.94:1

Proteus sp. (1S) 2474 297 8910 7310 1600 1.22:1
SPLC + 1S 3319 1142 34,260 18,560 15,700 1.85:1
RPEC1+1S 3731 1554 46,620 16,810 29,810 2.77:1
RPEC2+1S 3524 1347 40,410 16,810 23,600 2.40:1

RP+1S 2498 321 9630 10,085 −455 0.95:1
HDP+1S 3511 1334 40,020 14,235 25,785 2.01:1
FDP+1S 3620 1443 43,290 21,185 22,105 2.04:1

Pseudomonas (2S) 2571 394 11,820 7310 4510 1.62:1
SPLC + 2S 3433 1256 37,680 18,560 19,120 2.03:1
RPEC1+ 2S 3987 1810 54,300 16,810 37,490 3.23:1
RPEC2+ 2S 3639 1462 43,860 16,810 27,050 2.61:1

RP+ 2S 2592 415 12,450 10,085 2365 1.23:1
HDP+ 2S 3364 1187 35,610 14,235 21,375 2.05:1
FDP+ 2S 3848 1671 50,130 21,185 28,945 2.37:1

Increase in yield = Yield of treatment − Yield of control, Increased yield value = Grain price × increase in yield,
Net return = Increased yield value − cost of inputs, Value cost ratio (VCR) = Increased yield value/cost of inputs,
Poultry litter = Rs. 1.5 kg−1, Rock phosphate = Rs. 5 kg−1, Single super phosphate (SSP) = Rs. 25 kg−1, Urea = Rs.
30 kg−1, Labor charges for compost preparation = Rs. 5250, Seed inoculant = Rs. 200 L−1, Wheat grain price = Rs. 30
kg−1, SPLC—Simple Poultry litter, RPEC1—Rock Phosphate Enriched Compost solubilized with Pseudomonas sp.,
RPEC2—Rock phosphate enriched compost solubilized with Proteus sp. 1S-Seed inoculation with Proteus sp.,
2S—Seed inoculation with Pseudomonas sp., RP—Rock phosphate, HDP—Half dose of inorganic fertilizer, FDP—Full
dose of inorganic fertilizer. Rs—Refer to national currency (Rupees).

4. Discussion

The use of plant growth promoting rhizobacteria (PGPR) in combination with organic (composts,
rock phosphate) and inorganic (chemical fertilizers) phosphorus sources significantly increased
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the number of tillers per plant and yield components of wheat crop. The results are in conformity to
the findings of Akhtar et al. [40] who recorded increase in plant height, the number of tillers, grain
yield and 1000 grain weight of wheat with the use of compost and PGPR inoculation.

Maximum grain yield was obtained by the application of RPEC1 which was higher than the full
dose of inorganic P fertilizers (FDP), irrespective of the PGPR seed inoculants. The observed yield
increase from RPEC1 was indicative of the high P availability and greater photosynthesis as observed
by an increase in chlorophyll content and dry matter production, which was maximum in RPEC1

over other treatments. Plant P availability as the key factor for maximum plant growth and higher
crop production [41]. Although a full dose of P (FDP) as inorganic fertilizer (SSP) is a source of
readily available phosphorus necessary for early growth of the plants, at the site of SSP application,
production of the least soluble Ca-P compounds due to surface adsorption and precipitation, reduce P
availability [10]. The organic acids produced due to compost might have reduced P exchange sites
through chelation and released more soluble forms of plant available P [42] compared to SSP which could
help increase growth and yield of wheat. Seed inoculation with Pseudomonas sp. increased the grain
yield with fertilizer treatments, however the maximum increase was recorded from Pseudomonas sp.
inoculation with RPEC1 followed by the inoculated FDP treatment. Microbial community in the root
rhizosphere might have taken part to release fixed phosphorus through organic acids production
which ultimately increased the yield of wheat. Afzal and Bano [43] reported that seed inoculation with
PGPR in combination with P fertilizer increased the grain yield of wheat which was 30–40% higher
than the un-inoculated P fertilizer. It was reported that organic manures and bio-fertilizers have a high
impact on nutrient uptake, physiological process of wheat, and also on water holding capacity of
the soil which ultimately increase grain yield of the crop [44]. Amujoyegbe et al. [45] recorded higher
grain yield of maize due to the application of chicken manure in combination with microbes compared
to chemical fertilizer and chicken manure alone. An association of agronomic traits with grain yield
and a positive correlation of 1000 grain weight with grain yield was previously demonstrated in PGPR
+manure treated plants of wheat [44].

Increase in the dry matter yield due to the application of RPEC1 compared to FDP may be
due to higher vegetative growth, chlorophyll content and the maximum number of tillers during
the crop growth, while mobilization of phosphorus due to dissolution of rock phosphate from
RPEC1 might have taken part in the physiological processes leading to maximum biomass yield.
Higher yields of mung-bean were recorded due to bio-inoculated RP enriched compost having
higher citrate soluble, water soluble P and organic P, maximum microbial biomass carbon and acid
phosphatase activity compared to un-inoculated composts [7]. Similarly, Nishanth and Biswas [11]
prepared enriched composts with Aspergillus awamori inoculation and tested these on the wheat crop,
which gave maximum biomass production in comparison to composts prepared without inoculants.
Hossain et al. [46] reported an increase in grain and straw yield of wheat crop with the application of
phosphate solubilizing bacteria (PSB) along with different levels of phosphorus. In concurrence with
the present results, an increase in dry matter and grain yield of agronomic crops due to phosphate
solubilizing microorganisms in combination with different P fertilizers were reported earlier by different
workers [47–49].

Phosphorus plays an important role in chlorophyll production and regulation. It has been
reported that the partitioning of photosynthates between leaves and reproductive organs is regulated
by the availability of phosphorus to the plants [50]. Maximum increase in chlorophyll contents in flag
leaves were recorded due to the application of RPEC1 followed by FDP and SPLC. Zafar et al. [51]
reported an increase in chlorophyll contents by 10–89% over control in leaves of maize crop following
application of P fertilizers in the form of compost and inorganic fertilizers. The PGPR in combination
with compost was recorded to be stimulatory for chlorophyll production; this was confirmed for
Pseudomonas sp. in combination with RPEC1. Seed inoculation with Pseudomonas sp. alone or in
combination with P fertilizers, was more efficient for improving chlorophyll contents in flag leaves
of wheat plants. Naseem and Bano [52] reported that the seed inoculation with Pseudomonas sp.

133



Agronomy 2020, 10, 1390

and Bacillus cereus increased chlorophyll contents by 8–13% in leaves of wheat crop. An increase in
chlorophyll contents with the application of organic manure was also recorded [53].

PGPR alone or in combination with fertilizers showed a significant effect on IAA and GA contents
of wheat flag leaves, however, maximum increase was recorded as a result of RPEC1 application
followed by FDP and RPEC2. Among the PGPRs, Pseudomonas sp. performed better than the Proteus sp.
Indole Acetic Acid synthesis by bacteria may have various regulatory effects in plant–bacterial
interactions and significant effect on plant growth promotion [54]. Generally, phytohormones in plants
plays an important role in cell division, proliferation, and differentiation, vascular tissue alteration,
responses to light and gravity, general root and shoot architecture, seed and tuber germination,
organ differentiation, peak predominance, ethylene synthesis, vegetative growth processes, fruit
development and aging. These results are in accordance with the findings of Saharan and Nehra [55],
who reported that the phytohormone production through PGPR (Pseudomonas, Azotobacter, Azospirillum)
may contribute to growth and yield of the crop. IAA acts as a signal molecule for cell expansion,
division and differentiation. Higher counts of genus Pseudomonas were recorded [56] in winter wheat
cultivars and described the developmental phase of wheat crops as a key factor in higher population
of the microbes. The GA and IAA were reported to be produced by bacterial strains such as Bacillus

and Pseudomonas [57] and inoculation of wheat with Pseudomonas sp. gave maximum increase in growth
and yield [58]. Khan et al. [59] found an increase in IAA and GA contents in leaves of wheat inoculated
with Pseudomonas and Bacillus strains. Sivasankari et al. [60] isolated bacterial strains from black gram
(Vigna mungo) rhizosphere soil and reported maximum IAA production from Pseudomonas sp. than
Proteus sp.

Phosphors uptake increased with the application of RP enriched compost (RPEC1) which
would be due to phosphorus in the soluble form. Higher concentration of macronutrients due to
the decomposition of organic materials in the soil were recorded [61]. Incorporation of organic materials
can enhance phosphorus availability in the soil solution by decreasing P sorption/fixation through
chelation [62]. Phosphorus also plays an efficient role in plant photosynthesis, respiration, formation
of cell membrane, glycolysis and enzymes activities [63] showing that the growth and development of
all crops are dependent upon P availability [64]. The presence of P as an integral part of nucleotides,
phospholipids, phosphoproteins, and coenzymes shows its importance for life [65]. An increase in
P-uptake due to enriched compost in the present study was due to the maximum available P as well
as total organic and readily available carbon. Sharma et al. [66] reported increased N uptake (18–38 kg
ha−1), P uptake (2.7–6.6 kg ha−1), and K uptake by (16–41 kg ha−1) in the rice–wheat system when
inoculated with Pseudomonas striata. It was reported by Nishanth and Biswas [11] that RP enriched
compost inoculated with Aspergillus awamori can significantly enhance P uptake in wheat crop, which
was recorded as 78% more efficient compared to DAP. Ghaderi et al. [67] reported 51%, 29% and 62%
release of phosphorus from iron hydroxides by the application of Pseudomonas putida, Pseudomonas

fluorescens, and Pseudomonas fluorescens, respectively. Shrivastava [10] reported that inoculation of
microbes with P enriched manure show maximum P uptake in mung-bean crop compared to SSP
fertilizer. The P-enriched compost in combination with effective microbes (EM) can enhance N and P
uptakes of the cowpea crop [14].

Crop growth is regulated by the nutrient supply from organic or chemical fertilizer sources.
Organic materials are considered to be the best source for nutrient supply to plants but with slow
release until the crop maturity, which may create a delay in crop maturity or cause high nutrients
content in the produce [68]. Maximum P concentration in the wheat seeds with the application of
RPEC1 might be due to a slow release process resulting in P accumulation in the seeds due to mobility of
the phosphorus from soil to plant process. The integrated management of P fertilizers at the root zone
can increase the mobility of P from plant roots through physiological adaptive mechanisms [69]. Seed
inoculation with Pseudomonas sp. showed an increase in seed phosphorus. According to Son et al. [70]
soybean seed P content increased with inoculation of phosphate solubilizing microorganisms.
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Organic and inorganic amendments have a great impact on soil properties [71]; however, while
the application of fertilizer increases P availability at all crop growth stages compared to control
treatment, the RP compost showed maximum P availability at later stages of wheat crop growth [11].
The increase in post-harvest soil P availability with the application of RP enriched compost may be
due to mineralization of both RPEC and soil organic P, and chelation of P through ligand exchange
reactions to reduce P fixation throughout the crop growth stages. The ligand exchange reactions can
increase P mobilization through organic and phosphate anions adsorption with Fe and Al sites [72].
Slow release of P through mineralization of organic P fraction from enriched compost was reported
previously [73]. Organic acids produced by phosphate solubilizing microorganisms are sources of H+

ions which help mineralize tri-calcium phosphate of RP to mono-calcium phosphate; the available
form of phosphorus for better plant growth [74].

The application of compost treatments showed significantly higher nitrate-nitrogen contents in
post-harvest soil compared to control. Higher nitrate nitrogen content from compost treated plots
would be due to reduced nitrate leaching from the soil [75]. Sommers and Giordano [76] stated that
all inorganic N in soil amended with Municipal Solid Waste (MSW) compost was available for plant
uptake, but 5 to 75% of the organic N will be mineralized within 1 year after application. The findings
are in accordance with the results of Baziramakenga et al. [77] who reported an increase in inorganic
nitrogen (NO3-N) contents of snap-bean post-harvest soil with the application of compost of de-inking
paper residues and poultry manure. The reason for higher NO3-N contents due to the application of
composts is attributed to the formation of phospho-protein due to the interaction with rock phosphate
from enriched compost, which is less susceptible to volatilization. The proteins are decomposed by
soil bacteria and change into ammonium that is further nitrified by nitrifying bacteria. This form of
nitrogen from compost is slowly available to plants having fewer chances of loss through volatilization.
The escape of ammonia from soil decreases if the nitrogen source is compost, organic manure or green
manure [78]. The presence of phosphate preserves the nitrogen resulting in a decrease in the number
of denitrifying bacteria [79]. The slow release process of nutrients from enriched compost might be
another reason for higher nitrate-nitrogen contents than inorganic fertilizers (FDP) in post-harvest soil.
Adeli et al. [80] reported higher residual soil NO3-N contents after cotton crops with the application
of poultry manure compared to inorganic fertilizers. Seed inoculation with PGPR (Pseudomonas sp.
and Proteus sp.) showed an increase in post-harvest nitrate-nitrogen contents. Canbolat et al. [81]
also reported increase in soil post-harvest nitrogen contents with application of Pseudomonas putida

compared to the control on barley crop.
Extractable potassium contents increased in post-harvest soil with the application of compost

compared to inorganic P fertilizer (FDP). A significantly higher concentration of K with the application
of enriched compost compared to FDP and control might be due to the higher water-soluble potassium
present in the enriched composts. Stratoon et al. [82] reported that K in composts remains in water
soluble forms and thus does not need to be mineralized before becoming available to plants. The increase
in soil extractable K by rock phosphate enriched compost (RPEC) may be related to the direct addition
to the available K pool of the soils, and to the reduction of K fixation and increase the release of K from
the soil solid phase due to the interaction of organic matter and/or soil microorganisms with K-bearing
minerals [77]. It was revealed that potassium in manure and compost is highly plant-available and can
be used similar to K fertilizer application [83].

Soil enzymes (alkaline phosphatase and acid phosphatase) play a vital role in conversion of
fixed soil phosphorus to plant available form [7]. The increase in alkaline phosphatase activities
with the application of RP enriched compost in the present study may be due to the availability of
organic C which consequently increased the soil phosphatase activity [84] and the compost might have
provided considerable carbon and nitrogen for maximum growth of microbes. It has been emphasized
that C and N are interlinked with P mineralization by microbes [85] and Shrivastava et al. [10]
concluded that the availability of metabolizable C plays a significant role to increase soil phosphatase
activity with the application of P enriched manure on mungbean crop. Soil enzymes such as acid
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and alkaline phosphatases help to increase mineralization of P0 to Pi by creating a strong relation
between bio-available and unavailable P in the soil [86]. Some researchers [87,88] believe that there is
an inverse relationship between available P and phosphatases due to negative feedback of phosphate
ions on PHO genes, that suppress phosphatase synthesis by microbes [89]. However, phosphatase
activity was not affected by the use of rock phosphate as a phosphate source in RP enriched compost [9]
showing long persistence and least biodegradation of enzymes with the application of compost. But
Pascual et al. [90] endorsed the decrease in phosphatase activities with time span due to exhaustion of
biodegradable substrates by microbial activity.

Microbial biomass is an important factor assessing soil quality and its ability to provide energy
for nutrient recycling and transformation in the soils [91]. Kiani et al. [92] documented the microbial
biomass responses to different land management systems including fertilizer addition and organic
amendment application and identified suitable soil quality indicators. The microbial biomass carbon
(MBC) acts as substrate supplying entity for microbial communities in soil [93]. In the present study,
maximum MBC with the application of RP enriched compost compared to poultry litter compost is due
to higher percentage of existing microbial biomass carbon, mineralizable nitrogen and water-soluble
carbon in the former compost. The results are in conformity to the findings of Meena et al. [94]
who reported an increase in soil microbial biomass carbon with the application of enriched compost
compared to ordinary compost as well as inorganic fertilizer. Previously Ayed et al. [95] found
an increase in microbial biomass carbon with the application of compost compared to inorganic
chemical fertilizer and control in wheat crop.

The maximum microbial biomass phosphorus (MBP) with the application of RPEC and inorganic P
fertilizer could be due to the transformation of labile and nonlabile inorganic phosphorus to the organic
pool through microbial activity of compost. As Leytem et al. [96] reported the assimilation of various
fractions of P into microbial biomass which ultimately provides available P for plants since most
organic phosphorus in microbial cells is hydrolysable. Microbial biomass phosphorus may also help in
calcareous soils by providing plant available P with application of manure [97] by the mechanism in
which P is immobilized and transformed to labile P, which is safe from fixation and transmitted to
available P [98]. The results in the present study showed less microbial biomass P with the addition
of a full recommended dose of inorganic P fertilizer, indicating that soil existing organic carbon was
limited to support microbial growth and activity. Minimum microbial biomass was recorded with
the addition of high P inorganic fertilizer to the soil in an incubation study.

5. Conclusions

The present research revealed that enrichment of rock phosphate with poultry litter and PGPR
during the process of composting improves nutrient availability and biological properties of the compost.
Application of RP enriched compost in field experiment increased yield and yield components of
the wheat crop compared to the full recommended dose of inorganic fertilizer and control. Moreover,
seed inoculation with PGPR showed significant results to improve the agronomic effectiveness of RP
enriched compost. Chemical (availability of phosphorus) and biological (microbial biomass C & P,
alkaline and acid phosphatase activities) properties of post-harvest soil improved with the application
of RP enriched compost. It can be concluded that RP enriched compost may be an alternative to
chemical fertilizer to improve the growth and yield of the crop.
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Abstract: Gradual depletion in soil nutrients has affected soil fertility, soil nutrients, and the activities
of soil enzymes. The applications of multifarious rhizobacteria can help to overcome these issues,
however, the effect of co-inoculation of plant-growth promoting rhizobacteria (PGPR) and biochar on
growth andnutrient levelsin soybean and on the level of soil nutrients and enzymes needs in-depth
study. The present study aimed to evaluate the effect of co-inoculation of multifarious Bradyrhizobium

japonicum USDA 110 and Pseudomonas putida TSAU1 and different levels (1 and 3%) of biochar on
growth parameters and nutrient levelsin soybean and on the level of soil nutrients and enzymes.
Effect of co-inoculation of rhizobacteria and biochar (1 and 3%) on the plant growth parameters and
soil biochemicals were studied in pot assay experiments under greenhouse conditions. Both produced
good amounts of indole-acetic acid; (22 and 16 μg mL−1), siderophores (79 and 87%SU), and phosphate
solubilization (0.89 and 1.02 99 g mL−1). Co-inoculation of B. japonicum with P. putida and 3% biochar
significantly improved the growth and nutrient content ofsoybean and the level of nutrients and
enzymes in the soil, thus making the soil more fertile to support crop yield. The results of this research
provide the basis of sustainable and chemical-free farming for improved yields and nutrients in
soybean and improvement in soil biochemical properties.

Keywords: biochar; Bradyrhizobium japonicum; Pseudomonas putida; plant growth; plant nutrients; soil
enzymes; soil nutrients; soybean
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1. Introduction

The global climate scenario is experiencing a drastic depletion of soil nutrients due to various
anthropogenic activities, burning of fossil fuel, and excess use of agrochemicals [1]. Applications of
plant-growth promoting rhizobacteria (PGPR) and biochar have been advocated as an effective, cheap,
and sustainable approach for the replenishment of crop health, crop nutrients, and soil nutrients and
enzymes and for improving and sustaining soil fertility [2]. Furthermore, these amendments have
a positive impact on the growth [3], development, and yield of several crops [4,5]. Various reports
claimed that the application of plant growth-promoting rhizobacteria (PGPR) and biochar improves
plant growth, plant nutrients, and physicochemical properties of soil [6–8]. Moreover, such applications
of biochar also keep a check onatmospheric CO2 levels [9] and, thus, contribute todecrease global
warming effects [10], while the use of PGPR to increase soil fertility and plant nutrients will help to
reduce the doses of agrochemicals in the field [11].

A wide variety of symbiotic bacteria, such as Rhizobium sp. and B. japonicum, etc., have been
reported to promote seed germination, the growth of root and shoot, andthe level of nutrients in soybean
and also improve soil biochemical properties [4,5].Rhizobia-legumes symbiosis plays a vital role in
increasing crop yields, reducing the use of inorganic nitrogen fertilizers and improving soil fertility [12].
Rhizobial species are commonly used as inoculants in various parts of the world for improving the
yield of legumes. Co-inoculation with multifarious Bradyrhizobium sp. and Pseudomonas sp. improves
plant growth, plant, and soil nutrients and enzymes through the production of siderophores [13],
phytohormones [14], enzymes [15], exopolysaccharide [16], stress tolerance [17], and phosphate
solubilization [18–23], etc. Thus, several studies reported increases in nodules number, nodule weight,
nitrogen fixed, plant growth, and yield of legumes due to co-inoculation with plant growth promoting
Bradyrhizobium sp. and Pseudomonas sp. [12–14], while the combination of biochar with PGPR further
increases root length, shoot length, nodule per plant, seed number, and yield of crops [5].

The activity of PGPR bioinoculants helps in improving the level of extracellular soil enzymes
that facilitates the decomposition of soil organic matter and ensures the availability of nutrients in the
soil [15]. Among the soil enzymes, proteases and acid and alkaline phosphomonoesterase are the major
enzymes that mediate the hydrolysis of the protein and phosphate (P) into bioavailable amino acids,
organic nitrogen, and soluble P [16]. However, the activities of these enzymes are governed by many
factors, such as soil properties, soil organic matter level, and the presence of organic compounds [24].
We hypothesized that co-inoculation with B. japonicum+P. putida and biochar would facilitate the
beneficial effects on soybean plant growth, plant nutrients, and soil nutrients and enzymes.

The present study was aimed at evaluating the effects of co-inoculation of multiple plant
growth-promoting traits positive in Bradyrhizobium japonicum USDA 110 and Pseudomonas putida TSAU1
and different levels (1 and 3%) of biochar on seed germination, growth parameters, and nutrient levels
in soybean and the level of nutrients and enzymes in soil. The outcome of this study may provide a
better way of increasing soil fertility and increasing the growth and yield of soybean. This approach
has multiple dimensions; as utilization of biochar is not only a cheaper option but will also help
in solving the management issues of biochar, it is expected to minimize the doses of agrochemicals
and produce chemical-free food. The consortium effect of PGPR and application of biochar provide
excellent benefits to the farmers as theyincur less investment and yield more crop productivity, and
this organically grown crop has more demand with a good selling price.

2. Materials and Methods

2.1. Bacterial Culture, Soybean, and Biochar

B. japonicum USDA 110 and P. putida TSAU1 strains were collected from the culture collection
of the Department of Microbiology and Biotechnology, National University of Uzbekistan, Tashkent,
Uzbekistan. Soybean (Glycine max L. Merr.) seeds were obtained from Leibniz Centre for Agricultural
Landscape Research (ZALF), Müncheberg, Germany.
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The maize biochar (MBC) was collected from the Leibniz-Institute for Agriculture Engineering
and Bioeconomy (ATB), Potsdam, Germany. Pyrolysis of MBC was carried out at 600 ◦C for 30 min
and the chemical compositions of MBC were analyzed according to the method of Reibe et al. [25].

2.2. Screening for the Production of PGP Metabolites

B. japonicum USDA 110 and P. putida TSAU1 strains were screened for phosphate (P) solubilization
on Pikovoskaya’s agar and in Pikovoskaya’s broth [26] for the production of indole-3-acetic acid
(IAA)according to the method of Brick et al. [27], for production and estimation of siderophore
according to the method of Patel et al. [28] and Payne [29], and the production and estimation of
aminocyclopropane-1-carboxylate deaminase (ACCD) activity according to the method of Penrose
and Glick [30]. The ACCD activity was measured as the amount of α-keto-butyrate produced per mg
protein per h.

2.3. Surface Sterilization, Germination, and Bacterization of Seeds

Soybean seeds were sorted to eliminate broken, small, infected seeds and sterilized with 10%
sodium hypochlorite solution for 5 min and washed three times with sterile, distilled water. Seeds
were germinated in 85 mm × 15 mm tight-fitting plastic Petri dishes with 5 mL of water. B. japonicum

USDA 110 and P. putida TSAU 1 broth rich in PGP metabolites were used for the inoculation of
germinated seeds. Germinated seeds were first placed with sterile forceps into bacterial suspension
(5 × 106 CFU g−1) for 10 min before planting, were air-dried, and then planted in plastic pots containing
400 g sandy loamy soil.

2.4. Experimental Design

The effect of rhizobacteria on the growth of soybean was studied in pot experiments in a greenhouse
at ZALF, Müncheberg, Germany during July 2015. All the experiments were carried out in a randomized
block design (RBD) with three replications. Experimental treatments included un-inoculated control
(soil without biochar and soil with two levels of biochar (1 and 3%)), inoculation with B. japonicum

USDA 110 (soil without biochar and soil with two levels of biochar (1 and 3%)), and co-inoculation
with B. japonicum USDA 110 and P. putida TSAU 1 strains (soil without biochar and soil with two levels
of biochar (1 and 3%)). The plants were grown in greenhouse conditions at 24 ◦C during the day and
16 ◦C at night for 30 days.

2.5. Measurement of Plant Growth Parameters and Plant Nutrients

Plants harvested after 30 days were subjected to the measurement of seed germination rate,
root length, shoot length, root dry weight, shoot dry weight, and the number of nodules per plant
of soybean. Plant nutrients, such as nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg),
sodium (Na), and calcium (Ca) were estimated from crushed plant tissue with an inductively coupled
plasma optical emission spectrometer (ICP-OES; iCAP 6300 Duo, Thermo Fischer Scientific Inc.,
Waltham, MA, USA) via Mehlich-3 extraction [30]. The nitrogen and phosphorus contents of root
and shoot were determined from dried powdered biomass. For nitrogen estimation, 1 g of plant
biomass was digested with 10 mL concentrated H2SO4 and 5 g catalyst mixture in the digestion tube.
The mixture was allowed to cool and then processed for distillation. The distillate was collected and
titrated with H2SO4 blank (without leaf). Total nitrogen was calculated from the blank and sample titer
reading [31]. For the estimation of P content, plant P was extracted with 0.5 N NaHCO3 (pH8.5)and
treated with ascorbic acid in an acidic medium [32]. The intensity of blue color produced was measured
and the amount of P was calculated from the standard curve of P. For the estimation of potassium
content of plant biomass, 25 mL of ammonium acetate solution was added in 5 g of the biomass sample,
the content was shaken for 5 min and filtered, and the amount of K from the filtrate was measured [33].
For the estimation of Na, Mg, and Ca, 1 g of plant extract was mixed with 80 mL of 0.5 N HC1 for
5 min at 25 ◦C followed by measurement of concentrations of these elements in the filtrate [34].
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2.6. Analysis of Soil Nutrient and Soil Enzymes

The rootsoil (10 g) of experimental pots was air-dried soil, shaken with 100 mL ammonium acetate
(0.5 M) for 30 min to effectively displace the available nutrients, and adhered to soil minerals. The soil
organic carbon (SOC), nitrogen (N), phosphate (P), and potassium (K) content of soil were determined
by the dry combustion method according to the method of Sims [35] and Nelson and Sommers [36]
using a CNS analyzer (TruSpec, Leco Corp., St. Joseph, MI, USA). For this purpose, 10 mL of 1 N
K2Cr2O7 and 20 mL of concentrated H2SO4was added in 1g soil, mixed thoroughly and diluted with
200 mL of distilled water followed by the addition of 10 mL each of H3PO4 and sodium fluoride. The
resulting solution was used for the elemental analysis. Blank (without soil) served as control. Soil
Organic Carbon (SOC) of soil sample was calculated with the help of blank and sample titer reading.

The acid and alkaline phosphomonoesterase activities were assayed according to the method of
Tabatabai and Bremner [37].Moist soil (0.5 g) was placed in a 15 mL vial, and 2 mL of modified universal
buffer (MUB) (pH 6.5 for the acid phosphatase assay or pH 11 for the alkaline phosphatase assay) and
0.5 mL of p-nitrophenyl phosphate substrate solution (0.05 M) were added to the vial, sequentially.
The assay and control batches were replicated 3 times. The concentration of p-nitrophenol (p-NP)
produced in the assays of acid and alkaline phosphomonoesterase activities were calculated from a
p-NP calibration curve after subtracting the absorbance of the control at 400 nm. Protease activity was
assayed according to the method of Ladd and Butler [38]. For this, 0.5 g of soil was weighed into a
glass vial, and 2.5 mL of phosphate buffer (0.2 M, pH of 7.0) and 0.5 mL of N-benzoyl-L-arginine amide
(BAA) substrate solution (0.03 M) were added. The ammonium released was calculated by relating the
measured absorbance at 690 nm.

2.7. Statistical Analyses

All the experiments were performed in three replicates and the average of triplicate was considered.
Experimental data were analyzed with the StatView Software (SAS Institute, Cary, NC, USA, 1998)
using ANOVA. The significance of the effect of treatment was determined by the magnitude of the
p-value (p < 0.05 < 0.001).

3. Results

3.1. Analysis of Maize Biochar

Analysis of pyrolyzed maize biochar contained (g%) dry weight: 92.85, ash: 18.42, total C: 75.16,
N: 1.65, P: 5.26, and K: 31.12 with a pH of 9.89 and electrical conductivity of 3.08.

3.2. Screening for the Production of PGP Metabolites

Both the cultures under study produced a wide variety of PGP traits. B. japonicum USDA 110 and
P. putida TSAU1 produced 22 and 16 μg mL−1 of IAA, 79 and 87% siderophore, and 0.89 and 1.02 99 g
mL−1 phosphate solubilization, respectively.

3.3. Measurement of Plant Growth Parameters and Plant Nutrients

The effect of rhizobacteria and biochar levels indicated a significant improvement in the seed
germination rate and growth of the soybean plant treated with biochar and rhizobacteria over the
control plant (without biochar treatment). The addition of different levels of biochar, inoculation of
B. japonicum USDA 110, and P. putida strain TSAU 1 with biochar and without biocharshowed variable
increases in the growth parameters. Addition of 3% biochar alone enhanced the seed germination
by 15%, root length by 20% (Figure 1a), shoot length by 41% (Figure 1a), root dry weight by 22%
(Figure 1b), and shoot dry weight by 13% (Figure 1b), as compared to the control plant (without biochar).
Individual addition of B. japonicum USDA 110 and P. putida strains TSAU 1 with varying levels of
biochar (1–3%) and without biochar also promoted the growth of the plant. However, a co-inoculation
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with B. japonicum USDA 110 and P. putida strains TSAU 1 with 3% biochar resulted in significant
increasesin seed germination and plant growth attributes. Increases in seed germination by 20%, root
length by 76% (Figure 1a), shoot length by 41% (Figure 1a), root dry weight by 56% (Figure 1b), shoot
dry weight by 59% (Figure 1b), and number of nodules per plant by 57% (Figure 1c) were recorded
over the control plant treated with 3% biochar alone.

Figure 1. Cont.
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Figure 1. Effect of rhizobacteria and biochar concentrations on (a) root length [cm] and shoot length
[cm], (b) dry weight of the root [g] and dry weight of the shoot [g], and (c) number of nodules.
Plant growth parameters were measured after 30 days of growth of plant growth under greenhouse
conditions.* = values significant at p 0.01.

Analysis of nutrients in a soybean plant (before sowing and after harvesting) revealedthat
treatments with 1 and 3% biochar improved the content of total N, P, K, Mg, Na, and Ca in the plant.
The inoculation of B. japonicum USDA 110 alone (0% biochar) increased N content by 36%, P content by
8.3%, K content by 5.6%, Mg content by 4.8%, Na content by 30%, and Ca content by 2.88%. However,
the co-inoculation of B. japonicum USDA 110 and P.putida TSAU1 with 3% biochar showed a significant
improvement in N content by 62.85%, P content by 7.42, K content by 76.85%, Mg content by 5.14%, Na
content by 20%, and Ca content by 28%, as compared to the control (without biochar) (Table 1).
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3.4. Estimation of Soil Nutrient Content and Soil Enzymes

Analysis of soil nutrient content revealed that the inoculation of soybean with B. japonicum

USDA 110 alone (3% biochar) increased N content by 73%, P content by 173%, and K content by 17%,
as compared to the control of 3% biochar. B. japonicum USDA 110 alone (3% biochar) significantly
enhanced the N content by 98% and K content by 117%, as compared to the control without biochar
(Table 2).

Table 2. Effect of rhizobacteria and biochar levels on soil nutrients.

Biochar Application Treatments SOC (%) Total N (%) P (mg) K (mg)

0%

Control 21.09 ± 0.01 0.080 ± 0.01 4.29 ± 0.03 2.95 ± 0.02

TSAU1 23.06 ± 0.01 0.082 ± 0.01 4.43 ± 0.03 3.05 ± 0.02

USDA 110 27.08 ± 0.01 0.083 ± 0.01 4.60 ± 0.02 * 3.27 ± 0.03 *

USDA+TSAU1 29.04 ± 0.02 * 0.094 ± 0.8 * 4.88 ± 0.02 * 5.58 ± 0.03 *

1%

Control 25.09 ± 0.01 0.091 ± 0.01 4.22 ± 0.03 4.83 ± 0.02

USDA 110 29.06 ± 0.01 0.101 ± 0.02 * 6.14 ± 0.01 * 5.44 ± 0.01 *

USDA+TSAU1 32.07 ± 0.8 * 0.164 ± 0.03 * 16.67 ± 0.05 * 5.68 ± 0.02 *

3%

Control 25.09 ± 0.01 0.094 ± 0.01 6.02 ± 0.01 5.35 ± 0.03

USDA 110 33.05 ± 0.01 0.163 ± 0.01 * 16.47 ± 0.01 * 6.30 ± 0.01 *

USDA+TSAU1 41.08 ± 0.01 * 0.170 ± 0.01 * 18.33 ± 0.01 * 8.49 ± 0.01 *

Values are the average of three replicates. ± values are standard deviations. * = values significant at p 0.01.
Soil nutrient contents were measured after 30 days of growth of plant under greenhouse conditions.

The lowest level of these elements was evident in the soil without biochar treatment. The highest
values of SOC, N, P, and K were observed in soil amended with 3% biochar and co-inoculation
with B. japonicum USDA 110 and P. putida TSAU1 vis-à-vis the lowest value found in soil with B.

japonicum USDA 110 and P. putida TSAU1 alone or in combination but without biochar and soil with
no bioinoculants and no biochar treatments (Table 2).

Co-inoculation of soybean with of B. japonicum USDA 110 and P. Putida TSAU 1 strains enhanced
nutrient contents of soil compared to all other treatments. The combination with B. japonicum USDA
110 and P. putida TSAU 1 (3% biochar) significantly increased N content by 80%, P content by 204%, and
K content by 58% compared to the control of 3% biochar. When co-inoculated with B. japonicum USDA
110 and P. putida TSAU 1 (3% biochar)the N content rose by 11% and K content by 35% compared to
variants inoculated with B. japonicum USDA 110 alone.

The addition of biochar to soil increased the activity of soil protease and acid and alkaline
phosphomonoesterase. Substantial increases of 25.05%, 21.02%, and 23.02% in the activities of protease
and acid and alkaline phosphomonoesterase, respectively, were evident due to the co-inoculation of
B. japonicum USDA 110 and P. Putida TSAU1 (0% biochar). A combination of this treatment with 1%
biochar further improved the activities of these enzymes. However, the activities of these enzymes were
significantly improved due to the co-inoculation of B. japonicum USDA 110 and P. Putida TSAU 1 with
3% biochar. 2-fold, 1.52-fold, and 1.25-fold increases in the activities of protease and acid and alkaline
phosphomonoesterase, respectively, were evident due to co-inoculation with two bioinoculants and
3% biochar (Table 3).
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4. Discussion

4.1. Screening for the Production of PGP Metabolites

PGPR is known to produce a wide variety of plant-beneficial metabolites that help in plant nutrition
and the overall vigor of the plant [39–42]. Production of IAA, siderophore, and P solubilization have
been reported in various species of Bradyrhizobium, including B. japonicum [42–45] and P. putida [46,47].
Sayyed et al. [48] reported the production of siderophores from P. fluorescence NCIM5096 isolated
from the groundnut field rhizosphere. Shaikh et al. [49] reported the production of siderophore from
P. aeruginosa isolated from the banana field rhizosphere. Pandya et al. [50] reported the production
of siderophore and phytohormones, such as IAA and gibberellins in Pseudomonas sp. Rhizobium sp.,
and Azotobacter sp. isolated from the sugarcane field rhizosphere. Theyobserved higher yields of
phytohormones in Pseudomonas sp., as compared to the other isolates. Wani et al. [40] reported the
production of siderophore in soil bacterium P. aeruginosa RZS9. They claimed a further increase in
siderophore yield following the optimization of the process by a statistical approach. Jabborova et
al. [14] reported the production of siderophore, IAA, and enzymes, such as protease, cellulose, lipase,
P solubilization, and antifungal activity in nine endophytic PGPR strains. Sayyed et al. [51] reported
the production of copious amounts of siderophore in P. fluorescence NCIM 5096 and P. putida NCIM2847.

4.2. Measurement of Plant Growth Parameters and Plant Nutrients

An increase in seed germination is due to the phytohormone production, while plant growth
promotion during the symbiotic association is due to the nitrogen and other nutrients supplied by the
bacterial symbiont. Sayyed et al. [48] reported plant growth-promoting effects of siderophore producing
P. fluorescence NCIM5096 in wheat and groundnut. Wani et al. [40] reported the plant growth-promoting
effects and antifungal-activities production of siderophore producing P. aeruginosa. Pandya et al. [50]
reported that the inoculation of siderophore and phytohormone producing Pseudomonas sp., Rhizobium

sp., and Azotobacter sp. promoted growth in wheat. Jabborova et al. [14] found that inoculation
of siderophore, IAA, and enzymes producing P-solubilizing endophytic PGPR strains promoted
the growth of medicinal plants. Sayyed et al. [13] observed growth promotion in wheat due to the
inoculation of siderophore-producing P. fluorescence NCIM 5096 and P.putida NCIM2847.

Masciarelli et al. [45] reported a significant increase in the number of root nodules in soybean due to
inoculation with B. japonicum. Egamberdieva et al. [23] reported the synergistic effect of co-inoculation
of B. japonicum and P. putida to be more effective in increasing nodulation in soybean.Several researchers
reported that biochar increased plant growth, nodule number, and yield in different crops [3,5,47].
Pandit et al. [7] claimed that the application of 3% biochar promoted the growth of maize. Uzoma
et al. [52] recorded a significant increase in the productivity of biocharrized maize, as compared to
a control under sandy soil conditions. Increased growth, more nodulation, and improved yield of
soybean after the application of biochar were also reported by Iijima et al. [53].

The addition of organically rich biochar and inoculation with PGPR plays a vital role in increasing
the soil microbial activity that provides more nutrition to the plant [54]. Egamberdieva et al. [55]
reported significant (p < 0.05) increases in N, P, K, and Mg contents in chickpea plants treated with
Mesorhizobium ciceri and biochar. It has been reported that the biochar amendment improves the
water-holding capacity of soil [56], which increases the availability of minerals and nutrients [55]. Shen
et al. [57] reported the positive effect of biochar amendment on the plant uptake of plant nutrients.
Prendergast et al. [58] claimed that the addition of biochar can induce changes in nutrient availability
and may provide additional N, P, K, Mg, Na, Ca. Shen et al. [57] observed an increase in P uptake in
plants due to the application of biochar. Egamberdieva et al. [55] observed a significant increase in
K content in chickpea roots and shoots treated with M. ciceri and biochar. Wang et al. [59] observed
similar results and claimed an increasing level of K and Mg uptake in soybean due to the addition of
bamboo biochar. Ma et al. [60] reported a positive effect of co-inoculation of B. japonicum and biochar
on N and other nutrient contents in soybean root and shoot biomass. An increase in N content may be
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due to the positive impact of biochar on the nodule number that contributes more N to the shoot and
root biomass.

4.3. Estimation of Soil Nutrients and Soil Enzymes

Since biochar is an organically rich amendment, its addition is expected to increase the level of soil
nutrients. Egamberdievaet al. [55] reported a two-fold rise in SOC, N, P, K, and Mg concentrations in
soil amended with biochar, and a three-fold increase in these nutrients in the soil treated with biochar
and inoculation with M. ciceri. Similar results were reported by Wang et al. [61]. An increase in the
soil’s organic carbon and other nutrients can also be correlated with increased mineralization due
to increased enzyme activity. A linear relationship between soil nutrients and the activities of soil
enzymes involved in mineralization has been proposed by Ouyang et al. [62]. Fall et al. [63] reported
significant (p < 0.05) increases in SOC, available N, soluble P, and total nitrogen upon the application
of biochar at a higher rate (12 t ha−1). They also recorded an increase in rice rhizospheric carboxylate
secretions. Głodowska et al. [6] suggested a combination of biochar and B. japonicum strain 532 C,
which significantly increased the number of nodules and the growth of soybean. The combination
with biochar and B. japonicum resulted in enhanced nodulation, nodule biomass, and shoot biomass of
soybean [63]. Numerous studies have shown that biocharapplication increases the nutrient contents of
plants and soil and improves soil fertility [7,62–64]. Egamberdieva et al. [55] found that inoculation of
B. japonicum USDA 110 halophilic P. putida TSAU1 promoted growth, protein content, nitrogen, and
phosphorus uptake and improved the root-system architecture of soybean. Their results indicated
that the synergistic effect of co-inoculation of these two strains significantly improved plant growth,
nitrogen, phosphorus contents, and contents of soluble leaf proteins as compared with the inoculation
with B. japonicum USDA 110 alone or the control.

Masciarelli et al. [45] found that co-inoculation of soybean plants with B. Amyloliquefaciens

subsp. Plantarum and B. japonicum showed significant improvement in plant growth parameters and
nodulation. They found that inoculation of B. amyloliquefaciens subsp. Plantarum with B. japonicum

enhanced the ability of B.japonicum to colonize host plant roots and increase the number of nodules.
Phosphomonoesterase (E.C. 3.1.3.2) in the soil is either of plant-root or microbial origin. It plays a major
role in P solubilization in soils and in making P available to plants [40]. Acid phosphomonoesterase is
dominant in acidic soil, while alkaline phosphomonoesterase occurs in the alkaline soil. The presence
of these enzymes and their level in the soil is directly related to the extent of P solubilization and, hence,
the amount of soluble P in the soil. Non-nitrogen fixers, such as Pseudomonas sp. assimilate nitrogen
through the decomposition of protein–nitrogen to low molecular nitrogenous compounds and increase
the soil nitrogen and, thus, soil fertility. Extracellular proteases enter the soil via microbial production.

Co-inoculation of B. japonicum and P.putida along with the application of biochar has been reported
to enhance the activities of a wide variety of enzymes in soil [60]. The increase in activities of soil
enzyme may be due to increased microbial activity as a result of the addition of consortium of organisms
and the addition of biochar that contains good amounts of carbon, nitrogen, and minerals to support
cell proliferation and, therefore, enzyme activities [60]. Egamberdieva et al. [55] demonstrated a 2-fold
increase in protease and a 40% increase in acid phosphomonoesterase activity due to the addition of
biochar. The positive effect on the activities of the soil enzymes can be attributed to the stimulating
effect of biochar on microbial activity [63]. The enhancement in the soil enzyme activities due to
rhizobial inoculation was also observed by Fall et al. [63]. Ouyang et al. [62] reported that the addition
of biochar increases the activities of soil enzymes and attributed this increased enzyme activity to the
availability of nutrients and increased microbial activities brought by the addition of biochar to the soil.
Egamberdieva et al. [55] and Ma et al. [60] also reported the positive effect of increasing the level of
biochar on protease activity. Oladele [64] reported a significant (p < 0.05) increase in soil enzymes,
such as invertase, alkaline phosphatase, urease, and catalase as a result of the higher application of
biochar. It has been reported that with the amendment of more biochar, more soil proteins adhere to
the surfaces of biochar pores, make the protein (substrate) unavailable in the soil, and cause a decrease
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in protease activity [22]. However, we report increased protease activity with an increase in the biochar
amendment to the soil.

5. Conclusions

The application of biochar positively affects the growth and nodulation of soybean by increasing
nutrient contents, such as N, P, and K in soil. Inoculation with B. japonicum USDA 110 alone increased
the number of nodules, the length and dry weight of roots, and the length of shoots of soybean, as
compared to the control. B. japonicum enhanced the total N content, P content, and K content of the
soil, as compared to controls with biochar and without biochar, respectively. Co-inoculation with B.

japonicum USDA 110 and P. putida TSAU 1 significantly increased the growth of soybean, nutrient
contents in soybeanand soil, and activities of soil protease and acid and alkaline monophosphoeserase,
as compared to the control. However, the combined application of B. japonicum USDA 110 and P. putida

TSAU 1 and biochar (3%) showed pronounced positive effects on growth and vigor of soybean, nutrient
levels in plant biomass and soil, and activities of soil enzymes. Thus, the co-inoculation with rhizobia
and application of biochar offers the best eco-friendly and chemical-freestrategy for the sustainable
increase in the yield and replenishment of nutrients in soybean and soil and increase in soil biochemical
properties. In general, consortia of PGPR and biochar application improves plant growth, contents of
plant and soil nutrients, and soil enzyme activities, which influence soil nutrient retention, nutrient
availability, and improve crop growth.The present study demonstrates that application of B.japonicum

alone has the capacity to improve soybean growth, nutrient contents, and improve soil biochemical
properties, however, the co-inoculation of this symbiont along with P.putida has a more positive effect
on plant growth and soil biochemicals, and co-inoculation of these rhizobia in combination with
biochar possesses the capacity to significantly improve the growth and nutrient contents in soybean
as well as nutrients and enzyme activities in soil. However, to claim the bio-efficacy potential of the
co-inoculation of rhizobacteria and application of biochar needs multiple field studies over the season
and in different agro-climatic zones.
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Abstract: Arid and semi-arid regions are characterized by high temperature and low rainfall,
leading to degraded agricultural soils of alkaline calcareous nature with low organic matter contents.
Less availability of indigenous nutrients and efficacy of applied fertilizers are the major issues of
crop production in these soils. Biochar application, in combination with plant growth promoting
rhizobacteria with the ability to solubilize nutrients, can be an effective strategy for improving soil
health and nutrient availability to crops under these conditions. Experiments were planned to
evaluate the impact of biochar obtained from different sources in combination with acid-producing,
nutrient-solubilizing Bacillus sp. ZM20 on soil biological properties and growth of maize (Zea mays L.)
crops under natural conditions. Various biochar treatments, viz. wheat (Triticum aestivum L.) straw
biochar, Egyptian acacia (Vachellia nilotica L.) biochar, and farm-yard manure biochar with and
without Bacillus sp. ZM20, were used along with control. Soil used for pot and field trials was sandy
loam in texture with poor water holding capacity and deficient in nutrients. Results of the pot trial
showed that fresh and dry biomass, 1000 grain weight, and grain yield was significantly improved
by application of biochar of different sources with and without Bacillus sp. ZM20. Application of
biochar along with Bacillus sp. ZM20 also improved soil biological properties, i.e., soil organic matter,
microbial biomass carbon, ammonium, and nitrate nitrogen. It was also observed that a combined
application of biochar with Bacillus sp. ZM20 was more effective than a separate application of
biochar. The results of wheat straw biochar along with Bacillus sp. ZM20 were better as compared to
farm-yard manure biochar and Egyptian acacia biochar. Maximum increase (25.77%) in grain yield
was observed in the treatment where wheat straw biochar (0.2%) was applied in combination with
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Bacillus sp. ZM20. In conclusion, combined application of wheat straw biochar (0.2%) inoculated
with Bacillus sp. ZM20 was the most effective treatment in improving the biological soil properties,
plant growth, yield, and quality of maize crop as compared to all other treatments.

Keywords: aridity; Bacillus sp.; biochar; nutrient availability; organic matter; soil health

1. Introduction

The current world population is about 7.6 billion, which is increasing at an exponential rate and
will be about 9.8 billion in 2050 and is further expected to rise to 11.2 billion in 2100, as reported by
the United Nations [1]. About half of the added population will be concentrated in less developed
countries. Due to this reason, there will be a marked decrease in agricultural lands, as most of the
productive lands will be used for constructing new housing societies and infrastructure [2]. To feed
the world population, utilization of less productive soils, and bringing such soils into the agricultural
system by fighting desertification, salinization, and soil pollution is the major challenge for the scientific
community [3]. Moreover, increasing per-hectare yield of the major crops along with exploring the
unutilized arable lands can be helpful to meet the challenge of food requirements.

Maize, being the staple food of most of the world population, is an important cereal crop [4].
Its total production is even more than rice and wheat crops [5]. Maize has gained its popularity to meet
the world food requirements due to higher yield per unit area as compared to other staple crops [6].
Although the per-acre yield of maize is adequate, it is an exhaustive crop that needs more nutrients
and that is why it depletes more nutrients from the soil [7]. It has high demand for phosphatic-
and zinc-containing fertilizers as compared to other major crops; therefore, nutrient deficiency is
experienced more in the maize crop [8].

Biochar can be effective to rehabilitate degraded lands by improving the soil physical properties,
nutrient-holding capacity, and soil carbon contents, leading to improvement in soil productivity [9].
It is a carbon-rich compound that is produced through a process known as pyrolysis and has
beneficial implications as a potential soil amendment [10]. Use of biochar has gained popularity
as a carbon negative material which resists environmental change as it draws carbon from the
atmosphere into the soil and persists for hundreds to thousands of years [11]. Recent interest has been
developed to use biochar as a soil amendment for improving soil quality through mitigation of soil
salinization, soil acidity, and metal contamination, along with improvement in soil productivity [12–15].
Biochar application to soil positively affects the properties of soil, including soil structure, water retention
capacity, fertility, and carbon sequestration of degraded soil [16,17]. It also improves soil microbial
activity due to presence of micropores in biochar which allow the sorption of dissolved organic
matter, thus, helping speed up the soil rehabilitation process [18]. However, the success highly
depends upon the types and rates of biochar application, the nature of feedstock, and soil and climate
variations. In this regard, utilizing biochar with other soil amendments such as plant growth-promoting
rhizobacteria (PGPR) has proved to be a better approach to conserving the environment, resulting in
increased efficacy and cost-effectiveness [3,9].

The use of microorganisms with the aim of improving nutrient availability for plants is
an important practice and is considered necessary for agriculture these days [19]. The PGPR
are the bacteria that inhabit either the rhizosphere, the soil in the immediate vicinity of plant
roots, or inside the plant tissues, helping the plants with better growth through some direct
and indirect mechanisms [20,21]. There are certain PGPR species which can solubilize insoluble
mineral compounds in soil through the production of organic acids along with some other
growth-promoting mechanisms [22,23]. Among these, phosphate solubilizing rhizobacteria [24],
zinc solubilizing rhizobacteria [25], and potassium solubilizing rhizobacteria [26] are well documented.
These nutrient-solubilizing bacterial species also have multiple plant growth-promoting traits such as
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siderophores production, chitin decomposition, hydrogen cyanide production, ammonia production,
etc. [24]. They effectively colonize plant roots, thus helping the improvement of plant growth and
nutrient acquisition [27,28]. These bacteria can also induce tolerance against different biotic and abiotic
stresses in plants through several indirect mechanisms [27,29]. Moreover, bacterial inoculation improves
soil health by fixing atmospheric nitrogen [30,31], production of plant hormones, siderophores and
exopolysaccharides [32], and phytoremediation of heavy metals and other organic pollutants [33,34].

The integrated use of biochar and PGPR can reduce the use of chemical fertilizers for crop
production in addition to improving soil health through increased soil organic matter contents,
enhanced soil aggregation, better microbial activity, and increased soil fertility [35,36]. The improvement
in soil health and maize growth has also been reported by the combined use of biochar and PGPR under
water-stressed conditions [37]. Work on the use of biochar for increasing soil fertility and remediating
the polluted soil has been carried out, but the use of biochar as soil amendment for improving the
soil health, growth, and yield of maize in the degraded soils of arid and semi-arid regions has been
least explored. It has been hypothesized that the use of biochar and PGPR can help improve barren
desert soils to productive farmlands, and release the pressure off the ever-decreasing cultivated areas.
Keeping with this view, current study was conducted to investigate the potential of biochar obtained
from different sources along with acid-producing, nutrient-solubilizing Bacillus sp. for improving soil
biological properties, growth, and yield of maize crop in desert regions.

2. Materials and Methods

2.1. Biochar Preparation and Characterization

Biochar was prepared from Egyptian acacia (Vachellia nilotica L.) stem, wheat straw, and dairy
manure pyrolyzed at 450 ◦C following the method of Naeem et al. [38]. The dried branches of
Egyptian acacia were chopped in small pieces of 2–3 inches and further dried at 105 ◦C for one hour.
The oven-dried biomass was pyrolyzed at 450 ◦C. Finally, the prepared biochar was crushed into
smaller particles for even distribution in soil. Before charring, the dairy manure was air-dried and
sieved (≤2 mm), then pyrolyzed in a muffle furnace at 450 ◦C. Similarly, the air-dried, chopped wheat
straw was also pyrolyzed at 450 ◦C. The weight of biomass used for each type of biochar was recorded
prior and after pyrolysis. After cooling, the biochar was passed through a 250-μm sieve and stored in a
refrigerator (at 4 ◦C) before use.

The biochar produced from different sources was analyzed for chemical characteristics (Table 1).
Prepared biochar was analyzed for its turnover rate made from the pyrolysis of feedstock. The biochar
production rate was calculated by using the total weight of raw material used to prepare that biochar.
Biochar yield was estimated by following the method of Al-Wabel et al. [39]. The pH and electrical
conductivity (EC) of the biochar was measured using a 1:20 solid/solution ratio after shaking for ninety
minutes in deionized water in a mechanical shaker. The carbon contents of biochar were assessed
using the loss-on-ignition approach [40,41]. Total nitrogen (N) contents were measured using Kjeldahl
distillation equipment [42].

Table 1. Rate and physicochemical properties of biochar; values are the mean of three replications ± SE.

Parameters Egyptian Acacia Biochar Farmyard Manure Biochar Wheat Straw Biochar

Turnover rate (%) 28.45 ± 1.27 23.31 ± 0.94 38.76 ± 1.78
pH 9.3 ± 0.25 8.67 ± 0.12 8.43 ± 0.21

EC (dS cm−1) 1.85 ± 0.03 2.1 ± 0.02 1.9 ± 0.03
Bulk density (g cm−3) 0.36 ± 0.01 0.43 ± 0.01 0.46 ± 0.03

Nitrogen (%) 0.31 ± 0.02 0.28 ± 0.01 0.47 ± 0.02
Carbon (%) 68.45 ± 3.24 44.21 ± 2.16 52.67 ± 1.89
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2.2. Collection of Rhizobacterial Strains

Pre-selected and characterized rhizobacterial strain Bacillus sp. ZM20, accession number KX086260,
with strong ability to produce organic acids [23] under zinc deficient conditions was collected from the
Soil Microbiology and Biotechnology Laboratory, Department of Soil Science, the Islamia University
of Bahawalpur.

2.3. Soil Sampling and Analysis

A bulk soil sample (0–15 cm) was taken from the experimental field and the soil that was used for
pot trial. The soil samples were air-dried and sieved through 2-mm sieve followed by analysis for basic
soil characteristics (Table 2) as per standard protocols. The pH, EC, and organic matter were measured
according to the method of Nelson and Sommers [43]. The available N was analyzed by the Kjeldhal
method [42], while for available phosphorus (P), Olsen’s method [44] was used. The extractable
potassium (K) was measured using a flame photometer (Model; Model BWB-XP, BWB Technologies,
UK). The saturation percentage referring to the field capacity of soil was estimated by oven-drying
the soil sample at 105 ◦C to a constant weight, followed by calculations according to the method as
described by Sarfraz et al. [45]. All the chemicals were of analytical grade (Sigma-Aldrich, Unichem,
Merck) supplied by Wahid Scientific Store, Lahore, Pakistan.

Table 2. Characteristics of the soils; values are the mean of three replications ± SE.

Parameter Pot Trial Field Trial

ECe (dS m−1) 1.6 ± 0.01 1.8 ± 0.01
pH 8.1 ± 0.04 7.9 ± 0.02

Organic matter (%) 0.39 ± 0.02 0.47 ± 0.02
Available N (%) 0.024 ± 0.001 0.059 ± 0.003

Available P (mg kg−1) 3.7 ± 0.01 4.5 ± 0.03
Extractable K (mg kg−1) 53 ± 1.68 77 ± 3.21

Saturation percentage (%) 33 ± 0.76 36 ± 0.71
Water-holding capacity (Inches ft−1) 1.27 ± 0.05 1.29 ± 0.03

Textural class Sandy loam Sandy loam

2.4. Pot Trial

A pot trial was conducted in the wire house to evaluate the impact of biochar obtained from
different sources in combination with acid-producing, nutrient-solubilizing Bacillus sp. ZM20 on
soil biological properties, and the growth and yield of maize crops (Pioneer-30Y80) under natural
environmental conditions in the February–March sowing season. The experiment was conducted in
a wire house with natural growth conditions, protecting the experimental units from animals and
birds with wire only. Various biochar treatments viz. Egyptian acacia biochar (0.1%), Egyptian acacia
biochar (0.2%), farmyard manure (FYM) biochar (0.1%), FYM biochar (0.2%), wheat straw biochar
(0.1%), and wheat straw biochar (0.2%) with and without Bacillus sp. ZM20 were used along with
controls. Soil (8 kg per pot−1) used to fill the pots (height 12”, diameter 12”) was sandy loam in texture
with poor water-holding capacity (1.27 inches ft−1) and deficient in nutrients (Table 2), as analyzed
by following the standard protocols as defined by Ryan et al. [46]. The pots were arranged in the
wire house following a completely randomized design (CRD) in factorial arrangement with three
replications. Maize seeds were inoculated with a slurry of Bacillus sp. ZM20 prepared by mixing the
inoculum, sugar solution, and peat in the ratio (04:01:05). The inoculated seeds were used to sow in
one set of treatments while in the other set un-inoculated maize seeds were sown. The recommended
doses of P and K at the rate of 90 kg ha−1 and 60 kg ha−1 while half of the recommended dose of N
(120 kg ha−1) were applied as basal doses in the form of diammonium phosphate, sulfate of potash,
and urea. The remaining dose of N was applied in two splits. Good quality tap water meeting the
irrigation quality criteria [47] was used to irrigate pots, and all other agronomic practices were carried
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out according to requirements. Growth and yield parameters were recorded at the time of harvesting
and grain samples were collected to analyze for N, P, and K.

2.5. Field Trial

A field trial was conducted in the February–March (Spring 2019) sowing season to verify the results
of the pot trial and further recommendation to farming community. The same treatment plan was
followed as observed in the pot trial. The field trial was conducted in the field area of the Department
of Soil Science, The Islamia University of Bahawalpur, Pakistan. The soil of the experimental field
was sandy loam in texture with poor water-holding capacity and deficient in nutrients (Table 2).
The randomized complete block design was used for the field trial with a factorial arrangement and
three replications. The size of the plots was 22′ × 16′ with a row-to-row distance of 2.5′. Maize seeds
were inoculated before sowing by following the same procedure as described above in the pot trial.
The recommended doses of P and K at the rate of 90 and 60 kg ha−1 while half of the recommended
dose of N (120 kg ha−1) were applied as basal doses in the form of diammonium phosphate, sulfate of
potash, and urea. The remaining dose of N was applied in two splits. Canal water was used for
irrigation purposes and all other agronomic practices were carried out according to requirements.
Growth and yield parameters were recorded at the time of harvesting and grain samples were collected
to analyze for N, P, and K.

2.6. Nutrient Analyses in Grains

Grains were digested according to the protocol as described by Wolf [48]. The P in grain samples
was analyzed using a UV-visible spectrophotometer (Agilent Carry 60, USA), while K in grains was
determined on a flame photometer (Model; Model BWB-XP, BWB Technologies, Newbury, UK) by
following the standard methods [46]. For the analysis of N in grains, an automatic digestion unit
(DK 6), semi-automatic distillation unit (UDK 126) of Kjeldahl apparatus (VELP Sci., Italy) was used,
followed by standard titration as described in the Kjeldahl method [49]. All the chemicals were of
analytical grade (Sigma-Aldrich, Unichem, Merck) supplied by Wahid Scientific Store, Lahore, Pakistan.

2.7. Post-Harvest Soil Sample Collection and Analysis

The post-harvest soils samples were collected from the pot (harvested in July) and field trials
(harvested in July), and analyzed for organic matter, microbial biomass carbon (MBC), ammonium
N, and nitrate N under pot and field conditions. The composite soil sampling method was used,
and the samples were air-dried and sieved through a 2-mm sieve before analysis. The prepared soil
samples were stored in a refrigerator at 4 ◦C and analyzed within seven days. The organic matter
contents were measured according to the method of Nelson and Sommers [43]. For the analysis of
microbial biomass carbon (MBC), chloroform fumigation and extraction methods were used [50,51].
For the analyses of ammoniacal N and nitrate N in soil, the methods of Kamphake et al. [52] and Sims
and Jackson [53], respectively, were used. All the chemicals were of analytical grade (Sigma-Aldrich,
Unichem, Merck) supplied by Wahid Scientific Store, Lahore, Pakistan. Replicated measurements were
always performed to ensure the accuracy of the data.

2.8. Statistical Analysis

All data reported here are means of three replicates which were analyzed using one-way analysis
of variance (ANOVA) in Statistix 8.1. The mean values were compared through a least significant
difference (LSD) test as described by Steel et al. [54].

163



Agronomy 2020, 10, 1055

3. Results

3.1. Pot Trial

Integrated use of biochar and Bacillus sp. ZM20 improved soil properties in the pot trial. Results
(Figure 1A) showed that FYM (Farm yard manure) biochar treatments increased the organic matter in
the pot trial. The application of biochar without inoculation increased the soil organic matter contents,
but the results of Egyptian acacia biochar at both levels were non-significant when compared with
the control under un-inoculated and inoculated sets of treatments. Under inoculated treatments,
the maximum organic matter (0.449%) was observed in the treatment where wheat straw biochar (0.2%)
was applied in combination with Bacillus sp. ZM20; this treatment was, however, non-significant
with FYM biochar application (0.2%), and wheat straw biochar application (0.1%) under inoculated
treatments. Combined inoculation of biochar and Bacillus sp. ZM20 showed better results than separate
application of biochar in all treatments.

The application of biochar from different sources significantly improved the MBC in the soil
(Figure 1B). Maximum improvement in MBC under an un-inoculated set of treatments was observed
by the application of wheat straw biochar (0.2%), which was statistically at par with the application of
wheat straw biochar (0.1%) and FYM biochar (0.2%). These treatments, however, were significantly
better than all other treatments under un-inoculated conditions. The application of biochar from all
sources in the presence of Bacillus sp. ZM20 was significantly better than separate use, except for
Egyptian acacia biochar (0.1%), where the increase was non-significant with that of the respective
un-inoculated treatment. Maximum MBC (342 mg kg−1) was observed in the treatment where wheat
straw biochar was applied (0.2%), and it was statistically similar with that of the wheat straw biochar
(0.1%) treatment.

The sole and combined application of biochar and inoculated with Bacillus sp. ZM20 to improve
the ammonium N and nitrate N in the pot trial was observed (Figure 1C,D). The application of biochar
separately, and in combination with Bacillus sp. ZM20, significantly enhanced the ammonium N and
nitrate N, except for Egyptian acacia biochar treatments, which gave non-significant improvement
in both cases as compared to the control. A maximum increase in ammonium N and nitrate N was
recorded due to the combined application of wheat straw biochar (0.2%) and Bacillus sp. ZM20 as
compared to the inoculated control. Overall, inoculated treatments showed better results regarding
ammonium N and nitrate N than un-inoculated treatments.

The results of the impact of the integrated use of biochar and Bacillus sp. ZM20 on plant
height (Figure 2A) revealed that the separate as well as combined use of biochar with Bacillus sp.
ZM20 significantly improved plant height in the pot trial, except for Egyptian acacia biochar, at both
levels, which was statistically non-significant compared to the control. In the inoculated treatment,
the combined use of wheat straw biochar (0.2%) and Bacillus sp. ZM20 was carried out and showed
the maximum plant height. In the case of root length, the results of separate applications of wheat
straw biochar at both levels and FYM biochar (0.2%) were significantly better than those of the control;
however, other treatments gave non-significant improvement in root length when compared with the
control. The combined use of biochar and Bacillus sp. ZM20 was better than the separate use of biochar
in improving the root length, but the results were non-significant with un-inoculated treatments in all
cases. Maximum improvement in root length as compared to control was observed with the combined
use of wheat straw biochar (0.2%) and Bacillus sp. ZM20; however, it was statistically non-significant
with the treatments of wheat straw biochar (0.1%) and FYM biochar (0.2%) in combination with
Bacillus sp. ZM20 (Figure 2B). Application of biochar significantly improved the shoot fresh and
dry biomass separately and in combination with Bacillus sp. ZM20 as compared to respective
controls. Maximum improvement in shoot fresh biomass and shoot dry biomass were observed
with the application of wheat straw biochar in combination with Bacillus sp. ZM20 (Figure 2C,D).
The improvement due to the inoculation of Bacillus sp. ZM20 in both the parameters over the respective
un-inoculated treatment was non-significant in all the cases.
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Results of the effects of separate as well as combined applications of biochar inoculated with
Bacillus sp. ZM20 significantly improved the root fresh biomass in the pot trial (Table 3). A maximum
increase (29.63%) in root fresh biomass was observed due to the combined use of wheat straw biochar
(0.2%) with Bacillus sp. ZM20. The results of the separate use of biochar (all treatments) without
inoculum were, however, non-significant with the control in most of the cases, except wheat straw
biochar (0.2%), which gave significantly better results than the control. The results of the improvement
in root dry biomass were non-significant with the control due to the biochar application with and
without in most of the cases, except for FYM biochar (0.2%) and wheat straw biochar (0.2%) in both sets
of treatments, i.e., inoculated and un-inoculated. A maximum increase (23.36%) in root dry biomass
was observed due to the combined use of wheat straw biochar (0.2%) with Bacillus sp. ZM20 (Table 3).

Table 3. Effects of biochar with and without Bacillus sp. ZM20 on root fresh biomass, root dry biomass,
100 grain weight, and grain yield of maize in pot trial.

Treatment
Un-Inoculated Inoculated Un-Inoculated Inoculated

Root Fresh Biomass (g pot−1) Root Dry Biomass (g pot−1)

Control 28.00 f 36.00 c–e 14.33 d 15.67 c,d

Egyptian acacia biochar (0.1%) 29.33 f 38.33 b–d 15.33 c,d 17.33 a–d

Egyptian acacia biochar (0.2%) 31.67 e,f 42.00 a,b 16.33 a–d 17.67 a–c

FYM biochar (0.1%) 30.67 e,f 41.33 a–c 16.00 b–d 17.67 a–c

FYM biochar (0.2%) 33.00 d–f 43.67 a,b 17.67 a–c 19.00 a,b

Wheat straw biochar (0.1%) 31.00 e,f 43.00 a,b 17.33 a–d 18.33 a–c

Wheat straw biochar (0.2%) 35.67 d,e 46.67 a 18.00 a–c 19.33 a

LSD (p ≤ 0.05) 5.5636 3.1110

p value
PGPR 0.0000 0.0192

Biochar 0.0020 0.0314
PGPR + Biochar 0.9586 0.9996

100 Grain Weight (g) Grain Yield (g pot−1)

Control 18.67 c 19.67 b,c 103.3 f 106.3 e,f

Egyptian acacia biochar (0.1%) 20.33 b,c 21.33 a–c 114.3 d,e 116.0 d

Egyptian acacia biochar (0.2%) 21.00 a–c 21.67 a–c 116.3 d 121.0 b–d

FYM biochar (0.1%) 21.00 a–c 21.67 a–c 116.0 d 121.7 b–d

FYM biochar (0.2%) 21.67 a–c 23.67 a,b 122.0 b–d 127.0 a–c

Wheat straw biochar (0.1%) 21.33 a–c 23.00 a,b 120.0 c,d 126.0 a–c

Wheat straw biochar (0.2%) 22.33 a–c 24.67 a 129.0 a,b 133.7 a

LSD (p ≤ 0.05) 4.3030 8.9777

p value
PGPR 0.1039 0.0134

Biochar 0.1421 0.0000
PGPR + Biochar 0.9956 0.9755

Values sharing same letter(s) within a parameter are statistically non-significant with each other at 5% level of
probability; values are the mean of three replications ± SE. Lower case words show difference in treatment means.

Results regarding the effects of separate and combined applications of biochar with Bacillus sp.
ZM20 on 100-grain weight are presented in (Table 3). In most of the cases, regarding the use of all
types of biochar, individually as well as in combination with Bacillus sp. ZM20, the results were
nonsignificant with the control, except for the wheat straw biochar (0.2%) application in combination
with Bacillus sp. ZM20. Statistical analyses showed that all treatments of the separate and combined
uses of biochar showed significantly better results than the control in improving the grain yield of
maize in the pot trial. A maximum increase (25.77%) in grain yield was observed in the treatment where
wheat straw biochar (0.2%) was applied in combination with Bacillus sp. ZM20 (Table 3). Data (Table 4)
showed that the use of all types of biochar, individually as well as in combination with Bacillus sp.
ZM20, gave non-significant results in improving the stover yield in all the cases when compared to
the control.
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Table 4. Effects of biochar with and without Bacillus sp. ZM20 on stover yield, and nitrogen, phosphorus
and potassium concentration in grains of maize in pot trial.

Treatment
Un-Inoculated Inoculated Un-Inoculated Inoculated

Stover Yield (g pot−1) Nitrogen Conc. in Grains (%)

Control 20.33 c 23.00 a–c 2.17 g 2.19 f,g

Egyptian acacia biochar (0.1%) 22.00 b,c 24.33 a–c 2.21 f,g 2.21 e–g

Egyptian acacia biochar (0.2%) 23.00 a–c 26.33 a,b 2.24 c–g 2.25 c–f

FYM biochar (0.1%) 26.00 a–c 25.67 a–c 2.22 d–g 2.25 c–f

FYM biochar (0.2%) 25.00 a–c 27.00 a,b 2.28 a–e 2.30 a–c

Wheat straw biochar (0.1%) 24.33 a–c 26.33 a,b 2.28 b–e 2.29 a–d

Wheat straw biochar (0.2%) 25.67 a–c 28.00 a 2.32 a,b 2.35 a

LSD (p ≤ 0.05) 5.9763 0.0705

p value
PGPR 0.0737 0.1857

Biochar 0.2071 0.0000
PGPR + Biochar 0.9862 0.9971

Phosphorus Conc. in Grains (%) Potassium Conc. in Grains (%)

Control 0.373 e 0.390 c–e 2.57 h 2.60 g,h

Egyptian acacia biochar (0.1%) 0.380 d,e 0.403 b–d 2.61 g,h 2.63 f,g

Egyptian acacia biochar (0.2%) 0.390 c–e 0.410 a–c 2.64 e–g 2.69 c–e

FYM biochar (0.1%) 0.387 c–e 0.407 a–c 2.62 g,h 2.67 d–f

FYM biochar (0.2%) 0.397 b–e 0.417 a,b 2.70 b–d 2.74 a,b

Wheat straw biochar (0.1%) 0.400 b–d 0.410 a–c 2.67 d–f 2.72 b,c

Wheat straw biochar (0.2%) 0.407 a–c 0.430 a 2.74 a,b 2.77 a

LSD (p ≤ 0.05) 0.0250 0.0499

p value
PGPR 0.0000 0.0003

Biochar 0.0000 0.0000
PGPR + Biochar 0.0000 0.9546

Values sharing same letter(s) within a parameter are statistically non-significant with each other at 5% level of
probability; values are the mean of three replications ± SE. Lower case words show difference in treatment means.

Results (Table 4) showed that N concentration in grains of maize was significantly improved
due to the separate as well as combined application of all types of biochar and Bacillus sp. ZM20.
The results of Egyptian acacia biochar (both levels) and FYM biochar (0.1%) gave non-significant
results in both sets of treatments. A maximum increase (7.30%) in N concentration in maize grains was
observed due to the combined use of wheat straw biochar (0.2%) with Bacillus sp. ZM20. The results of
the impact of biochar (all treatments), with and without inoculum, on P concentration in maize grains
were non-significant with the control in most of the cases, except for the wheat straw biochar (at both
levels) application in un-inoculated set of treatments, and the FYM biochar (0.1%) and wheat straw
biochar (0.2%) application in combination with Bacillus sp. ZM20. Similar results were observed in
case of K concentration in maize grains, where the maximum improvement (6.5%) over control was
observed due to combined use of wheat straw biochar (0.2%) and Bacillus sp. ZM20 (Table 4).

3.2. Field Trial

Results (Figure 3) showed that all treatments significantly increased the organic matter and
MBC under field conditions, except the application of Egyptian acacia biochar (0.1%), which gave
non-significant improvement in organic matter when compared with the control under the un-inoculated
treatment (Figure 3A). Under inoculated treatments, maximum improvement (5.78%) in organic matter
contents over the control was observed in treatment where wheat straw biochar (0.2%) was applied
in combination with Bacillus sp. ZM20; this treatment was, however, non-significant with the use of
wheat straw biochar (0.1%) under inoculated treatments. The combined inoculation of biochar and
Bacillus sp. ZM20 showed better results than the separate application of biochar in all treatments.
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The application of biochar from different sources also significantly improved the MBC under
field conditions in a semi-arid climate (Figure 3B). A maximum improvement (23.39%) in MBC
under an un-inoculated set of treatments was observed by the application of wheat straw biochar
(0.2%), which was statistically at par with application of FYM biochar (0.2%). These treatments,
however, were significantly better than all other treatments under un-inoculated conditions.
The application of biochar from all sources in the presence of Bacillus sp. ZM20 was significantly better
than the separate use, except for Egyptian acacia biochar (0.1%), where the increase was non-significant
with that of respective un-inoculated treatment. A maximum MBC (22.89%) was observed in the
treatment where the wheat straw biochar (0.2%) was applied in combination with Bacillus sp. ZM20,
and it was statistically similar with that of the FYM biochar (0.2%) treatment.

The application of biochar separately and in combination with Bacillus sp. ZM20 significantly
enhanced the ammonium N and nitrate N, except for the Egyptian acacia biochar treatments (both levels),
which gave non-significant improvement in both cases as compared to the control (Figure 3C,D).
A maximum increase in ammonium N (22.61%) and nitrate N (29.59%) as compared to the inoculated
control was recorded due to the combined application of wheat straw biochar (0.2%) and Bacillus sp.
ZM20. Overall, inoculated treatments showed better results regarding ammonium N and nitrate N
than un-inoculated treatments.

The results of the impact of integrated use of biochar and Bacillus sp. ZM20 on plant height
(Table 5) under field conditions revealed that the separate as well as combined use of biochar with
Bacillus sp. ZM20 improved plant height, but that this improvement was statistically non-significant
with the control in most of the cases. In the inoculated treatment, the combined use of wheat straw
biochar (0.2%) and Bacillus sp. ZM20 was carried out and showed the maximum improvement
(12.7%) in plant height. The application of biochar separately and in combination with Bacillus sp.
ZM20 significantly improved the shoot fresh and dry biomass as compared to respective controls.
Maximum improvement in shoot fresh biomass (16.6%) and shoot dry biomass (20.75%) was observed
with the application of wheat straw biochar (0.2%) in combination with Bacillus sp. ZM20 (Table 5).
Results regarding the effects of separate and combined applications of biochar with Bacillus sp. ZM20
on 1000-grain weight and grain yield showed a significant improvement in most of the cases, except
for Egyptian acacia biochar (0.1%), which gave non-significant improvement when compared with the
control. A maximum increase (21.9%) in grain yield was observed in the treatment where wheat straw
biochar (0.2%) was applied in combination with Bacillus sp. ZM20 (Table 6).

Table 5. Effects of biochar with and without Bacillus sp. ZM20 on plant height, shoot fresh biomass,
shoot dry biomass, and 1000-grain weight of maize in field trial.

Treatment
Un-Inoculated Inoculated Un-Inoculated Inoculated

Plant Height (cm) Shoot Fresh Biomass (g pot−1)

Control 136.3 f 139.3 e,f 243.6 g 245.3 g

Egyptian acacia biochar (0.1%) 141.0 d–f 143.3 c–f 255.0 f 260.3 e,f

Egyptian acacia biochar (0.2%) 144.0 e,f 150.3 a–c 262.3 e 266.0 d,e

FYM biochar (0.1%) 143.7 c–f 146.7 b–e 261.7 e,f 265.7 d,e

FYM biochar (0.2%) 147.0 b–e 154.3 a,b 273.3 b,c 278.0 b,c

Wheat straw biochar (0.1%) 146.3 b–e 149.7 a–d 271.0 c,d 276.3 b,c

Wheat straw biochar (0.2%) 153.0 a,b 157.0 a 279.0 a,b 286.0 a

LSD (p ≤ 0.05) 8.9702 7.2668

p value
PGPR 0.0174 0.0022

Biochar 0.0003 0.0000
PGPR +
Biochar

0.9774 0.9678
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Table 5. Cont.

Treatment
Un-Inoculated Inoculated Un-Inoculated Inoculated

Plant Height (cm) Shoot Fresh Biomass (g pot−1)

Shoot Dry Biomass (g pot−1) 1000-Grain Weight (g)

Control 79.67 g 80.33 f,g 222.33 g 232.67 e,f

Egyptian acacia biochar (0.1%) 84.33 d–f 83.67 e–g 229.00 f,g 237.67 d,e

Egyptian acacia biochar (0.2%) 85.00 d,e 87.67 c–e 236.00 b–f 243.33 b–d

FYM biochar (0.1%) 84.33 d–f 87.00 c–e 234.00 e,f 242.67 b–d

FYM biochar (0.2%) 88.67 c,d 95.00 a,b 243.00 b–d 248.33 a,b

Wheat straw biochar (0.1%) 88.67 c,d 93.67 a,b 239.33 c–e 246.33 a–c

Wheat straw biochar (0.2%) 91.33 b,c 97.00 a 247.67 a,b 251.33 a

LSD (p ≤ 0.05) 4.5478 7.6490

p value
PGPR 0.0008 0.0000

Biochar 0.0000 0.0000
PGPR +
Biochar

0.2527 0.8961

Values sharing same letter(s) with in a parameter are statistically non-significant with each other at 5% level of
probability; values are the mean of three replications ± SE.

Table 6. Effects of biochar with and without Bacillus sp. ZM20 on grain yield, and nitrogen, phosphorus,
and potassium concentrations in grain of maize in field trial.

Treatment
Un-Inoculated Inoculated Un-Inoculated Inoculated

Grain Yield (t ha−1) Nitrogen Conc. in Grains (%)

Control 7.40 f 7.90 d,e 2.20 i 2.24 g–i

Egyptian acacia biochar (0.1%) 7.57 e,f 8.23 c,d 2.23 h,i 2.31 e,f

Egyptian acacia biochar (0.2%) 8.07 d 8.60 c 2.28 f,g 2.34 b–e

FYM biochar (0.1%) 7.93 d,e 8.57 c 2.27 f–h 2.34 b–e

FYM biochar (0.2%) 8.33 c,d 9.10 b 2.33 c–e 2.38 a,b

Wheat straw biochar (0.1%) 8.27 c,d 9.10 b 2.31 d–f 2.35 b–d

Wheat straw biochar (0.2%) 8.63 c 9.63 a 2.37 a–c 2.41 a

LSD (p ≤ 0.05) 0.4485 0.0434

p value
PGPR 0.0000 0.0000

Biochar 0.0000 0.0000
PGPR +
Biochar

0.6905 0.7951

Phosphorus Conc. in Grain (%) Potassium Conc. in Grain (%)

Control 0.393 g 0.403 e–g 2.64 i 2.69 g–i

Egyptian acacia biochar (0.1%) 0.400 fg 0.417 c–f 2.68 h,i 2.74 d–g

Egyptian acacia biochar (0.2%) 0.410 d–g 0.423 b–d 2.71 f–h 2.80 b–d

FYM biochar (0.1%) 0.407 d–g 0.420 b–e 2.71 f–h 2.78 c–e

FYM biochar (0.2%) 0.420 b–e 0.437 a,b 2.76 c–f 2.85 a,b

Wheat straw biochar (0.1%) 0.413 c–f 0.430 a–c 2.74 e–h 2.82 b,c

Wheat straw biochar (0.2%) 0.430 a–c 0.447 a 2.82 b,c 2.89 a

LSD (p ≤ 0.05) 0.0197 0.0622

p value
PGPR 0.0004 0.0000

Biochar 0.0001 0.0000
PGPR +
Biochar

0.9981 0.9359

Values sharing same letter(s) with in a parameter are statistically non-significant with each other at 5% level of
probability; values are the mean of three replications ± SE. Lower case words show difference in treatment means.

The results in Table 6 show that the N concentration in grains of maize was significantly
improved due to the separate as well as combined application of all types of biochar and Bacillus

sp. ZM20, except for Egyptian acacia biochar (0.1%), which gave non-significant improvement in the
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N concentration in grains under an un-inoculated set of treatments. A maximum increase (7.6%) in
the N concentration in maize grains was observed due to the combined use of wheat straw biochar
(0.2%) with Bacillus sp. ZM20. The results of the impact of biochar (all treatments), with and without
inoculum, on P and K concentrations in maize grains were significantly better than the control in most
of the cases. A maximum improvement in both the parameters over the control was observed due to
combined use of wheat straw biochar (0.2%) and Bacillus sp. ZM20 (Table 6).

4. Discussion

The present study was conducted in arid and semi-arid regions on sandy loam soil characterized
by low rainfall and high temperature, associated with low organic matter content. Due to low organic
matter, biochar in combination with bacterial inoculation can have the ability to improve the soil health
and crop yield under such a scenario. The application of biochar can be effective at rehabilitating
degraded lands by improving the soil structure, nutrient- and water-holding capacity, and soil carbon
contents, leading to improvement in soil productivity [9,55]. A carbon-rich compound called charcoal is
produced through a process known as pyrolysis and has beneficial implications such as soil amendment
for improving soil health and crop yield [10,56]. The physicochemical properties of biochar are crucial
in determining its functionality and impact on plant growth and soil health [57]. It was observed that
biochar contains a high carbon-to-nitrogen ratio (Table 1), which makes it stable against decomposition.
The carbon contents of Egyptian acacia biochar were higher compared to the other two sources, but
wheat straw biochar had a higher turnover rate as compared to the other sources. In previous studies,
scientists have also reported that biochar is rich in carbon contents along with other nutrients like C, N,
and S [58,59] which have shown promising results in improving crop growth and yield characteristics
similar to the findings of the current study.

In this study, the application of biochar improved the soil biological properties (soil organic matter
contents, MBC), along with improvement in ammonium and nitrate N contents in soil (Figures 1 and 3).
The increase in the levels of biochar increased the content of organic matter and MBC in studied soil.
The presence of high carbon and other nutrients might have helped in the improvement of soil fertility
as reported by Oni et al. [17], suggesting that biochar application positively affects the soil structure,
water retention capacity, fertility, and soil carbon sequestration, leading to improvement in crop
growth and productivity. Similarly, biochar application increased the ratio of below-ground biomass
to above-ground biomass due to an increase in water-holding capacity, as reported previously [60],
and a reduction in soil strength [61]. The integration of biochar and PGPR is a win-win strategy
as biochar provides a niche for microbes due to its microporous structure, which in turn increases
microbial activity and hence the sorption of dissolved organic matter [18]. The increase in carbon
and organic matter contents in the present study due to the addition of different biochar types is in
good agreement with Shenbagavalli and Mahimairaja [62]. The integrated use of biochar and PGPR
can improve soil health through increasing soil organic matter contents, enhancing soil aggregation,
promoting better microbial activity, and increasing soil fertility [35,36]. In our study, the integrated
use of biochar inoculated with Bacillus sp. ZM20 was significantly better in improving soil organic
matter and MBC, which might have supported crop growth. Our results are in good agreement
with previous reports by Ullah et al. [37], in which they reported the increased growth, physiology,
and production of crops under the combined application of biochar and PGPR. This increase in growth
and yield of wheat in present study might be attributed to enhanced supply of nutrients that are
scarcely available in the soil including nitrogen, phosphorus, zinc, and iron. This may also be due
to the positive effects of applied PGPR which are well recognized candidates equipped with plenty
of mechanisms, i.e., the production of siderophores that helps in iron acquisition, synthesis of plant
growth regulators, and exopolysaccharides [15,32,36].

Biochar application as a soil amendment increases the growth parameters of plants (plant root
and shoot growth), and their nutrient uptake by improving the water status of plants and water-use
efficiency [63,64], thus leading to improved yield of crop plants. In the present study, the application
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of biochar from different sources improved the maize root and shoot growth and nutrient uptake,
along with the yield and yield contributing factors (Tables 3 and 5). A maximum increase (25.77%) in
grain yield was observed in the treatment where wheat straw biochar (0.2%) was applied in combination
with Bacillus sp. ZM20. This might be due to the enhanced water-holding capacity of the soil [65] that
resulted in enhanced nutrient availability [65], thus improving the growth of crop plants under the
applied biochar [38] and PGPR [28]. As stated by Hussain et al. [31], the combined use of PGPR and
biochar at the rate of 0.5 tons/ha have shown enhanced water-holding capacity of the soil, and hence
the growth and yield of maize (Zea mays L.). Recently, Shen et al. [66] reported that biochar application
improved plant growth; however, willow woodchip biochar was significantly better than pine-based
biochar in improving plant growth and nutrient uptake of Lotus pedunculatus. The improved growth
and yield characteristics of maize under the applied biochar are in good agreement with previous
studies [14,67,68]. The enhanced soil characteristics and crop growth responses in the present study
under the application of biochar and PGPR might be attributed to the differences in soil characteristics
and the alkaline nature of biochar in the soil studied here.

The PGPR inhabits either the rhizosphere, the soil in the immediate vicinity of plant roots,
or inside the plant tissues, and helps the plants exhibit better growth through some direct and indirect
mechanisms [20,21]. The phosphorus-solubilizing bacteria (PSB), zinc-solubilizing bacteria (ZSB),
and potassium-solubilizing bacteria (KSB) can increase plant nutrient availability along multiple plant
growth promoting traits, such as siderophores production, chitin decomposition, hydrogen cyanide
production, and ammonia production [25,26,69]. In the current study, the combined use of biochar
and Bacillus sp. ZM20 improved maize growth, the uptake of N, P, and K, and the yield, which might
be due to solubilization of nutrients through acid production, along with other growth-promoting
characteristics such as siderophore production, exopolysaccharides production, and HCN production
exhibited by this strain, as reported in previous studies [14,25]. The application of biochar improves the
quality of soil and makes it conducive for better microbial activity [70]. Previous studies have reported
that the integrated use of biochar and Pseudomonas fluorescens enhanced the growth of cucumber
by improving plant–water relations under water deficit conditions. It has been reported that PGPR
effectively colonize plant rhizosphere, thus helping in improving the growth, yield, and nutrient
acquisition [29]. One possible reason behind increased uptake of N, P, and K in the present study
(Tables 4 and 6) might be due to the promoting effects of PGPR and the applied biochar, which resulted
in enhanced nutrient use efficiency, as has been reported previously [19,28,36]. Moreover, the presence
of biochar in addition to PGPR might have helped to increase the sorption capacity of soil, resulting in
higher mineral (NPK) concentration in wheat grains (Tables 4 and 6). These results are substantiated
with those reported previously [37].

5. Conclusions

Low organic matter and depleted nutrients are the major issues of agricultural soils in arid
and semi-arid regions. In the present study, the application of biochar from different sources
significantly improved soil biological properties, growth, yield, and quality of maize grains.
The integrated use of biochar and Bacillus sp. ZM20 was more effective as compared to the separate
application. Biochar application along with Bacillus sp. ZM20 also improved soil biological properties,
i.e., soil organic matter, MBC. Moreover, the biochar source and rate also influenced the soil properties
and plant growth with different degrees of efficacy. The use of wheat straw biochar along with
inoculated with the Bacillus sp. ZM20 bacterial strain was better as compared to farm-yard manure
biochar and Egyptian acacia biochar. It is concluded that the combined application of wheat straw
biochar (0.2%) and Bacillus sp. ZM20 was the most effective treatment in improving the soil properties,
plant growth, yield, and quality of maize crops as compared to all other treatments in the pot and
field trials.
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Abstract: Salinity stress deleteriously affects the growth and yield of many plants. Plant growth
promoting rhizobacteria (PGPR) and chitosan both play an important role in combating salinity
stress and improving plant growth under adverse environmental conditions. The present study
aimed to evaluate the impacts of PGPR and chitosan on the growth of sweet pepper plant grown
under different salinity regimes. For this purpose, two pot experiments were conducted in 2019 and
2020 to evaluate the role of PGPR (Bacillus thuringiensis MH161336 106–8 CFU/cm3) applied as seed
treatment and foliar application of chitosan (30 mg dm−3) on sweet pepper plants (cv. Yolo Wonder)
under two salinity concentrations (34 and 68 mM). Our findings revealed that, the chlorophyll
fluorescence parameter (Fv/Fm ratio), chlorophyll a and b concentrations, relative water content
(RWC), and fruit yield characters were negatively affected and significantly reduced under salinity
conditions. The higher concentration was more harmful. Nevertheless, electrolyte leakage, lipid
peroxidation, hydrogen peroxide (H2O2), and superoxide (O2

−) significantly increased in stressed
plants. However, the application of B. thuringiensis and chitosan led to improved plant growth and
resulted in a significant increase in RWC, chlorophyll content, chlorophyll fluorescence parameter
(Fv/Fm ratio), and fruit yield. Conversely, lipid peroxidation, electrolyte leakage, O2

−, and H2O2 were
significantly reduced in stressed plants. Also, B. thuringiensis and chitosan application regulated the
proline accumulation and enzyme activity, as well as increased the number of fruit plant−1, fruit fresh
weight plant−1, and total fruit yield of sweet pepper grown under saline conditions.

Keywords: sweet pepper; salinity; Bacillus; chitosan; chlorophyll fluorescence; fruit yield
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1. Introduction

Sweet pepper belongs to Solanacease family. It is an annual plant in the cultivated lands in many
countries, however it is grown as a perennial plant in tropical areas. It is one of the most widespread
and popular vegetables, and has a greatest economic importance worldwide [1]. It is the richest
source of different antioxidants and vitamins and has several health benefits [2]. However, salinity is
a very significant factor that threatens the production of economic plants such as sweet pepper [1],
strawberry plants [3], and cucumber plants [4]. Salinity damages plant growth and proliferation by
creating water stress and cytotoxicity due to the excess in uptake of ions, such as sodium and chloride.
Furthermore, salinity is usually accompanied by oxidative stress due to the generation of reactive
oxygen species [5,6]. Salinity stress adversely affects morpho-physiological characters of sweet pepper
such as plant height and leaf area which are significantly reduced [7]. Likewise, chlorophyll a and b

as well as RWC were reduced under salinity in cucumber [4]. Photosynthesis is harmfully affected
by salinity through the reduction in stomatal conductance. Also, salinity led to increased ion toxicity
and negatively affected nutrients uptake, especially potassium uptake, so the salt stressed plants
showed low membrane stability [8]. The chlorophyll fluorescence parameters were adversely affected
with salinity and the content of chlorophyll pigments significantly decreased in cucumber [9]. Also,
the study of Misra et al. [10] pointed out that salt stress causes photoinhibition in PSII and decreases its
activity. Salt stress led to decreased chlorophyll concentrations, leaf area and mungbean yield [11]
and led to an increase in the accumulation of Na+, decreasing the uptake of mineral nutrients such as
nitrogen and potassium [12]. The high level of Na+ was associated with the ROS accumulation such as
H2O2 and O2−. The excessive formation of ROS causes protein oxidation and lipid peroxidation under
several stresses mainly under salinity stress [1,13]. Previous studies have shown that the adverse
effects of salinity stress on leaf number, plant length, fresh and dry weights of shoots, and plant yield
also increases with the increase in NaCl concentration [14–16].

According to salinity concentrations, the plants are classified to euhalophytes or glycophytes.
Euhalophytes have the salinity thresholds of 250 mM NaCl, i.e., euhalophytes are able to complete
their life cycle upon salinities exceeding 250 mM NaCl. Glycophytes cannot grow under high salinity
concentrations and their response to salinity differs in terms of osmotic regulation, photosynthetic
electron transport, chlorophyll content, and reactive oxygen species (ROS) formation as well as
antioxidant defense system [1,7]. The excessive accumulation of ROS under stress, such as salinity [1,17],
drought [18,19], and biotic stress factors [20–23], results in the activation of the enzymatic and
non-enzymatic antioxidant system to enhance stress tolerance in plants to cope with increased
accumulation of ROS [24]. The antioxidative system also consists of some of the non-enzymatic systems,
such as salicylic acid and carotenoids. Nonetheless, the enzymatic defense system contains ascorbate
peroxidases (APX), glutathione reductases (GR), superoxide dismutases (SOD), catalases (CAT),
and peroxidases (POD), which protect the plant tissues against stress factors [25]. Also, the plants have
adaptive mechanisms to salinity stress through morphological, anatomical, and biochemical changes.
Euhalophytes can cope with salinity stress through different mechanisms, such as salt exclusion,
salt elimination, salt succulence and salt redistribution [7]. Furthermore, EL%, lipid peroxidation,
and ROS were increased significantly under salinity, as these parameters are signals to various
stresses, such as salinity, drought, and heat [26–29], that enable plants to respond to a particular stress.
Some plants protect themselves from salinity stress by maintaining ion homeostasis and transportation
of the excess salt to the vacuole or sequestering in the older tissues which ultimately are sacrificed,
thereby defending itself from salinity stress [30]. Meanwhile, other plants keep the ion concentration
in the cytoplasm at a low level. Membranes along with their linked components play an essential
role in retaining ion concentration within the cytosol during the period of stress by regulating ion
uptake and transport [31,32]. Chlorophyll fluorescence is a fast method for photosynthetic processes
measurements [33] and provides a lot of information about the plant status under abiotic and
biotic stresses to understand the mechanisms of photosynthesis and how plants respond to various
stresses [34]. Chlorophyll fluorescence parameters are important indicators used to measure the
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quantum yield of photosystem II (PSII), display the plant response to stress and the harmful effects,
particularly on photosynthesis and chlorophyll concentrations [35].

Chitosan or chitin is a natural polysaccharide consisting of two molecules of D-glucosamine and
naturally present in the cell walls of many organisms such as crabs, shrimp, fungi, and the exoskeleton
of insects [36]. In the agricultural field, it improves the morpho-physiological parameters and alleviates
the injurious effect of abiotic stresses through stress transduction pathway [37]. Application of chitosan
led to increased plant tolerance to many stresses in various plants [38,39], enhance growth characters
and improve germination rate of many plants [38,40]. The fruit yield of tomato plants was improved
with chitosan treatments [41]. Under drought, barley plants treated with chitosan showed a significant
increase in chlorophyll, RWC, total soluble sugar, and grain yield [42]. Plant growth-promoting
rhizobacteria (PGPR) can prompt plant tolerance to stress through some chemical and physical changes
which are identified as induced systemic tolerance [43]. The application of PGPR led to improved
growth and yield production [44]. Under stress conditions, PGPR can improve the injurious impacts
and enhance the yield production under salt conditions [45], as a bio-fertilizer in sugar beet and
sweet sorghum plants [20,46,47] and as a bio-control agent [48–50]. There are many PGPR strains,
such as Bacillus, Azotobacter, Azospirillum, Pseudomonas, Rhizobium, and Serratia, which can be used in
improving plant growth even under various stress factors [51,52] by the production of antioxidants,
phytohormones and vitamins [53]. There is a lot of information about the effect of PGPR, nevertheless
studies about chitosan and its effects on plants under salinity stress are still scarce and have not yet been
fully understood. Hence, in this research, we focus on the effect of chitosan and Bacillus thuringiensis

MH161336 in alleviating the harmful effect of salinity to improve chlorophyll fluorescence parameters,
chlorophyll concentration, enzymes activity, and fruit yield of sweet pepper.

2. Materials and Methods

2.1. Experiments Preparation and Plant Materials

Two pot experiments were conducted at Kafrelsheikh University, Agricultural Botany Department
during two summer seasons 2019 and 2020, to evaluate the effect of seed treatment with plant
growth promoting rhizobacteria (B. thuringiensis MH161336 106–8 CFU/cm3) and foliar spray with
chitosan 30 mg·dm−3 on sweet pepper plants under salinity (sodium chloride at 34 and 68 mM).
The physio-biochemical characters were done at Plant Pathology & Biotechnology Lab., and EPECRS
Excellence Center, Kafrelsheikh University. The seeds of sweet pepper (Capsicum annuum L.) cv. Yolo
Wonder (obtained from a private agricultural company) were divided into three groups (the first
group was treated with B. thuringiensis and the others without treatments). Seed treatment was done
with B. thuringiensis. Thereby, the seeds underwent surface sterilization by sodium hypochlorite
2.5% for 5 min, 70% ethanol for 1 min, and were then washed 5 times by sterile distilled water.
B. thuringiensis MH161336 which was isolated from the halophytic plant Spergularia marina (obtained
from Dr. Ahmed Eid), B. thuringiensis pure cultures were grown in nutrient broth at 35± 2 ◦C on a shaker
at 180× g. Bacterial cultures were diluted in sterilized distilled water to reach a final concentration of
106–8 CFU/cm3 [54]. Sterilized seeds were incubated with bacterial suspensions at room temperature
for 6 h and sown in the nursery in foam trays on 7th and 3rd January in the two seasons, respectively.
After forty-five days from the sowing, the transplantation was done in pots 50 cm3 in diameter, each
one containing two seedlings and the pots were divided into three groups (control, B. thuringiensis

treatment and chitosan treatment 30 mg·dm−3). The plants irrigated with two concentrations (34 and
68 mM) of saline water (was prepared from NaCl) and the group of chitosan treatment was treated with
chitosan 30 mg·dm−3 twice after 20 and 40 days from transplanting. The compound fertilizer containing
nitrogen, phosphorus, and potassium (NPK) (135:40:35 kg·ha−1) was used as recommended in two
doses, the first dose after 12 days from transplanting and the second at the flowering stage initiation.
The experiments were in a completely randomized design with 4 replicates, the physiological and
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biochemical studies were done at 80 days from transplanting. The chemical and physical characters of
experimental soil were determined [55] and are presented in Table 1.

Table 1. Chemical and physical characters of the experimental soil before conducting the experiments
in 2019 and 2020 seasons.

Seasons PH
* EC
Ds/m

Mechanical Analysis
Soil Texture

Organic
Matter (%)

Total N (%)
Total P
(ppm)Sand% Silt% Clay%

2019 8.11 0.464 21.96 23.98 47.4 Clay 1.79 0.158 8.8
2020 8.16 0.483 22.17 24.29 46.8 Clay 1.82 0.149 8.2

Seasons
Soluble Cations Soluble Anions

Na+ K+ Ca++ Mg++ HCO3
− SO4

−− Cl−

2019 2.14 0.18 2.02 2.4 4.2 2.07 0.6
2020 2.19 0.17 2.04 2.3 4.3 1.93 0.5

* EC = Electrical conductivity.

2.2. Biochemical and Physiological Characters

The physiological and biochemical characters were recorded at 80 days from transplanting.

2.2.1. Relative Water Content (RWC%)

According to Sanchez et al. [56], twenty leaf discs were used to determine RWC, the fresh
weight (FW) for the discs was determined, the same discs were saved in petri dishes containing
distilled water for 1 h to determine the turgid weight (TW), after that the discs were dried for 24 h at
80 ◦C to determine the dry weight (DW). Relative water content (RWC%) was calculated as follows:
RWC = (FW − DW)/(TW − DW) × 100.

2.2.2. Determination of Chlorophyll a and b Concentrations

The extraction was done using N-N Dimethyl formamide, whereby 5 cm3 N-N Dimethyl formamide
was added to 1 g fresh leaves and kept in the refrigerator overnight, and the absorbance was measured
at 647 and 664 nm according to Moran [57].

2.2.3. Electrolyte Leakage Assay (EL%)

Ten discs (1 cm2) of sweet pepper leaves were placed into flasks containing deionized water
(25 cm3). Flasks were shaken for 20 h, initial electrical conductivity was recorded for each vial and
then flasks were immersed in a water bath at 80 ◦C for 1 h. The vials were shaken for 20 h at 21 ◦C.
Final conductivity was measured for each flask. Electrolyte leakage % was calculated according to
Szalai et al. [58] with the following formula: initial conductivity/final conductivity × 100.

2.2.4. Chlorophyll Fluorescence Parameter

Chlorophyll a fluorescence parameter (Fv/Fm ratio) was measured at 80 days from the sowing
using a chlorophyll fluorometer (PEA, Hansatech Instrument Ltd., version 1.21, Norfolk, UK).

According to Schreiber [59], middle-aged sweet pepper leaves were placed in the dark for 30 min
to stimulate the reaction of photosystem II. The minimum chlorophyll fluorescence (Fo) was measured
using a measuring beam of <0.1 μmol m−2

·s−1. The maximum fluorescence (Fm) was determined after a
1 s saturating pulse (>3500 μmol·m−2

·s−1). Variable fluorescence (Fv) was determined by the difference
between the maximum fluorescence and the minimum fluorescence (Fm − Fo). The maximum efficiency
of PSII was determined as the ratio of (Fv) to (Fm) as follows: Fv/Fm = (Fm − Fo)/Fm.
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2.2.5. Proline Determination

According to Bates et al. [60], proline was assayed in sweet pepper plants, 0.5 g fresh leaf in 3%
sulphosalicylic acid and centrifuged for 20 min at 3000× g. Then, 2 cm3 of glacial acetic acid and
2 cm3 ninhydrin reagent was boiled with 2 cm3 supernatant for 1 h, the reaction was completed in
an ice bath, and proline was separated using toluene. Proline was determined as μg·g−1 FW using a
spectrophotometer at 520 nm.

2.2.6. Determination of Lipid Peroxidation

According to Davenport et al. [61], lipid peroxidation was measured as malondialdehyde (MDA) using
100 mg fresh leaves in 1% trichloro acetic acid and centrifuged at 10,000× g for 5 min. 0.5% thiobarbituric
acid was then added, and mixture was boiled at 95 ◦C for half an hour. The samples were placed on an ice
bath and centrifuged for 5 min at 5000× g, the measurements were done using spectrophotometer at 532 and
600 nm. MDA (nmol·g−1 FW) = [6.45 × (A532 −A600) − (0.56 ×A450)] × V−1W, where V = volume (cm3);
W =weight (g).

2.2.7. Determination of Superoxide (O2
−) and Hydrogen Peroxide (H2O2)

Sweet pepper leaves were vacuum infiltrated with 10 mM potassium salicylate buffer containing
0.1 w/v% nitro blue tetrazolium (NBT) or 0.1 w/v% 3,3-diaminobenzidine (DAB). The leaves were
incubated in the light for 140 min and two hours, respectively. The samples were cleared with
trichloroacetic acid in ethanol: chloroform 4:1 v/v for 1 day, the samples were washed and placed in
50% glycerol. O2

− and H2O2 were determined as nmol·g−1 FW according to Huckelhoven et al. [62]
using a ChemiImager 4000 digital imaging system (Alpha Innotech Corp., San Leandro, CA, USA).

2.2.8. Assay of Enzymes Activity

For the determination of enzymes, 0.5 g fresh leaves were homogenized in 3 cm3 of 50 mM Tris
buffer at 0–4 ◦C, containing 1 mM EDTA-Na2 and 7.5% polyvinyl pyrrolidone. The samples were
centrifuged 12,000× g for 20 min at 4 ◦C and the total soluble enzyme activities were measured using
spectrophotometer in the supernatant [63]. Catalase activity (CAT) was determined through the
decomposition of H2O2 by catalase results in the decrease of the ultraviolet absorption of H2O2 at
240 nm, catalase activity can be calculated from this decrease. The reaction mixture contained 2.15 cm3,
2 cm3 0.1 M Na-phosphate buffer, 100 μL H2O2, and 50 μL leaves extract. The solution is mixed, and the
absorptions were recorded at 240 nm according to Aebi [64]. Peroxidase activity (POX) was calculated
according to Hammerschmidt et al. [65]. The reaction mixture consisted of 2.9 cm3 of a 100 mM sodium
phosphate buffer containing 0.25% (v/v) guaiacol and 100 mM H2O2. The reaction was done with
adding 100 μL of crude enzyme extract, the changes in absorbance were recorded every 30 s intervals
for 3 min at 470 nm, the activity was determined for min−1

·g−1 fresh weight. Activity of superoxide
dismutase (SOD) was measured according to Mishra et al. [66]. Then, we add 290 μL of a mixture
containing 100 mM potassium phosphate buffer, 0.1 mM EDTA, 11 mm3 xanthine, cytochrome-c, and
0.002 units of xanthine oxidase to 20 μg of protein extracts was prepared. Xanthine oxidase regulation
produced an increase in the absorbance due to the reduction of cytochrome-c (0.025 ± 0.005 min−1).
Activity of SOD was stated by McCord and Fridovich [67]. According to Goldberg and Spooner [68],
GR activity was measured, approximately 0.05 cm3 enzyme extract was mixed with 1 cm3 phosphate
buffer combined with EDTA, 0.1 cm3 glutathione, and 0.1 cm3 NADPH, the absorbance was determined
at 340 nm.

2.2.9. Fruit Yield

The harvest date starts at 120 days from transplanting to determine number of fruit plant−1, fruit
fresh weight plant−1 (g), and total fruit yield (ton hectare−1).
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2.3. Statistical Analysis

Statistical analysis was done using analysis of variance (ANOVA) procedures according to the
method of Gomez and Gomez [69] using the MSTAT-C statistical software package. The means
between treatments were compared by Duncan [70] when the difference was significant (P ≤ 0.05).
The correlation analysis was done using XLSTAT 2014.5.03 statistical software.

3. Results

3.1. Effect on Relative Water Content (RWC%)

The presented results in Figure 1A showed a significant decrease in RWC in sweet pepper
under two salinity concentrations (57.6% at the low concentration (34 mM) (S1) and 52% at the high
concentration (68 mM) (S2) comparing with control plants (74.6%) as the mean of the two seasons.
Likewise, the results in Figure 1 revealed that seed treatment with B. thuringiensis showed a significant
increase in RWC in stressed plants (65.7% compared with 57.6% at the low concentration and 60.8%
compared with 52% at the high concentration). Furthermore, chitosan application at 30 mg dm−3

caused a significant increase in RWC (71.5% compared with 57.6% at the low concentration of salinity)
and (67.1% compared with 52% at the high concentration) as a mean of both seasons in the stressed
plants. The best treatment under salinity conditions was chitosan at 30 mg·dm−3 which achieved 71.5%
when compared with control plants 74.6% without any significant difference.

3.2. Effect on Chlorophyll a and b Concentrations

It is obvious from the achieved results in Figure 1B–C that chlorophyll was significantly
reduced in stressed plants; chlorophyll a significantly decreased at low concentration of salinity
(2 mg·g−1 FW−1) compared with control (2.85 mg·g−1 FW−1) as the mean of both seasons. Furthermore,
the high salinity concentration caused a significant reduction in chlorophyll a (1.25 mg·g−1 FW−1) in
stressed plants compared to control (2.85 mg·g−1 FW−1). Similarly, salinity stress led to a significant
decrease in chlorophyll b concentration, the two concentrations caused significant decreases (0.84
and 0.55 mg·g−1 FW−1 respectively) compared with control (2.85 mg·g−1 FW−1). Nonetheless, seed
treatment with B. thuringiensis and chitosan application led to significant increases in chlorophyll a and
b. The greatest result was obtained with chitosan (S1 + Chitosan) treatment (2.85 mg·g−1 FW−1) in
the stressed plants with the low salinity concentration compared to the stressed plants (S1) without
treatments (2 mg·g−1 FW−1).

3.3. Effect on Electrolyte Leakage (EL%)

The presented data in Figure 1D exhibited that EL% significantly increased in the stressed plants,
the low salinity concentration caused significant increase (42.3%) comparing with control (13.8%) as the
mean of two seasons. Furthermore, the high salinity concentration was more harmfully effective and
caused a significant increase in EL% (52.6%) compared with control (13.8%). Nevertheless, chitosan
application 30 mg dm−3 and seed treatment with B. thuringiensis led to significant decrease in EL%
in the stressed plants under the two concentrations. Seed treatment with B. thuringiensis caused a
positive effect and significant decrease in EL% (30.2% and 37.6%) in the stressed plants at the two
concentrations compared with untreated plants (42.3% and 52.6%), respectively. Furthermore, EL%
was reduced significantly in the stressed treated plants with chitosan 30 mg dm−3 (21.7% and 27.2%)
that compared with the stressed untreated plants (42.3% and 52.6%).

184



Agronomy 2020, 10, 1180

Figure 1. Effect of B. thuringiensis and chitosan on relative water content (A) chlorophyll a, (B) chlorophyll
b, (C) and electrolyte leakage (D) under two salinity concentrations in sweet pepper plants during
two seasons [first season (2019) and second season (2020)]. Data is the mean (±SE) of four replicates.
Different letters above the data columns indicate significant differences between the samples determined
by ANOVA, Duncan’s multiple range test at 0.05 level.
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3.4. Effect on Proline Concentration

It could be noted from Figure 2A that the exposed plants to salinity at (S1) and (S2) caused a
significant increase in proline concentration, the high concentration of salinity (S2) achieved the high
concentration of proline (24 μg·g−1 FW) comparing to control (9.1 μg·g−1 FW) as the mean of both
seasons in sweet pepper. Application of seed treatment with B. thuringiensis and chitosan application
in stressed plants led to regulate proline accumulation when compared with the control and the
stressed untreated plants. B. thuringiensis seed treatment led to the regulation of proline accumulation
in the stressed plants (12.7 μg·g−1 FW at the low concentration of salinity and 13.6 μg·g−1 FW at the
high concentration comparing to the stressed untreated plants 17.4 and 24 μg·g−1 FW) at the two
concentrations, respectively. Chitosan application had a significant effect on proline content (9.8
and 12.2 μg·g−1 FW) compared with stressed untreated plants (17.4 and 24 μg·g−1 FW) at the two
concentrations, respectively. The difference was not significant between the both seasons.

Figure 2. Effect of B. thuringiensis and chitosan on proline content (A) and maximum efficiency of
PSII (Fv/Fm) (B) under two salinity concentrations in sweet pepper during two seasons. Data is the
mean (±SE) of four replicates. Different letters above the data columns indicate significant differences
between the samples determined by ANOVA, Duncan´s multiple range test at 0.05 level.

3.5. Effect on Chlorophyll Fluorescence Parameter (Fv/Fm)

Our results in Figure 2B indicated that chlorophyll fluorescence parameters were adversely
affected under salinity conditions. The maximum efficiency of PSII (Fv/Fm) significantly reduced in
sweet pepper (0.790) at the low salinity concentration and (0.729) at the high salinity concentration,
respectively comparing to the control (0.822). However, seed treatment with B. thuringiensis caused
significant increase in Fv/Fm ratio in the stressed plants (0.791) at the low concentration of salinity
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and (0.769) at the high salinity concentration when compared with the stressed untreated plants
(0.790) at the low concentration and (0.729) at the high salinity concentration. Likewise, under the two
concentrations, chitosan caused a significant increase in Fv/Fm ratio. The best treatment was chitosan
at the low salinity concentration (0.815) compared with control (0.822).

3.6. Effect on Lipid Peroxidation as Malondialdehyde

According to the findings in Figure 3, lipid peroxidation (MDA) significantly increased in sweet
pepper (11.35 and 13.8 μmol·g−1 FW) at the two salinity concentrations, respectively as the mean of
both seasons when compared with control plants (6.75 μmol·g−1 FW). Nevertheless, MDA significantly
decreased in the stressed plants according to seed treatment with B. thuringiensis and chitosan treatment.
B. thuringiensis treatment had a positive effect on MDA and led to significant reduction in the MDA
content at the two salinity concentrations (8.8 and 10.5 μmol·g−1 FW) when compared with the stressed
untreated plants (11.35 and 13.8 μmol·g−1 FW). The application of chitosan significantly reduced
MDA content in sweet pepper under the two salinity concentrations (7 and 7.85 μmol·g−1 FW) when
compared with stressed untreated plants (11.35 and 13.8).

Figure 3. Effect of B. thuringiensis and chitosan on lipid peroxidation (A), H2O2 (B) and O2
− (C) under

two salinity concentrations in sweet pepper during two seasons. Data is the mean (±SE) of four
replicates. Different letters above the data columns indicate significant differences between the samples
determined by ANOVA, Duncan´s multiple range test at 0.05 level.
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3.7. Effect on O2
− and H2O2

ROS, mainly O2
− and H2O2 significantly increased under the both salinity concentrations (Figure 3).

O2
− significantly increased (47.4 and 63 units) at the two salinity concentrations compared with control

(24.16 units). Conversely, B. thuringiensis treatment caused a significant decrease in O2
− in the salt

stressed plants (38.3 and 52.3 units) in comparison with stressed untreated plants (47.4 and 63 units).
Also, chitosan treatment caused a significant decrease in O2

− (31.7 and 48.3 units) when compared
with the stressed untreated plants (47.4 and 63 units).

Salinity stress caused a significant increase in H2O2 in sweet pepper (16 and 18.1 units) at the
two concentrations, respectively as compared to control (10.3 units). However, the levels of H2O2

were decreased significantly according to B. thuringiensis seed treatment and chitosan application in
the stressed plants at the two salinity concentrations. Chitosan application gave the best and most
significant results (10.3 and 11.8 units) compared to stressed untreated plants (16 and 18.1 units) at the
two salinity concentrations, respectively.

3.8. Effect on the Activity of Catalase (CAT), Peroxidase Activity (POX), Superoxide Dismutase (SOD) and
Glutathione Reductase (GR) Enzymes

Salinity stress at both concentrations caused significant increases in CAT, POX, SOD and GR
enzyme (Figure 4). CAT activity significantly increased in the stressed plants (124.8 and 149.3 mM
H2O2 g−1 FW min−1) at the two salinity concentrations, respectively, when compared with control
(78.6 mM H2O2 g−1 FW min−1).

However, chitosan treatment and B. thuringiensis seed treatment caused significant reduction in
CAT activity at both salinity concentrations. Chitosan with the low salinity concentration (S1 + Chitosan)
gave the best result (85.8 mM H2O2 g−1 FW min−1) as compared to stressed untreated plants (124.8 mM
H2O2 g−1 FW min−1) and control plants (78.6 mM H2O2 g−1 FW min−1). Moreover, POX, SOD and
GR activities significantly increased in the stressed plants at the low salinity concentration (0.6 μmol
tetra-gualacol g−1 FW min−1, 74.5 and 0.59 unit/cm3) as compared to control plants (0.24, 38.3 and
0.36), also, the enzymes activity significantly increased in the stressed plants at the high concentration
(0.76, 98.7 unit mg−1 FW min−1 and 0.59 unit/cm3) respectively. Nevertheless, chitosan application and
seed treatment with B. thuringiensis caused a significant reduction in POX, SOD, and GR activity in the
stressed plants at the two salinity concentrations compared to the stressed untreated plants.

Figure 4. Cont.
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Figure 4. Effect of B. thuringiensis and chitosan on the activity of CAT (A), POX (B), SOD (C) and GR
(D) under two salinity concentrations in sweet pepper during two seasons. Data is the mean (±SE) of
four replicates. Different letters above the data columns indicate significant differences between the
samples determined by ANOVA, Duncan´s multiple range test at 0.05 level.

3.9. Effect on Number of Fruit Plant−1, Fruit Fresh Weight Plant−1 and Total Fruit Yield (Ton Hectare−1).

In the present study, the results in Figure 5 point out that salinity at the both concentrations
caused a significant decrease in number of fruit plant−1 (7.7 and 4.8 fruit), fresh weight of fruit plant−1

(524.5 and 356.4 g) and total fruit yield hectare−1 (7.05 and 5 ton) as the mean of the both seasons
when compared to control plants (15.7 fruit plant−1, 974 g plant−1 and 14.9 ton hectare−1). However,
B. thuringiensis and chitosan significantly increased the number of fruit plant−1, fruit fresh weight
(g plant−1) and total fruit yield (ton hectare−1) in the stressed plants compared with untreated plants.
Interestingly enough, under the both salinity concentrations, chitosan application gave the best results
and significantly increased the number of fruit plant−1 (14.9 and 12.7), fruit fresh weight plant−1 (911
and 527 g plant−1), and total fruit yield (14 and 10.8 ton hectare−1) as the mean of the both seasons.
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Figure 5. Effect of B. thuringiensis and chitosan on number of fruit plant−1(A), fruit fresh weight plant−1

(B) and total fruit yield (ton hectare−1) (C) under two salinity concentrations in sweet pepper during
two seasons. Data is the mean (±SE) of four replicates. Different letters above the data columns indicate
significant differences between the samples determined by ANOVA, Duncan’s multiple range test at
0.05 level.

3.10. Correlation Studies

In the present study chlorophyll a was positively and significantly correlated with chlorophyll b

(r = 0.99), number of fruits (r = 0.98), RWC (r = 0.97), GR (r = 0.80) and MDA (r = 0.75). Among the
treatment it has a negative correlation with salinity stress @ 34 mM (r = −0.05), salinity stress @ 68
mM (r = −0.02), however, a positive correlation was noted among the chlorophyll a and treatments
of Bacillus sp. and chitosan (Figure 6 and Supplementary Table S1). A similar trend of relationship
was shown by chlorophyll b. Proline showed highly positive correlation with MDA (r = 0.98), H2O2

(r = 0.97), SOD (r = 0.96) and GR (r = 0.96) but was negatively correlated with the treatments Bacillus sp.
(r = −0.04) and chitosan (r = −0.05). A very similar correlation was observed among all the studies.
Antioxidant enzymes and H2O2 concentration that were highly correlated with each other also showed
a negative correlation with the treatments of Bacillus sp. and chitosan. The number of fruits showed
a highly significant correlation with chlorophyll a and b (r = 0.98) and with RWC (r = 0.95). However,
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this trait was inversely related to the treatments of salinity @ 34 mM (r = − 0.15) and @ 68 mM
(r = − 0.25).

Figure 6. Circle of correlation between variables and factors for sweet pepper.

4. Discussion

Salinity stress adversely affects plant growth, inhibiting plant development and reducing fruit
yield of sweet pepper. The present data revealed the deleterious effects of salinity at the two different
concentrations (34 and 68 mM) on RWC. This might be due to the injurious influence of salinity on
the cell wall structure [71], thereby increasing ethylene concentration, which reduces the growth of
roots [44]. This effect causes changes in cell wall properties, the reduction in osmotic potential, and the
decrease in water balance [72], consequently reducing RWC in sweet pepper [1]. These deleterious
impacts of salinity were overcome by seed treatment with B. thuringiensis and treating stressed
sweet pepper with chitosan. The pivotal role of B. thuringiensis under salinity stress could be due to
the formation of Indole-acetic acid which causes enhancement of root growth and increased water
uptake [73]. Likewise, PGPR can produce exopolysaccharides (EPSs) which aggregate with soil
particles and improve soil structure as well as water uptake [74]. Further, the application of PGPR
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causes a decay in the soil bulk density and enhances the availability of soil water. Chitosan application
positively affects RWC in stressed plants, this progressive effect of chitosan could be due to the positive
role of chitosan on water availability in stressed plants. These valuable effects were documented in
barley under drought [19].

Chlorophyll a and b are very important pigments in the process of photosynthesis, in this process,
two reactions take place. One such reaction is the light reaction, in which NADPH and ATP are produced,
and the second is the dark reaction, in which carbon dioxide is fixed [75]. Demonstrated data revealed
a significant decrease in chlorophyll content under the two salinity concentrations, this decrease in
chlorophyll was more considerable at the high concentration (68 mM) than at lower concentration
(34.mM) and this might be due to the damaging effect of salinity on the chloroplast structure [3,76],
that decrease energy transport from PSII to PSI [77] and, consequently, reduce the chlorophyll formation
in stressed sweet pepper plants. The harmful effect of salinity on the content of chlorophyll was also
due to reduction in stomatal conductance and destruction of biochemical processes [78]. These findings
are in accordance with those reported by Abdelaal et al. [1] in sweet pepper under salinity stress.
Also, Asrar et al. [79] indicated that a high salinity concentration caused harmful effects on PSII and
decreased chloroplast proteins as well as chlorophyll concentrations. This decrease in chlorophyll
concentrations is related to the reduction in RWC under high salt concentration.

Conversely, inoculation of seeds with B. thuringiensis mitigates the adverse effects of salinity
on the content of chlorophyll that improve the overall growth and proliferation of plants under
stressful environments [80]. Beside this, the application of chitosan had also synergistic effects on the
contents of chlorophyll a and b. This increase in the content of chlorophyll with the application of
chitosan may be attributed to the fact that chitosan is a rich source for amino acids which increase
the chloroplast number and chlorophyll formation. These results are in harmony with the findings
of Possingham [81]. During the present study, a significant increase was found in EL% under two
different salt concentrations mainly. The higher salt concentration was more effective and significantly
increased the EL%. This negative influence of salinity on EL% may be due to its damaging impacts
on the cytoplasmic membrane and permeability process. Previously, a similar result was reported
by Abdelaal et al. [1] in sweet pepper. Contrariwise, EL% significantly reduced in stressed plants as
a result of seed treatment with B. thuringiensis and chitosan, these valuable effects of B. thuringiensis

treatment and chitosan application is attributed to the positive roles of B. thuringiensis and chitosan on
membrane stability and an improvement in the selective permeability of cell plasma membrane.

In the present study, the chlorophyll fluorescence parameter was adversely affected under two
salinity concentrations. Salinity stress causes a significant decrease to maximum efficiency of PSII (Fv/Fm).
This adverse effect of salinity on (Fv/Fm) might be due to its role in the inhibition of electron transport
and the reaction centers at the PSII sites as well as destroys the oxygen-evolving complex [82–84]. Also,
salinity stress has a negative effect on enzymes activity and decreases the activity of water splitting
enzyme complexes and electron transport chains resulting in decrease Fv/Fm [85]. However, seed
treatment with B. thuringiensis and the application of chitosan caused a significant increase Fv/Fm ratio
in the stressed plants. These results are credited to the helpful role of B. thuringiensis and chitosan
in increasing the production of protective metabolites, increasing N and K content as well as the
number of chloroplasts under stress [81,86], and consequently, improving the chlorophyll fluorescence
parameter. The obtained results indicated that proline significantly increased in the stressed plants
under both the salinity concentrations (34 and 68 mM). This impact of salinity may be due to its role in
reducing the proline oxidation to glutamate, consequently increasing the proline content [87]. Proline
is one of the most important osmoprotectants, plays a key role in osmotic regulation, and protects the
plants under stress [1,8]. Chitosan application and seed treatment with B. thuringiensis regulated proline
content under salinity conditions. Seed inoculation with B. thuringiensis positively regulated proline
content under stress because this species regulates the osmotic balance under saline conditions. Similar
results for proline production under saline conditions were also reported by Egamberdieva et al. [88].
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Salinity could hamper plant growth and increase lipid peroxidation, O2
−, and H2O2. A significant

increase was noted in the mentioned parameters during the present study. These reactive compounds
can damage lipids and proteins, essential for the process of photosynthesis and electron transport chain.
Islam et al. [18] noted similar results in two wheat cultivars grown under saline conditions. However,
in the present study, a significant decrease was noted in the lipid peroxidation upon treatment with
chitosan. This may be due to the involvement of chitosan in cell protection from oxidative stress under
salinity conditions. Similarly, O2

− and H2O2 were significantly reduced with chitosan due to the
presence of hydroxyl and amino groups which react with ROS, thus chitosan can scavenge superoxide
radicals [89]. Chitosan derived from the pathogen is recognized by a specific cellular receptor resulting
in enhancing the defense response to abiotic and biotic stresses [90]. The positive effect of chitosan in
the plant cell protection was also noted in plants under drought stress [20]. Interestingly, seed treatment
with B. thuringiensis led to improved cell membrane stability and decreased the formation of MDA
in the stressed sweet pepper, this effect of B. thuringiensis is due to its improved phenol content and
defense enzyme system [91]. Also, B. thuringiensis causes decreases in O2

− and H2O2 by increasing
reactive oxygen scavenging enzyme activity [92].

Enzymes up-regulation (CAT, POX, SOD, and GR) is involved in the mitigation of salinity stress
in sweet peppers compared with control plants. The significant increase in these enzymes is a natural
defense system, which helps to cope with salinity stress and reduces the osmotic and toxic effects
by scavenging ROS. Our results are in agreement with those reported by Abdelaal et al. [17] and
Foyer et al. [93]. Nevertheless, it was clear from our results that the application of seed treatment
with B. thuringiensis led to improved and regulated up-regulation of CAT, POX, SOD, and GR in the
stressed sweet pepper. The induction of these enzymes is involved in the mitigation of salt stress in
sweet pepper treated with Bacillus. A similar trend of enzyme activity was recorded in the findings
of Kohler et al. [94]. Likewise, chitosan application causes an increase in enzymes activity to protect
the plant from oxidative damage and reduce lipid peroxidation as well as scavenge O2

− due to its
structure and protective role in sweet pepper plants subjected to salinity stress. These results are in
agreement with those reported by Hafez et al. [19]. The presented study showed that two salinity
concentrations caused a significant reduction in the number of fruit plant−1, fruit fresh weight plant−1,
and total fruit yield. This harmful impact of salinity may be due to the decrease in reproductive organs,
such as pollen grains in stressed plants [95], and also due to the decrease in water absorption, nutrients
uptake, and chlorophyll content [1,4], resulting in a significant decrease in fruit yield [96]. The vital
role of B. thuringiensis might be due to the formation of growth regulators such as gibberellins, auxin,
and cytokinins, as well as an increase in proline content [87], up-regulation of essential enzymes and
solubilization of nutrients [89], and an increase in the number of fruits and fruit yield hectar−1 in
sweet pepper. These findings are in agreement with the previous results reported by Hafez et al. [19],
Katiyar et al. [36], and Hidangmayum et al. [37].

5. Conclusions

The present research concluded that seeds treated with B. thuringiensis and foliar application
of chitosan 30 mg dm−3 on sweet pepper plants under two salinity concentrations (34 and 68 mM)
led to an improvement of the adverse effects of salinity and enhanced the growth and yield of sweet
pepper. RWC, chlorophyll a and b concentrations, chlorophyll fluorescence parameters, and fruit
yield characters significantly increased with B. thuringiensis and chitosan treatments in sweet pepper
under two salinity concentrations. Conversely, lipid peroxidation, electrolyte leakage, and reactive
oxygen species (O2

− and H2O2) were decreased significantly as a result of B. thuringiensis and chitosan
treatments. Overall, seed treatment with B. thuringiensis and chitosan foliar application was an effective
and cheaper approach to cope with the deleterious effects of salinity on sweet pepper by improving
the chlorophyll fluorescence parameters, proline accumulation, and up-regulation of enzymes activity
as well as the enhancement of fruit yield characters.
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65. Hammerschmidt, R.; Nuckles, E.M.; Kuć, J. Association of enhanced peroxidase activity with induced
systemic resistance of cucumber to Colletotrichum lagenarium. Physiol. Plant Pathol. 1982, 20, 73–82. [CrossRef]

66. Mishra, N.P.; Mishra, R.K.; Singhal, G.S. Changes in the activities of anti-oxidant enzymes during exposure
of intact what leaves to strong visible light at different temperatures in the presence of protein synthesis
inhibitors. Plant Physiol. 1993, 102, 903–910. [CrossRef] [PubMed]

67. McCord, J.M.; Fridovich, I. Superoxide Dismutase: An enzymatic reaction for erythrocuprein (hemocuprein).
J. Biol. Chem. 1969, 244, 6049–6055. [PubMed]

68. Goldberg, D.M.; Spooner, R.J. Methods of Enzymatic Analysis, 3rd ed.; Verlag Chemie: Weinheim, Germany,
1983; pp. 258–265.

69. Gomez, K.A.; Gomez, A.A. Statistical Procedures for Agricultural Research, 2nd ed.; Wiley Inter Science: New
York City, NY, USA, 1984; pp. 1–690.

70. Duncan, B.D. Multiple ranges and multiple F-test. Biometrics 1955, 11, 1–42. [CrossRef]
71. Wang, Y.; Nil, N. Changes in chlorophyll, ribulose biphosphate carboxylase-oxygenase, glycine betaine

content, photosynthesis and transpiration in Amaranthus tricolor leaves during salt stress. J. Hortic.

Sci. Biotechnol. 2000, 75, 623–627. [CrossRef]
72. Parvin, K.; Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Nahar, K.; Mohsin, S.M.; Fujita, M. Comparative

Physiological and Biochemical Changes in Tomato (Solanum lycopersicum L.) under Salt Stress and Recovery:
Role of Antioxidant Defense and Glyoxalase Systems. Antioxidants 2019, 8, 350. [CrossRef]

73. Wang, Y.; Li, K.; Li, X. Auxin redistribution modulates plastic development of root system architecture under
salt stress in Arabidopsis thaliana. J. Plant Physiol. 2009, 166, 1637–1645. [CrossRef]

74. Naseem, H.; Ahsan, M.; Shahid, M.A.; Khan, N. Exopolysaccharides producing rhizobacteria and their role
in plant growth and drought tolerance. J. Basic. Microbiol. 2018, 58, 1009–1022. [CrossRef]

75. Allakhverdiev, S.I.; Nishiyama, Y.; Miyairi, S.; Yamamoto, H.; Inagaki, N.; Kanesaki, Y.; Murata, N. Salt stress
inhibits the repair of photodamaged photosystem II by suppressing the transcription and translation of psbA
genes in Synechocystis. Plant Physiol. 2002, 130, 1443–1453. [CrossRef]

76. Khan, N.; Bano, A.; Curá, J.A. Role of Beneficial Microorganisms and Salicylic Acid in Improving Rainfed
Agriculture and Future Food Safety. Microorganisms 2020, 8, 1018. [CrossRef]

77. Wang, W.; Wang, C.; Pan, D.; Zhang, Y.; Luo, B.; Ji, J. Effects of drought stress on photosynthesis and
chlorophyll fluorescence images of soybean (Glycine max) seedlings. Int. J. Agric. Biol. Eng. 2018, 11, 196–201.
[CrossRef]

197



Agronomy 2020, 10, 1180

78. Tavakkoli, E.; Rengasamy, P.; McDonald, G. High concentrations of Na+ and Cl− ions in soil solution have
simultaneous detrimental effects on growth of faba bean under salinity stress. J. Exp. Bot. 2010, 61, 4449–4459.
[CrossRef] [PubMed]

79. Asrar, H.; Hussain, T.; Midhat, S.; Hadi, S.; Gul, B.; Nielsen, B.L.; Khan, M.A. Salinity induced changes in
light harvesting and carbon assimilating complexes of Desmostachya bipinnata (L.) staph. Environ. Exp. Bot.

2017, 135, 86–95. [CrossRef]
80. Shah, G.; Jan, M.; Afreen, M.; Anees, M.; Rehman, S.; Daud, M.K.; Malook, I.; Jamil, M. Halophilic bacteria

mediated phytoremediation of salt-affected soils cultivated with rice. J. Geochem. Explor. 2017, 174, 59–65.
[CrossRef]

81. Possingham, J.V. Plastid replication and development in the life cycle of higher plants. Annu. Rev. Plant Physiol.

1980, 31, 113–129. [CrossRef]
82. Plazek, A.; Rapacz, M.; Hura, K. Relationship between quantum efficiency of PSII and cold-induced plant

resistance to fungal pathogens. Acta Physiol. Plant. 2004, 26, 141–148.
83. Mehta, P.; Jajoo, A.; Mathur, M.; Bharti, S. Chlorophyll a fluorescence study revealing effects of high salt

stress on photosystem II in wheat leaves. Plant Physiol. Biochem. 2010, 48, 16–20. [CrossRef]
84. Kalaji, H.; Rastogi, A.; Živčgk, M.; Brestic, M. Prompt chlorophyll fluorescence as a tool for crop phenotyping:

An example of barley landraces exposed to various abiotic stress factors. Photosynthetica 2018. [CrossRef]
85. Yang, D.L.; Lian, J.R.; Ping, C.X.; Wei, L. Quantitative Trait Loci Mapping for Chlorophyll Fluorescence and

Associated Traits in Wheat (Triticum aestivum). J. Integr. Plant Biol. 2007, 49, 646–654. [CrossRef]
86. Li, Z.; Zhang, Y.; Zhang, X.; Merewitz, E.; Peng, Y.; Ma, X.; Yan, Y. Metabolic pathways regulated by chitosan

contributing to drought resistance in white clover. J. Proteome Res. 2017, 16, 3039–3052. [CrossRef]
87. Khan, N.; Bano, A.; Rahman, M.A.; Rathinasabapathi, B.; Babar, M.A. UPLC-HRMS-based untargeted

metabolic profiling reveals changes in chickpea (Cicer arietinum) metabolome following long-term drought
stress. Plant Cell Environ. 2019, 42, 115–132. [CrossRef]

88. Egamberdieva, D.; Davranov, K.; Wirth, S.; Hashem, A.; Abd_Allah, E.F. Impact of soil salinity on the
plant-growth–promoting and biological control abilities of root associated bacteria. Saudi J. Biol. Sci. 2017,
24, 1601–1608. [CrossRef] [PubMed]

89. Prashanth, H.K.V.; Dharmesh, S.M.; Rao, K.S.; Tharanathan, R.N. Free radical-induced chitosan
depolymerized products protect calf thymus DNA from oxidative damage. Carbohydr. Res. 2007, 342,
190–195. [CrossRef] [PubMed]

90. Malerba, M.; Cerana, R. Chitosan Effects on Plant Systems. Int. J. Mol. Sci. 2016, 23, 996. [CrossRef] [PubMed]
91. Sharma, I.P.; Sharma, A.K. Physiological and biochemical changes in tomato cultivar PT-3 with dual

inoculation of mycorrhiza and PGPR against root-knot nematode. Symbiosis 2017, 71, 175–183. [CrossRef]
92. Bianco, C.; Defez, R. Medicago truncatula improves salt tolerance when nodulated by an indole-3-acetic

acid-overproducing Sinorhizobium meliloti strain. J. Exp. Bot. 2009, 60, 3097–3107. [CrossRef]
93. Foyer, C.H.; Descourvieres, P.; Kunert, K.J. Protection against oxygen radicals: An important defense

mechanism studied in transgenic plants. Plant Cell Environ. 1994, 17, 507–523. [CrossRef]
94. Kohler, J.; Caravaca, F.; Roldàn, A. An AM fungus and a PGPR intensify the adverse effects of salinity on the

stability of rhizosphere soil aggregates of Lactuca sativa. Soil Biol. Biochem. 2010, 42, 429–434. [CrossRef]
95. Hu, Y.; Yu, W.; Liu, T.; Shafi, M.; Song, L.; Du, X.; Huang, X.; Yue, Y.; Wu, J. Effects of paclobutrazol on cultivars

of Chinese bayberry (Myrica rubra) under salinity stress. Photosynthetica 2017, 55, 443–453. [CrossRef]
96. Hayat, R.; Ali, S.; Amara, U.; Khalid, R.; Ahmed, I. Soil beneficial bacteria and their role in plant growth

promotion: A review. Ann. Microbiol. 2010, 60, 579–598. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

198



agronomy

Article

Rhizobacteria Isolated from Saline Soil Induce
Systemic Tolerance in Wheat (Triticum aestivum L.)
against Salinity Stress

Noshin Ilyas 1,* , Roomina Mazhar 1, Humaira Yasmin 2, Wajiha Khan 3 , Sumera Iqbal 4 ,

Hesham El Enshasy 5,6,7,* and Daniel Joe Dailin 5,6

1 Department of Botany, PMAS-Arid Agriculture University, Rawalpindi 46300, Pakistan;
roominamazhar83@gmail.com

2 Department of Bio-Sciences, COMSATS University, Islamabad 45550, Pakistan;
humaira.yasmin@comsat.edu.pk

3 Department of Biotechnology, COMSATS University Islamabad, Abbottabad Campus,
Abbottabad 22010, Pakistan; wajihak@cuiatd.edu.pk

4 Department of Botany, Lahore College for Women University, Lahore 54000, Pakistan;
sumeraiqbal2@yahoo.com

5 Institute of Bioproduct Development (IBD), Universiti Teknologi Malaysia (UTM),
Skudai, Johor 81310, Malaysia; jddaniel@utm.my

6 School of Chemical and Energy Engineering, Faculty of Engineering, Universiti Teknologi Malaysia (UTM),
Skudai, Johor 81310, Malaysia

7 City of Scientific Research and Technology Applications (SRTA), New Burg Al Arab, Alexandria 21934, Egypt
* Correspondence: noshinilyas@yahoo.com (N.I.); henshasy@ibd.utm.my (H.E.E.)

Received: 8 June 2020; Accepted: 23 June 2020; Published: 10 July 2020
��������	
�������

Abstract: Halo-tolerant plant growth-promoting rhizobacteria (PGPR) have the inherent potential to
cope up with salinity. Thus, they can be used as an effective strategy in enhancing the productivity of
saline agro-systems. In this study, a total of 50 isolates were screened from the rhizospheric soil of
plants growing in the salt range of Pakistan. Out of these, four isolates were selected based on their
salinity tolerance and plant growth promotion characters. These isolates (SR1. SR2, SR3, and SR4)
were identified as Bacillus sp. (KF719179), Azospirillum brasilense (KJ194586), Azospirillum lipoferum

(KJ434039), and Pseudomonas stutzeri (KJ685889) by 16S rDNA gene sequence analysis. In vitro,
these strains, in alone and in a consortium, showed better production of compatible solute and
phytohormones, including indole acetic acid (IAA), gibberellic acid (GA), cytokinin (CK), and abscisic
acid (ABA), in culture conditions under salt stress. When tested for inoculation, the consortium of all
four strains showed the best results in terms of improved plant biomass and relative water content.
Consortium-inoculated wheat plants showed tolerance by reduced electrolyte leakage and increased
production of chlorophyll a, b, and total chlorophyll, and osmolytes, including soluble sugar, proline,
amino acids, and antioxidant enzymes (superoxide dismutase, catalase, peroxidase), upon exposure
to salinity stress (150 mM NaCl). In conclusion, plant growth-promoting bacteria, isolated from
salt-affected regions, have strong potential to mitigate the deleterious effects of salt stress in wheat
crop, when inoculated. Therefore, this consortium can be used as potent inoculants for wheat crop
under prevailing stress conditions.

Keywords: salinity; PGPR; wheat; compatible solutes; antioxidant enzymes

1. Introduction

Globally, the production rate of agriculture is far less than the estimated food requirement
of the ever-increasing population and the gap will be widened over time [1] (GAP Report, 2018).
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Agro-ecosystems are influenced by environmental and climatic conditions, farming techniques,
and management practices. It is estimated that internationally, salinity affects 22% of the total
cultivated and 33% of the total irrigated agricultural area, which is increasing at an alarming rate of
10% annually. Pakistan is also facing severe salinity issues and a total area of 6.30 million hectares is
salt affected, out of which 1.89 million hectares is marked as saline [2].

Due to a higher concentration of sodium chloride (NaCl), plants growing in salt-affected soils
suffer from both hyperosmotic and hyperionic effects. These stresses result in reduced water uptake;
altered ion and mineral absorption rates; increased production of reactive oxygen species, causing
disorganization of the cell membrane; and reduction of metabolic activities [3]. Halophytes adapt
themselves to saline conditions by adjusting their physiological activities, maintaining their water
balance by osmotic adjustments, producing compatible solutes, and modifying the antioxidant
system [4]. Some plants overcome salinity stress through the production of osmolytes, particularly
glycine betaine, proline, soluble sugars, and proteins [5].

Improvement in the crop yield of saline soils requires a multidimensional approach consisting of
salt-tolerant varieties or amelioration by chemical neutralizers, but there is a dire need for eco-friendly
sustainable approaches. Rhizobacteria, showing potential to improve plant growth, are termed as
plant growth-promoting rhizobacteria (PGPR) [6]. PGPR have the potential to improve plant growth
through various mechanisms, including better plant growth, the production of phytohormones,
and amelioration of stresses [7]. Due to the natural coping mechanisms of PGPR, their inoculation
can help the amelioration of various abiotic stresses in plants. PGPR inoculation can help to improve
the growth and yield of crops, particularly in regions prone to drought and salt stress [8,9]. Natural
halotolerant PGPR strains have better potential for the amelioration of salt stress in regional crops for
sustainable yields. These native PGPR strains are well acclimated to indigenous conditions and the
plant–microbe interactions can help the plants to tolerate stress [10].

In this study, native halotolerant PGPR strains were isolated from local saline soils, and their
ability to promote plant growth when inoculated under salt stress was investigated. The objective of
the present research was to focus on the evaluation of isolated bacterial strains to stimulate salinity
tolerance and the promotion of wheat growth, as well as the identification and characterization of the
candidate strain both bio-physiochemically and genetically. This study provides a basis to identify and
characterize PGPR from natural saline conditions and testing their potential for improving salinity
tolerance in wheat, the major staple crop across the world.

2. Materials and Methods

2.1. Soil Sampling and Physicochemical Analysis

The rhizospheric soil of four halophytes namely, Abutilon bidentatum, Maytenus royleanus,
Leptochloa fusca (Kallar grass), and Dedonia viscose, was collected from a salt range of Pakistan
(313–360 m.a.s.l; 32◦23–33◦00 north latitude and 71◦30–73◦30 east longitude). The rhizospheric soil
was sieved and stored at 4 ◦C for future analysis. Rhizospheric soil was analyzed for pH and electrical
conductivity (EC) [11], soil texture, macro and micronutrients [12], and available nutrients [13].

2.2. Strain Isolation and HaloTolerance Assay

Rhizobacteria were isolated from rhizospheric soil of Abutilon bidentatum, Maytenus royleanus,
Leptochloa fusca, and Dedonia viscose by using the serial dilution and spread plate techniques [14].
The soil suspension was made by adding 1 g of soil in 9 mL of Milli-Q distilled water. An aliquot of
soil suspension was inoculated on Luria-Bertani (LB) agar plates and incubated at 28 ± 2 ◦C for 48 h.
The obtained colonies were purified by sub-culturing. The colony-forming unit (CFU) was calculated
according to the formula given by [15]:

CFU/g = (colonies number × dilution factor/volume of inoculum).
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Distinct bacterial colonies were examined for colony characteristics (shape, size, margin, elevation,
appearance, texture, pigmentation, and optical properties) as well as for cellular characteristics
(cell shape, gram testing) [16]. QTS-24 kits were used to determine the carbon/nitrogen (C/N) source
utilization pattern of bacterial isolates. Isolated bacterial strains were tested for their halotolerance
abilities by growing them in LB media supplemented with NaCl (2%, 4%, 6%, 8%, 10%, 15%) [16].

2.3. Plant Growth-Promoting (PGP) Traits

All the bacterial isolates were evaluated for their PGP characteristics. Phosphorous (P)
solubilization was done by spot inoculating overnight grown cultures onto pikovaskaya’s agar
(Sigma) containing tri-calcium phosphate as an insoluble P source [17]. The colonies, which produced
clearing zones in the pikovaskaya’s agar plates, were considered positive for phosphorous solubilization.
Total solubilized phosphate was measured by using the phosphomolybdate blue color method [18].
Modified pikovaskaya’s broth medium was inoculated with each strain and incubated at 30 ◦C for
5 days. The cultures were centrifuged at 6000 rpm for 15 min. The supernatant (500 μL) was mixed
with 40 μL of 2,4-dinitrophenol, after which 20 μL of dilute sulfuric acid were added, followed by 5 mL
of chromogenic reagent, and the volume was diluted to 50 mL using sterilized water and absorbance
was recorded at 680 nm. Siderophore production was done by spot inoculation on chrome azurol S
(CAS) media as described by Schwyn and Neilands [19]. Bacterial strains were spot inoculated on
petri plates containing CAS media. An uninoculated plate was taken as the control. After inoculation,
plates were incubated at 28 ◦C for 5–7 days and observed for the formation of an orange zone around
the bacterial colonies. Bacterial isolates were tested for hydrogen cyanide production through the
method of Lorck [20]. Bacterial strains were streaked on nutrient agar medium (pre-soaked in 0.5%
picric acid and 2% sodium carbonate w/v), supplemented with glycine (4.4 g/L). Plates were sealed
with parafilm paper and incubated at 30 ◦C for 4 days. The appearance of an orange or red color
indicates the production of hydrogen cyanide.

2.4. Germination Experiment

This experiment was carried in the Plant Physiology Laboratory of PMAS-Arid Agriculture
University. Seeds of the wheat variety (Galaxy 2013) obtained from the National Agricultural Research
Centre, Islamabad were surface sterilized by treatment with sodium hypochlorite (1%) solution for
5 min. After, seeds were successively washed with distilled water. All the isolated strains were
tested for germination attributes. Sterilized seeds of wheat were placed in pre-soaked filter paper in
Petri dishes. NaCl solution (50 mM, 100 mM, 150 mM, 200 mM) was given instead of normal water.
The germination experiment was carried out under laboratory conditions with an average photoperiod
of 10 h day/14 h night at 24 ◦C. The germination percentage, seedling vigor index, and promptness index
were measured for each treatment [21]. Four strains were selected for further analysis, based upon
their efficacy in the germination experiment and were labeled as SR1, SR2, SR3, and SR4.

2.5. Production of Osmolytes

To analyze proline and total soluble sugars, the supernatant of PGPR grown in LB broth
supplemented with NaCl concentrations (0%, 2%, 4%, 6%, 8%, and 10%) were analyzed as described by
Upadhyay et al. [22]. For the estimation of the proline contents, centrifugation of the culture broth was
done at 1000× g for 10 min and the supernatant was used for estimation. Total soluble sugar (TSS) was
estimated by mixing 1 mL of supernatant with 4 mL of anthrone reagent, the mixture was later boiled
in a water bath for 8 min. After rapid cooling, the optical density was measured at 630 nm, and the
amount of TSS was calculated from a standard curve.

2.6. Phytohormone Production

The ability of four selected halotolerant strains to produce phytohormones (IAA, GA, CK, ABA)
in the culture media was measured by the method of Tien et al. [23]. The extraction of hormones was

201



Agronomy 2020, 10, 989

done by centrifugation of bacterial cultures at 10,000 rpm for 15 min. For adjustment of the pH (2.8),
1 N HCl was used. In the next step, an equal volume of ethyl acetate was used for hormone extraction.
The resulting solution was evaporated at 35 ◦C and the end residue was mixed in 1500 μL of methanol.
Finally, the samples were run on High Performance Liquid Chromatography (HPLC) (Agilent 1100),
which had a C18 column (39 × 300 mm) and a UV detector. For standardization of HPLC, pure grade
chemicals of the hormones IAA, CK, GA, and ABA (Sigma Chemical Co., St. Louis, MO, USA) were
dissolved in HPLC-grade methanol and were used. The wavelength used for the detection was as
follows: IAA at 280 nm; and GA, CK, and ABA at 254 nm. The phytohormone content of LB media,
without inoculum, was used to normalize the data.

2.7. 16S rRNA Gene Sequence and Phylogenetic Analysis

DNA was extracted from pure LB broth cultures as described by Chen and Kuo [24]. Amplification
of genomic DNA of isolated strains was done as described by Weisburg et al. [25]. The PCR was carried
out for amplification of the 16S rRNA gene with universal nucleotide sequence forward primer (fd1)
AGAGTTTGATCCTGGCTCAG, and reverse primer (rd1) (AAGGAGGTGATCCAGCC). DNA was
purified and sequenced on an automated sequencer by gel purification kits (JET quick, Gel Extraction
Spin Kit, GENOMED). The strains were identified by using a nearly complete sequence of the 16s
rRNA gene on (BLAST) NCBI by comparing sequence homology with other strains. The maximum
parsimony method was used for the analysis of evolutionary linkages [26].

2.8. Plant Inoculation

A pot experiment was conducted in the greenhouse of the Botany Department, PMAS-AAUR,
Rawalpindi. A complete randomized design was applied with three replications. Each selected
halotolerant strain was grown overnight in LB media. To obtain a cell pellet, the supernatant was
discarded after centrifugation at 3000 rpm for 3 min. The cell pellet was washed three times with
autoclaved water and the absorbance was recorded with a spectrophotometer at 600 nm to obtain the
desired concentration, i.e., 107 CFU. Ten sterilized seeds were sown in each pot (containing 10 kg of
soil) in the greenhouse with the day 10 h/14 h night at a temperature of 21/15 ◦C. Soil moisture was
maintained at 15 ± 1%. Four strains and their consortium were evaluated under two treatment controls
and 150 mM NaCl stress. The salt level was maintained with EC of 4.0 dS m−1 (first irrigation) or
8.5 dS m−1 (second irrigation). Plants were harvested after 45 days of sowing. Fresh and dry biomass
was recorded. Leaf area was measured with the help of a leaf area meter. All the samples were collected
in zipper bags and stored at −20 ◦C freezer for further biochemical assays. The percent of water content
was determined by measuring the ratio between the fresh and dry weight of the upper fully developed
leaf by using the following formula [27]:

RWC = [FW − DW]/[TW − DW] × 100 (1)

2.9. Electrolyte Leakage (%)

Electrolyte leakage was determined by the method of Srairam [28]. Leaf discs weighing 0.1 g
were heated in 10 mL of distilled water for 30 min at 40 ◦C and the electrical conductivity (C1) was
recorded. The same discs were then heated at 100 ◦C and again electrical conductivity (C2) was
recorded. Whereas, calculations were done by the following formula:

MSI = [1 − (C1/C2)] × 100 (2)
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2.10. Chlorophyll and Carotenoid Content

Leaf chlorophyll a, b, total chlorophyll, and carotenoid contents were estimated by the method of
Arnon [29]. Fresh leaves (0.5 g) were ground in 10 mL of 80% acetone. The readings of the filtrate were
measured at 470 nm, 663 nm, and 645 nm. Calculations were done by the following equations:

Chla (mg/g) = [12.7A663 − 2.69A645] (v/w) (3)

Chlb (mg/g) = [22.9A645 − 4.68A663] (v/w) (4)

Total chlorophyll (mg/g) = [(20.2A645 + 8.02A663) v/w] (5)

Carotenoids content(mg/g) = (1000 A470 − 1.8 Chla − 85.02 Chlb)/198 (6)

where A is the optical density at a specific wavelength.

2.11. Proline Content

Proline contents were determined by following the protocols of Bates [30]. Fresh leaves (0.5 g)
were homogenized with 10 mL of sulfosalicylic acid (3.0%). The solution was filtered, and the filtrate
was mixed with equal amounts of glacial acetic acid and ninhydrin reagent. The mixture was heated
for 1 h in a water bath at 90 ◦C and the reaction was stopped by transferring the mixture to ice. Toluene
(1 mL) was added to the mixture and the solution was mixed and the solution separated into two
layers. The upper layer was isolated in separate test tubes and the reading was measured at 520 nm.
Proline was determined as follows:

Proline = (Reading of sample × Diluted concentration × K value)/material weight (7)

2.12. Total Soluble Sugar and Amino Acid

Soluble sugars were estimated after the method of Dubois et al. [31]. Ground plant tissue (0.1 g)
was mixed with 3 mL of 80% methanol. The solution was heated in a water bath for 30 min at 70 ◦C.
An equal volume of extract (0.5 mL) and 5% phenol was mixed with concentrated sulphuric acid
(1.5 mL) and was again incubated in the dark for 30 min. The absorbance of the sample was checked at
490 nm and the calculations were done by applying the following formula:

Sugar (μg/mL) = Absorbance of sample × Dilution factor× K value (8)

Fresh tissue in grams.
The standard curve was prepared for glucose solution, which was used for the determination of

the amount of sugar, expressed in mg g−1 fw−1.
The Ninhydrin method was used for the determination of free amino acids [32]. Leaf extract

(1 mL) was mixed with the same volume of 0.2 M citrate buffer (pH-5) and 80% ethanol, and 2 mL of
the ninhydrin reagent. The absorbance of the reaction mixture was taken to 570 nm. Amino acids were
computed with the equation:

Amino acids = Absorption × volume × Diluted concentration/Sample weight × 1000.

The amino acid, leucine, was used for preparing the standard curve, and results were expressed
in mg of amino acid per g of dry tissue.

2.13. Total Protein Content

The concentration of protein was quantified by the Bradford assay [33]. Bovine serum albumin
was used as a standard. Proteins were extracted by dissolving 0.2 g of leaf samples in 4 mL of sodium
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phosphate buffer (pH 7), and 0.5 mL of the extract was mixed with 3 mL of Comassive bio red dye.
The optical density of the solution was measured at 595 nm. Protein was determined by:

Protein = Reading of extract × Diluted concentration × value of K/sample weight (9)

2.14. Antioxidant Enzyme Assay

Enzyme extract was prepared by grinding one gram of leaf in liquid nitrogen. The obtained
powder was added in 10 mL of 50 mM phosphate buffer (pH 7.0) and was mixed with 1 mM Ethylene
Diamine Tetra Acetic acid (EDTA) and 1% polyvinylpyrrolidone (PVP). The whole mixture was
centrifuged at 13,000× g for 20 min at 4 ◦C. The supernatant was used for the enzyme assay.

The catalase (CAT) content was estimated by observing the degradation of H2O2 at 240 nm [34].
Catalase activity (U mg protein−1) was calculated from the molar absorption coefficient of
40 mm−1cm−1for H2O2. Peroxidase dismutase (POD) was determined by following the procedure of
Rao [35]. The reaction mixture consisted of 10 μL of crude enzyme extract, 20 μL of 100 mM guaiacol,
10 μL of 100 mM H2O2, and 160 μL of 50 mM sodium acetate (pH 5.0). Absorbance was recorded at
450 nm.

Superoxide dismutase (SOD) activity was done by using the procedure of Giannopolitis and
Ries [36]. The composition of the reaction mixture was 50 mM sodium phosphate buffer (pH 7.8), 0.1 M
tris-HCL, 14 mM methionine, 1.05 mM riboflavin, 0.03% TritonX-100, 50 mM nitroblue tetrazolium
chloride (NBT), 100 mM EDTA, and 20 μL enzyme extracts. After adding riboflavin, the glass tubes
were illuminated for 5 min, and reactions were stopped by turning off lights. The absorbance was
recorded at 560 nm.

2.15. Statistical Analysis

Three replicates were used for the mean and standard deviation values of the data. The obtained
data were further analyzed by Duncan’s multiple range tests using MSTAT-C version 1.4.2.
The correlation coefficient of the data was done using the software Statistix version 8.1. Mean
values were compared by the least significant difference (LSD) at p ≤ 0.05 [37]. The heatmap for the
correlation coefficient was prepared by using web tool clustvis (https://biit.cs.ut.ee/clustvis/).

3. Results

3.1. Soil Analysis

Analysis of the rhizospheric soil samples of all four plants showed the soil was sandy clay
loam with an EC range of 0.76–0.85 dSm−1, pH in the range of 7.99–8.12, high Na/K ratio, and a low
concentration of nutrients (Table 1).
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3.2. Isolation and Screening of Salt-Tolerant PGPR Strains

A total of 50 isolates were obtained from the rhizospheric soil of four halophytic plants. Among all
isolates, 90% of colonies were round, creamy, and had entire margins (Supplementary Materials Table S1).
Further, 78% of isolates were Gram-negative and rod-shaped (Supplementary Materials Table S2).

In the halotolerant assay, 70% of strains were able to grow up to 6%, 20% strains showed tolerance
at 10%, while four strains SR1, SR2, SR3, and SR4 were able to grow at 15% NaCl (Supplementary
Materials Table S2). These four strains also showed positive results for phosphorous solubilization,
hydrogen cyanide, and siderophore production (Supplementary Materials Table S3).

3.3. Effect of Bacterial Isolates on Germination of Wheat

Salt stress resulted in a considerable reduction in the germination parameters of the wheat seeds.
Under salt-stressed conditions, the seedling vigor index and germination index showed a 12.5% and
31% decrease compared to the control. Though most of the strains showed a significant increase in
seed germination, four strains SR1, SR2, SR3, and SR4 showed prominent results (14.28%, 35%, 42%,
and 55%), respectively, as compared to the non-inoculated control under the salt stress condition
(Supplementary Materials Table S4).

3.4. Identification of Isolates

Initially, the four strains were identified based on the C/N source utilization pattern (Supplementary
Materials Table S5). Molecular identification of the screened halotolerant strains was done based on 16S
rRNA sequences and on the comparison of the 1500-bp sequence of 16S rRNA gene subjected to BLAST
to confirm the relatedness with other bacterial strains. The isolate SR1 (1485 base pair) was closely
related (98% nucleotide identity) to sequences of bacteria annotated as Bacillus strain JQ 926435 in the
GenBank database. The sequence of SR2 (1480 base pairs) was 99% identical to Azospirillum brasilense

DQ 288686.1, SR3 (1482 base pairs), and 96% identical to strain Azospirillum lipoferum accession no.
M. 5906.1. Furthermore, the isolated strain SR4 showed a 99% homology with Pseudomonas stutzeri

JQ 926435. The accession numbers of the identified strains were obtained from NCBI and are given
in Table 2.

Table 2. Molecular identification of the isolates based on partial 16S rDNA analysis.

No Isolates Base Pair Length Similarity (%) Strain Identification Accession No.

1 SR1 1485 98% Bacillus sp. KF719179

2 SR2 1480 99% Azospirillum brasilense KJ194586

3 SR3 1482 96% Azospirillum lipoferum KJ434039

4 SR4 1263 99% Pseudomonas stutzeri KJ685889

Further phylogenetic analysis of the identified bacteria was conducted in MEGA4 software to
determine their affiliation [38]. The evolutionary history was inferred using the maximum parsimony
method [26]. The results are shown in Supplementary Materials Figures S1–S4.

3.5. Production of Phytohormones

Based on the halotolerance assays, PGP traits, and germination assay results, four isolates
were selected for further analysis. All the halotolerant PGPR strains showed the production of
phytohormones in liquid culture (Figure 1). Halotolerant PGPR strains were able to produce
IAA (0.5–2.1 μg mL−1), gibberellic acid (1.5–2.5 μg mL−1), CK (0.39–0.64 μg mL−1), and ABA
(1.9–3.4 μg mL−1). The PGPR strains SR2 and SR3 produced higher concentrations of phytohormones
than those of SR1 and SR4; however, the bacterial consortium produced maximum concentrations of
IAA (2.1 μg mL−1), gibberellic acid (2.5 μg mL−1), CK (0.64 μg mL−1), and ABA (3.4 μg mL−1).
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Figure 1. Production of phytohormones (Indole Acetic Acid (IAA), Gibberellic Acid (GA), Cytokinin
(CK), and Abscisic Acid (ABA) by PGPR strains and their consortium in culture media. (SR1: Inocualted
with Bacillus sp; SR2: Inocualted with Azospirillum brasilense; SR3: Inocualted with Azospirillum lipoferum;
SR4: Inocualted with Pseudomonas stutzeri; Consortium is a combination of all four strains Bacillus sp,
Azospirillum brasilense, Azospirillum lipoferum, Pseudomonas stutzeri). This data displays the means and
standard deviation (n = 3). Different letters show significant differences between treatments (p < 0.05).

3.6. Production of Compatible Solutes

A considerable amount of proline was produced by all the screened halotolerant strains when
subjected to different salinity levels. Production of proline by SR2 and SR3 was the highest in the 10%
saline condition than the control. The maximum amount of proline (12.1 μg mg−1) was produced by
the bacterial consortium, which was 23% greater than SR2 and SR3. For the carbohydrate contents,
a significant amount of soluble sugars was recorded by all the strains (Figure 2). The production of
soluble sugars was more pronounced at different salinity levels than the control. The bacterial strains SR2

and SR3 produced a greater amount of (89–111 μg mg−1) soluble sugar as compared to the control, but the
consortium of bacterial isolates recorded the maximum values at 10% NaCl (222 μg mg−1) (Figure 3).

Figure 2. Production of proline by PGPR strains and their consortium in culture media supplemented
with different concentrations of NaCl (2%, 4%, 6%, 8%, and 10%). The treatment details are the same
as in Table 3. This data displays the means and standard deviation (n = 3). Different letters show
significant differences between treatments (p < 0.05).

207



Agronomy 2020, 10, 989

Figure 3. Production of total soluble sugar by PGPR strains and their consortium in culture media
supplemented with different concentrations of NaCl (2%, 4%, 6%, 8%, and 10%). The treatment details
are the same as in Table 3. This data displays the means and standard deviation (n = 3). Different letters
show significant differences between treatments (p < 0.05).

3.7. Effect of PGPR Inoculation on the Biomass of Wheat (Triticum aestivum L.) Plants Grown under
Salinity Stress

The overall decrease of 30% in the plant biomass of wheat plants was observed due to salt
stress. However, the bacterial isolates exerted a significant positive influence on wheat growth and
resulted in an increase in the biomass of plants in the control and stressed conditions, respectively.
The relative increase in the fresh and dry biomass due to bacterial isolates ranged between 39% and
67% as compared to the uninoculated plants under saline conditions.

The best results were obtained when plants were inoculated with a consortium of all four isolated
strains, which caused an increase of 93% in stress and 60% in controlled conditions. Moreover,
pronounced results were also encountered for dry biomass, when plants were inoculated with a
consortium, which resulted in an increase of 65.4% in salt stress and 78.7% in control conditions
(Table 3).

Table 3. Effect of inoculation of halotolerant PGPR on the fresh and dry biomass and leaf area of wheat
plants grown under salinity stress.

Treatments Fresh Biomass (g) Dry Biomass (g) Leaf Area (cm2)
0 mM 150 mM 0 mM 150 mM 0 mM 150 mM

Control 10 ± 1g 7.3 ± 0.4i 3.3 ± 0.1c 2.2 ± 0.04d 140 ± 12e 120 ± 17f
SR1 11 ± 0.5f 8.2 ± 0.9h 3.5 ± 0.4c 2.8 ± 0.06d 150 ± 15d 130 ± 14f
SR2 13.2 ± 0.9e 10.3 ± 0.7g 4.1 ± 0.1b 3.5 ± 0.09c 167 ± 12c 140 ± 24e
SR3 16.9 ± 1.2 b 13.9 ± 1.4d 4.7 ± 0.5b 3.8 ± 0.03 c 177 ± 17b 147 ± 17e
SR4 11.50.98f 7.8 ± 0.54i 3.6 ± 0.5c 3.0 ± 0.08d 160 ± 14c 135 ± 12f

Consortium 20.3 ± 1.8a 14.1 ± 1.9c 5.9 ± 0.2a 4.3 ± 0.03b 186 ± 19a 152 ± 13d

This data displays the means and standard deviation (n = 3). Different letters show significant differences (p < 0.05).
(SR1: Inocualted with Bacillus sp; SR2: Inocualted with Azospirillum brasilense; SR3: Inocualted with Azospirillum
lipoferum; SR4: Inocualted with Pseudomonas stutzeri; Consortium is a combination of all four strains Bacillus sp,
Azospirillum brasilense, Azospirillum lipoferum, Pseudomonas stutzeri).
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3.8. Effect on the Membrane Stability Index and Water Content

Results of the percent electrolytic leakage showed that the inoculation remains significant under
stress as well as normal conditions However, co-inoculation with bacterial consortium successfully
decreased (34%) the ionic discharge at the 150 mM NaCl level compared to the control (Table 4).
Furthermore, the percent of water content showed a significant reduction of 33% in wheat plants under
salt stress as compared to the uninoculated control plants. More pronounced results were obtained
with SR2 and SR3, causing an increase of 10.5% and 17.54% in the stress condition. The consortium-
inoculated plants recorded the maximum amount of water of 21% and 17.64% in the stress and control
conditions. A similar trend was observed by SR1 and SR4 (Table 4).

Table 4. Effect of inoculation of halotolerant PGPR strains on the leaf water content and electrolyte
leakage of wheat plants grown under salinity stress.

Treatments Percent Water Content Electrolyte Leakage (%)

0 mM 150 mM 0 mM 150 mM
Control 85 ± 1.5b 57 ± 0.9e 33 ± 0.4d 55 ± 0.5a

SR1 86.3 ± 1.6b 60 ± 1d 30 ± 0.3d 50 ± 0.45a
SR2 89 ± 1.9b 63 ± 1.4d 26.2 ± 0.25e 41.3 ± 0.33c
SR3 95 ± 2.1a 67 ± 1.7d 25.7 ± 0.4e 42.08 ± 0.11c
SR4 88.7 ± 1.9b 61 ± 1.15d 31.2 ± 0.22e 47.8 ± 0.44b

Consortium 97 ± 2.0a 70 ± 1.75c 22.1 ± 0.22f 35.2 ± 0.23d

This data displays the means and standard deviation (n = 3). Different letters show significant differences (p < 0.05).
Treatment details are the same as in Table 3.

3.9. Chlorophyll Contents

Salinity stress negatively affected the photosynthetic pigments of wheat plants. A considerable
decrease of 30.4%, 22%, and 25% was observed in chlorophyll a, b, and total chlorophyll. The response
to the consortium was effective (p ≤ 0.05) and resulted in a 13.23%, 12.49%, 12.9%, and 11.76% increase
as compared to the control under salt-stress conditions (Table 5).

Table 5. Effect of halotolerant PGPR on the chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoid contents of wheat plants grown under salinity stress.

Chlorophyll a (mg/g Fresh
Weight)

Chlorophyll b (mg/g Fresh
Weight)

Total Chlorophyll (mg/g
Fresh Weight)

Carotenoid (mg/g Fresh
Weight)

Treatments 0 mM 150 mM 0 mM 150 mM 0 mM 150 mM 0 mM 150 mM

Control 1.06 ± 0.01d 0.59 ± 0.01h 0.27 ± 0.02d 0.12 ± 0.01h 1.18 ± 0.10e 0.86 ± 0.05f 46.9 ± 0.1f 65.8 ± 0.15k

SR1 1.13 ± 0.03b 0.75 ± 0.03g 0.29 ± 0.04b 0.13 ± 0.02g 1.26 ± 0.09d 1.01 ± 0.03k 47.3 ± 0.3e 67.6 ± 0.5i

SR2 1.18 ± 0.04c 0.81 ± 0.02f 0.32 ± 0.03c 0.15 ± 0.02f 1.33 ± 0.7c 1.13 ± 0.02j 50.5 ± 0.4c 69.8 ± 0.4h

SR3 1.2 ± 0.05c 0.85 ± 0.04g 0.33 ± 0.05c 0.17 ± 0.03f 1.37 ± 0.8b 1.18 ± 0.04k 51.1 ± 0.2b 69.2 ± 0.5i

SR4 1.12 ± 0.02b 0.77 ± 0.03b 0.28 ± 0.01b 0.13 ± 0.02g 1.13 ± 0.6f 1.05 ± 0.01d 48.2 ± 0.4d 68.1 ± 0.6j

Consortium 1.4 ± 0.04a 0.9 ± 0.02e 0.35 ± 0.05a 0.19 ± 0.04e 1.59 ± 0.5a 1.25 ± 0.03h 52.8 ± 0.6a 70.4 ± 0.8g

This data displays the means and standard deviation (n = 3). Different letters show significant differences (p < 0.05).
Treatment details are the same as in Table 3.

3.10. Proline Contents

Salinity stress increased proline accumulation in wheat plants. A considerable increase of
50% in the proline content of wheat plants was recorded in saline stress conditions as compared
to their respective control. Inoculation with halotolerant PGPR increased the levels of proline in
the leaves. All four inoculants increased the proline contents in the range of 18–36%, respectively.
The accumulation of proline was maximum in consortium-treated plants, with an increase of 46.67%
under stress conditions (Table 6).
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Table 6. Effects of halotolerant PGPR on the total soluble sugar, amino acid, protein, and proline
contents of wheat plants grown under salinity stress.

Treatments Total Soluble Sugar (μg g−1 FW) Total Amino Acid (μg g−1 FW) Proline (μg g−1 FW)
0 mM 150 mM 0 mM 150 mM 0 mM 150 mM

Control 27 ± 2d 33 ± 5i 330 ± 10g 368 ± 20e 40 ± 03d 120 ± 5j
SR1 29 ± 3d 35 ± 7h 345 ± 12 f 379 ± 17e 44 ± 05d 128 ± 6i
SR2 31 ± 5c 39 ± 6g 360 ± 15e 401 ± 27c 51 ± 3c 130 ± 7g
SR3 33 ± 3c 33 ± 1.0f 370 ± 24e 420 ± 25b 54 ± 3b 135 ± 9h
SR4 29 ± 4 d 36 ± 8h 350 ± 12f 387 ± 24.4d 43 + 3 c 125 ± 5i

Consortium 39 ± 5 c 43 ± 5e 381 ± 10d 439 ± 15a 57 ± 4b 145 ± 7f

This data displays the means and standard deviation (n = 3). Different letters show significant differences (p < 0.05).
Treatment details are the same as in Table 3.

3.11. Amino Acid Content

The amino acid content was highest in the consortium of halotolerant PGPR strains, with an
increase of 19.29% and 15.54% under salt stress and control conditions. Moreover, plants inoculated
with SR2 and SR3 contained 10% and 14.1% greater concentrations of amino acids as compared to the
uninoculated stressed plants (Table 6).

3.12. Total Soluble Sugar

Salinity stress produced a significant increase of 12.5% for the soluble sugar contents of wheat
plants as compared to the control. The best outcomes were obtained when plants were inoculated with
SR2 and SR3, which resulted in an increase of 9.52% and 15.87%, respectively, under stress conditions.
However, a more prominent effect was revealed with the inoculation of a consortium of strains, with an
increase of 28.57% and 23.2%, respectively, under the stress and control condition (Table 6).

3.13. Antioxidants Enzyme Assay

The antioxidant enzymes of the wheat plants showed a significant increase under salinity stress.
Inoculation with all four halotolerant PGPR improved the production of antioxidant enzymes in plants.
However, the best results were shown by the consortium of all strains. The consortium increased the
superoxide dismutase activity by 21.4% as compared to stressed plants. Similarly, a significant increase
of 16% in the catalase activity was recorded by the inoculation with the consortium. A significant
increase of 34.4% in the peroxidase content of plants was recorded as compared to the control (Table 7).

Table 7. Effects of halotolerant PGPR on the antioxidant enzymes activity of wheat plants grown under
salinity stress.

Treatments
Superoxide Dismutase (EU

mg−1 Protein)
Catalase (EU mg−1 Protein)

Peroxidase (EU mg−1

Protein)
0 mM 150 mM 0 mM 150 mM 0 mM 150 mM

Control 0.74 ± 0.06k 1.83 ± 0.02f 2.5 ± 0.03h 4.13 ± 0.02f 144 ± 3f 255 ± 5f
SR1 0.76 ± 0.04j 1.85 ± 0.01e 2.7 ± 0.02k 4.3 ± 0.04e 148 ± 7j 260 ± 4d
SR2 0.8 ± 0.03i 1.9 ± 0.04c 3.01 ± 0.04i 4.7 ± 0.09c 153 ± 4i 263 ± 6c
SR3 0.82 ± 0.05h 1.91 ± 0.03b 3.12 ± 0.05h 4.8 ± 0.10b 155 ± 6h 267 ± 7b
SR4 0.78 ± 0.3j 1.85 ± 0.4d 2.6 ± 0.04j 4.5 ± 0.05d 150 ± 4j 257 ± 5d

Consortium 0.86 ± 0.07g 1.96 ± 0.05a 3.25 ± 0.05g 5.05 ± 0.04a 162 ± 3g 270 ± 6a

This data displays the means and standard deviation (n = 3). Different letters show significant differences (p < 0.05).
Treatment details are the same as in Table 3.

3.14. Heatmap Responses of Pearson’s Correlation Coefficient (r)

From the heat map analysis, the data of the osmolyte production, electrolyte leakage, chlorophyll
contents, antioxidant enzymes, and halotolerant PGPR showed positive correlations (Figure 4).
A comparative analysis of the parameters related to salinity tolerance (presented by green boxes)
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showed that salinity tolerance had a positive correlation with amino acid, osmotic potential, soluble
sugars, proline, SOD, POD, and CAT activities (Figure 5).

Figure 4. Heatmap of the correlation coefficient (r) for the antioxidant enzymes, stress determinants,
and relative water content of wheat leaves treated with bacterial isolates and their consortium. Whereas,
EL = Electrolyte leakage, Pro = Proline, POD = Peroxidase, SOD = Superoxide dismutase, CHL = Total
chlorophyll, TAA = Total amino acids, TSS = Total soluble sugars, RWC = relative water content.

Figure 5. Principle component analysis (PCA) of phytohormones, proline, total soluble sugars,
and reducing sugars of halotolerant bacterial isolates and their consortium grown under salt stress
in culture conditions. Whereas, IAA = Indole acetic acid, GA = gibberellic acid, CK = Trans zeatin
riboside, RS = Reducing sugars, TSS = Total soluble sugars.

4. Discussion

Soil bacteria associated with rhizosphere have been known as growth promotors as well as
biotic and abiotic stress alleviators [8]. Bacteria associated with the roots of halophytes and saline
soil, capable of tolerating higher levels of salts, are termed as halotolerant [39]. In the current study,
bacterial isolates SR1, SR2, SR3, and SR4 showed the best salt tolerance abilities among all 50 bacterial
isolates from the roots–soil interface of plants growing in the saline area. Phenotypic and molecular
genotyping (16S RNA sequencing) of four potent isolates proved that SR2 and SR3 strains belong to
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the Azospirillum genus (Azospirillum brasilense and Azospirillum lipoferum) and the other two (SRI and
SR4) belong to the genus Bacillus (Bacillus sturtezi) and Pseudomonas (Paeudomonas stutzeri) (Table 2).
These beneficial PGPR belonged to different genera, which indicate that plant growth promotion has
been distributed across different taxons Halotolerant strains from the genera of Pseudomonas, Bacillus,
Azospirillum, Klebsiella, and Ochromobacter have shown remarkable performance in the amelioration of
salt stress in a wide range of crops [40].

Halotolerant PGPR has been reported to promote plant growth as well as mitigate salinity
stress [41]. In the current study, we attempted to identify the key mechanisms used by halotolerant
strains to alleviate the salinity stress in wheat plants by regulating plant defense mechanisms. The ability
of halotolerant PGPR to produce phytohormones is associated with improved growth of plants under
saline conditions [42]. The halotolerant PGPR produced IAA, GA, CK, and ABA. The results showed
that Azospirillum strains produced higher amounts of GA, IAA, and CK than those of Bacillus and
Pseudomonas strains in liquid media (Figure 1). The production of hormones by halotolerant PGPR is
thoroughly supported by previous literature and many halotolerant strains of Azotobacter, Bacillus,
Arthrobacter, Azospirillum, and Pseudomonas have been shown to produce IAA, GA, CK, and ABA [43].
These phytohormones regulate the stress defense responses in plants. They influence all aspects of
plant growth, like cell wall elongation (IAA), cell division (CK), germination (gibberellin), and stress
tolerance (ABA) [44–46]. Various reports suggest that these phytohormones produced under salinity
stress help plants to survive and impart tolerance in them under abiotic stresses [46].

Here, the results proved that rhizobacteria secrete more compatible solutes (soluble sugars and
proline) in culture media supplemented with a higher NaCl (10%) content. Various studies documented
that bacterial cells can accumulate a considerable amount of compatible solutes inside their cells, acting
as osmolytes and helping them to survive under severe osmotic stress [47].

Salinity is one of the common factors that can limit agricultural productivity due to its effects
on seed germination, plant growth, and crop yield. Wheat is an important staple crop, but as it
is a moderately salt-tolerant crop, high salt stress strictly limits its growth and development. Salt
stress ultimately reduces the crop yield and nutritive value of wheat. The regulation of physiological,
enzymatic, and biochemical changes in plants after inoculation with PGPR helps to alleviate salt or
drought stress [40,48].

We demonstrated that salinity reduced the growth and development and relative water content
of wheat plants. It also caused curling and wilting of leaves, early leaf senescence, and ultimately
a reduction in the growth of plants. This is consistent with what was found in a previous study
that salinity restricts cell differentiation and the cell cycle due to osmotic and ionic stress, deficiency
of nutrients, oxidative damage, and limited water uptake, which affects plant germination, growth
development, and physiological processes, ultimately leading to growth inhibition [49].

In this study, a consortium of four strains produced a prominent result for the dry biomass and
leaf area than the control and individual inoculants. These results are in line with Walker et al. [50],
who reported that inoculation with a consortium of Azospirillum-Pseudomonas-Glomus improved the root
architecture in maize under salinity. A better adaptability of PGPR to stress conditions is correlated with
efficient root colonization, phosphate solubilization, and nitrogen fixation abilities [51]. From the results,
it is clear that salinized plants inoculated with halotolerant strains and their consortium exhibited a
higher relative water content of leaves. Rakshapal et al. [52] also observed that PGPR-treated plants not
only cope with stress but also that these microbes help to maintain higher water levels in comparison
to control plants.

Salinity decreases the photosynthetic efficiency of plants and results in the production of reactive
oxygen species (ROS), which cause damage to DNA, proteins, and membranes [53]. We described the
results of photosynthetic pigments of wheat plants, which showed that treatment with a consortium
showed a pronounced effect of reducing the damage caused by salinity on the photosynthetic apparatus.
A similar pattern of results was reported by El-Esawi et al. [54], who observed an increase in the
photosynthetic efficiency of plants by PGPR inoculation under salinity.
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Salt stress can develop more discharge of electrolytes through the misplacement of Ca associated
with membranes. As a result, the permeability of the membrane is destroyed and accumulates a higher
efflux of electrolytes inside plant cells/tissue [55]. In the current study, the successive increase in the
electrolyte leakage of wheat plants was observed at 150 mM salt stress than the control. These results
are inconsistent with the Bojórquez-Quintal et al. [56], who found salt stress enhances electrolyte
leakage and the generation of reactive oxygen species (ROS), having a detrimental effect on plant
growth. Our results showed that inoculation with halotolerant PGPR tends to decrease the injurious
effect of saline stress and decrease the potential electrolytic leakage of ions in stress-treated plants.
This is consistent with what was found in previous studies [57,58].

In the present study, the concentration of compatible solutes was also increased in inoculated
wheat plants under salt stress (Table 7). The accumulation of compatible solutes, particularly proline,
free amino acid, and soluble sugar, is correlated with the adaptability of the plant to stress conditions.
We reported that halotolerant PGPR produces compatible osmolytes, which help the plants to maintain
their ionic balance. PGPR also induce osmolyte accumulation [59] and phytohormone signaling [40],
which facilitates plants in overcoming the initial osmotic shock after salinization. In a previous study,
it was found that rice inoculation with salt-tolerant Bacillus amyloliquefaciens under salinity increased
the plant’s salt tolerance and affected the expression of genes involved in osmotic and ionic stress
response mechanisms [60].

Proline is the most important osmolyte, which is produced in plants by the hydrolysis of proteins
under osmotic stress [61]. From the results, it is clear that a consortium of halotolerant PGPR plants
improved proline levels under salt stress. These results are in line with Wang et al. [62]. The production
of osmolytes helps the plant to maintain a high turgor potential, prevent oxidative damage by
scavenging reactive oxygen species, and protect the membrane structure [63].

We also reported a pronounced increase in the production of soluble sugars with a consortium
of halotolerant strains in wheat under salinity stress. PGPR can stimulate carbohydrate metabolism
and transport, which results in changes in the source–sink relations, photosynthesis, and growth rate.
In previous reports, seeds inoculated with B. aquimaris strains showed an increased production of
total soluble sugars in wheat under salinity conditions, which resulted in higher biomass and plant
growth [64].

An increase in the antioxidant enzyme activity of wheat plants grown under salinity stress was
observed by a consortium of halotolerant PGPR strains. This indicates that these bacteria can help the
plant to combat the deleterious effects of ROS generated during salinity stress. These results tie well
with the previous studies, where an increase in antioxidant enzyme activity under salinity stress was
proven to be associated with salt tolerance [65]. Moreover, Wang et al. [66] reported that the application
of PGPR strains alleviates the oxidative damage induced by abiotic stresses, including salinity,
by augmenting the activity of antioxidant enzymes.

5. Conclusions

In summary, crop inoculations with halotolerant PGPR consortium can serve as a potential
tool for alleviating salinity stress. Halotolerant PGPR strains have developed several mechanisms
to cope with salinity, particularly the potential to produce phytohormones and compatible solutes.
Halotolerant PGPR strains can induce salinity tolerance in plants by activating key defense mechanisms
like the production of osmoregulators as well as activating ROS scavenging enzymes. Natural
microflora adapted to saline conditions can be used for the development of microbial consortia for
crop inoculation, ultimately leading to the formulation of biofertilizer for salt-stressed areas. However,
further investigation is needed to observe their performance in field conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/7/989/s1,
Table S1: Morphology of isolates from rhizosphere of plants from saline soil, Table S2: Preliminary screening data
of isolated strains (+ indicates groeth, − indicates no growth), Table S3: Growth characters of isolated strains,
Table S4: Effect of Isolates on germination attributes of wheat, Table S2: Carbon/Nitrogen source utilization pattern
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determined by QTS -24 kits, Figure S1: Phylogenetic analysis of strain SR1, Figure S2: Phylogenetic analysis of
strain SR2, Figure S3: Phylogenetic analysis of strain SR3, Figure S4: Phylogenetic analysis of strain SR4.
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Abstract: Salinity is a major abiotic stress factor that affects crops and has an adverse effect on
plant growth. In recent years, there has been increasing evidence that microbial volatile organic
compounds (mVOC) play a significant role in microorganism–plant interactions. In the present
study, we evaluated the impact of microbial volatile organic compounds (mVOC) emitted by Bacillus

amyloliquefaciens GB03 on the biosynthesis of secondary metabolites and the antioxidant status in
Mentha piperita L. grown under 0, 75 and 100 mM NaCl. Seedlings were exposed to mVOCs, avoiding
physical contact with the bacteria, and an increase in NaCl levels produced a reduction in essential
oil (EO) yield. Nevertheless, these undesirable effects were mitigated in seedlings treated with
mVOCs, resulting in an approximately a six-fold increase with respect to plants not exposed to
mVOCs, regardless of the severity of the salt stress. The main components of the EOs, menthone,
menthol, and pulegone, showed the same tendency. Total phenolic compound (TPC) levels increased
in salt-stressed plants but were higher in those exposed to mVOCs than in stressed plants without
mVOC exposure. To evaluate the effect of mVOCs on the antioxidant status from salt-stressed plants,
the membrane lipid peroxidation was analyzed. Peppermint seedlings cultivated under salt stress
and treated with mVOC showed a reduction in malondialdehyde (MDA) levels, which is considered
to be an indicator of lipid peroxidation and membrane damage, and had an increased antioxidant
capacity in terms of DPPH (2,2-diphenyl−1-picrylhydrazyl) radical scavenging activity in relation to
plants cultivated under salt stress but not treated with mVOCs. These results are important as they
demonstrate the potential of mVOCs to diminish the adverse effects of salt stress.

Keywords: mVOCs; Plant growth promoting rhizobacteria; PGPR; Mentha piperita; Bacillus amyloliquefaciens

GB03; salt stress; secondary metabolites; MDA; DPPH

1. Introduction

Many aromatic plants, such as Mentha piperita L. (peppermint), are important sources of essential oil
(EO) production. The EOs are generated and stored in glandular trichomes, where they form complex
mixtures of secondary metabolites (SM) mainly composed of the volatile mono- and sesquiterpenes
responsible for the characteristic aromas of various plant species [1,2]. Therefore, the quality of
aromatic plants is recognized by the composition and concentration of these components for each
species. Furthermore, the quantity and quality of SM is determined by environmental factors including
temperature, soil quality, light intensity, and/or water availability [3].
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Agronomy 2020, 10, 1094

Biotic and abiotic stresses are major constraints on crop yield, with environmental stress
representing a strong restriction on increasing crop productivity as well as affecting the use of
natural resources. A soil is considered to be saline when the ion concentration reaches an electrical
conductivity of >4 dS m−1, measured on a saturated soil at 25 ◦C, and consequently interferes with the
growth of species of agricultural interest [4]. Salinity impacts agricultural production in most crops by
affecting the physical-chemical properties of the soil and the ecological balance of the cultivated area [5].
As salinity affects many aspects of the physiology and metabolism of the plants, the presence of soluble
salts in general has a negative consequence for the plant’s growth by decreasing the water potential
and thus restricting the absorption of water by the roots (osmotic effect). In addition, the absorption of
specific saline ions leads to their accumulation in tissues in concentrations at which they can become
toxic and induce physiological disorders (ionic toxicity) in the plant, with high concentrations of saline
ions being able to modify the absorption of essential nutrients and leading to nutritional imbalances
(nutritional effect) [6]. These effects are reflected by a decrease in germination, vegetative growth,
and reproductive development [4,7].

Plant tolerance to salt stress is linked to the use of different strategies, including osmotic adjustment,
the exclusion of toxic ions from the aerial part, translocation of photoassimilates to underground
organs, an increased growth of the root system, and ensuring the availability of water and nutrients,
among others. Furthermore, salinity can produce an accumulation of reactive oxygen species (ROS) [6],
which may lead to a deterioration of photosynthetic pigments, lipid peroxidation, alterations in
the selective permeability of the cell membranes, protein denaturation, and DNA mutations [8–10].
Damage of the cell membrane produces small hydrocarbons such as malondialdehyde (MDA), which
is a sign of membrane cellular damage. Plants have well-described protection and repair systems that
mitigate ROS damage. In addition, certain species have developed protective mechanisms that include
enzymatic and non-enzymatic components [11,12].

Plant growth promoting rhizobacteria (PGPR) are beneficial microorganisms capable of colonizing
the rhizosphere of plants and benefiting them both directly and indirectly [13]. It is well known
that PGPR functions in different ways: synthesizing specific compounds for the plants, helping the
uptake of nutrients, and protecting the plants from diseases [14–16]. In general, it has been observed
that the negative effects that salinity produces in plant development can be mitigated by the use of
microorganisms as inoculants, which is an alternative technology to improve the abiotic stress tolerance
capacity of plants [17–21]. In this regard, considerable attention has been focused on understanding the
molecular, physiological, and morphological mechanisms underlying rhizobacterial-mediated stress
tolerance. In fact, the mechanisms by which these bacteria mediate abiotic stress tolerance continue to
be widely studied, largely because they are difficult to elucidate [22,23].

Advances in research have revealed that certain PGPR strains are capable of emitting microbial
volatile organic compounds (mVOCs) [24–28]. These compounds mainly consist of an abundant and
very complex mixture of compounds, including alcohols, alkanes, alkenes, esters, ketones, sulfur,
and terpenoids, characterized by their low molecular weight and high vapor pressure under normal
conditions, which can vaporize significantly and enter the atmosphere. The analysis of mVOCs is
a developing research area that has an effect on the applied agricultural, medical, and biotechnical
applications, with a related interesting mVOC database containing available information regarding
microbial volatiles having been published [29]. Recent studies have also provided new insights
into the participation of mVOCs in inter- and intra-specific communication [30]. These compounds
have been observed to have the ability to promote plant growth and induce systemic resistance (ISR)
against pathogenic organisms, thereby improving the well-being of crops [24,27,28,31,32]. VOCs from
Paraburkholderia phytofirmans have been shown to increase plant growth rate and tolerance to salinity,
reproducing the effects of direct bacterial inoculation of roots [32]. Thus, the emission of mVOCs is
currently recognized as being a very relevant aspect in microorganism–plant interactions [17,21,28,33,34].

We have previously demonstrated that both the direct inoculation of PGPR and exposure to VOCs
emitted by these rhizobacteria stimulate the biosynthesis of SM and increase the biomass production
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in different aromatic plants [25,26,35–39]. Although there are few reports about the effects of mVOCs
emitted by rhizobacteria on the SM yield of aromatic plants under conditions of abiotic stress, studies
related to the emission of volatile organic compounds with biological activity by rhizobacteria is a
novel area attracting increasing interest.

It should also be noted that it is necessary to examine the use of fertilizers and chemical synthesis
pesticides related to the concentration of salts in the soil in order to develop sustainable agriculture,
as this is key to assessing the proposal of alternative and complementary strategies. Taking this
into consideration, among the possible alternatives, the use of microbial inoculants, considered to
be a clean technology aligned with the principles of sustainable agriculture, becomes more relevant.
Thus, the present study was founded on the hypothesis that the investigation of mVOCs with respect to
the description of their biological functions and ecological roles is crucial for elucidating the mechanisms
related to the control of critical biological processes in plant health and that this could also offer useful
benefits to confront agronomic and environmental complications. In this present study, the aim was
to explore the potential of mVOCs in ameliorating salinity effects in M. piperita, with an important
objective of the study being to evaluate the role of mVOCs in EOs and the phenolic compound levels,
as well as their function in the antioxidant status of plants grown under salt stress conditions.

2. Materials and Methods

2.1. Bacterial Strains and In Vitro Plant Treatments

2.1.1. Bacterial Cultures

Bacillus amyloliquefaciens GB03 (originally described as Bacillus subtilis GB03) [40] strain was grown
on LB (Luria-Bertani) medium for routine use and maintained in nutrient broth with 15% glycerol at
−80 ◦C for storage. The bacterial culture was grown overnight at 30 ◦C and centrifuged at 120, washed
twice in 0.9% NaCl by Eppendorf centrifugation (4300× g, 10 min, 4 ◦C), re-suspended in sterile water,
and adjusted to a final concentration of ~109 CFU/mL for use as an inoculum.

2.1.2. Plant Micropropagation

The M. piperita plant is a commercially cultivated crop grown in the Traslasierra valley (Córdoba
province, Argentina). Young shoots from peppermint were surface-disinfected and micropropagated,
as previously described by Santoro et al. [26].

2.1.3. In Vitro Exposure to mVOCs

Single nodes from aseptically cultured plantlets were planted in sterilized glass jars (250 mL)
containing 50 mL MS (Murashige and Skoog) solid media with 0.8% (w/v) agar and 3% (w/v) sucrose.
Then, a small (10 mL) glass vial containing ca. 3 mL of Hoagland media with 0.8% (w/v) agar and 3%
(w/v) sucrose was introduced into each jar. The small vial was inoculated with GB03 (50 μL), which
served as the source of bacterial volatiles, with sterile water used in the control. Plants were exposed
to mVOCs without having any physical contact with the rhizobacteria. Jars containing plants and
bacteria were covered with aluminum foil, sealed with parafilm to avoid contamination, and placed in
a growth chamber under controlled conditions (16/8-h light/dark cycle), temperature (22 ± 2 ◦C) and
relative humidity (~70%). After 30 days, all plants were collected [38].

2.1.4. Treatments

MS media (plant growth media) and Hoagland media (bacterial growth media) were supplemented
with different salt concentrations: 0, 75, and 100 mM NaCl. For each experimental set, both the plant
and bacteria were grown under the same concentration of NaCl but without contact with each other.
Salt level concentrations were selected based on previous observations: at lower concentrations (25 and
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50 mM), plant growth was not affected, and at higher levels (125 and 150 mM), the rooting capacity
decreased significantly. Experiments were repeated three times (10 jars per treatment; 1 plant/jar).

2.2. Essential Oil Extraction and Analysis

Shoot samples were individually weighed and subjected to hydrodistillation in a Clevenger-like
apparatus for 40 min. The volatile fraction was collected in dichloromethane, and β-pinene (1 μL
in 50 μL ethanol) was added as an internal standard (as it was previously reported, β-pinene is
not present in peppermint plants [37]). The major M. piperita EO components, which comprise
~60% of the total oil volume, are limonene, linalool, (−) menthone, (−) menthol, and (+) pulegone.
These compounds were quantified in relation to the standard added during the distillation procedure
described above. The flame ionization detector (FID) response factors for each compound generated
essentially equivalent areas (differences p < 0.05).

Chemical analyses were performed using a Perkin-Elmer Q-700 gas chromatograph (GC), equipped
with a CBP−1 capillary column (30 m × 0.25 mm, film thickness 0.25 μm) and a mass selective detector.
Analytical conditions were as follows: injector temperature 250 ◦C; detector temperature 270 ◦C;
oven temperature programmed from 60 ◦C (3 min) to 240 ◦C at 4◦/min; carrier gas = helium at a
constant flow rate of 0.9 mL/min; source 70 eV. The oil components ((−) menthone, (−) menthol, and (+)
pulegone) were established by comparison of the diagnostic ions (NIST 2014 library) and GC retention times
with those of the respective authentic standard compounds purchased from Sigma-Aldrich [34]. GC analysis
was performed using a Shimadzu GC-RIA gas chromatograph fitted with a 30 m × 0.25 mm fused silica
capillary column coated with Supelcowax 10 (film thickness 0.25 μm). The GC operating conditions were as
follows: injector and detector temperatures 250 ◦C; oven temperature programmed from 60 ◦C (3 min) to
240 ◦C at 4◦/min; detector = FID; carrier gas = nitrogen at a constant flow rate of 0.9 mL/min.

2.3. Total Phenolic Content (TPC) Determination

The total phenolic content of the extract was determined by the Folin–Ciocalteu method,
as previously described by Cappellari et al. [41]. The TPC were expressed in terms of μg gallic
acid (a common reference compound) equivalent per g plant fresh weight using the standard curve.

2.4. Antioxidant Activity

The capacity of radical scavenging in extracts against stable DPPH• (2,2-diphenyl−1-picrylhydrazyl)
was determined by the Brand-Williams et al. method [42] with minor modifications, as previously described
by Chiappero et al. [43]. A calibration curve was obtained using ascorbic acid, and the scavenging
capacity of the plant extracts was expressed as mM ascorbic acid equivalents (AAE) per g fresh weight
(mM AEE/g FW). All experiments were performed in triplicate for each experimental unit.

2.5. Lipid Peroxidation

Lipid peroxidation was measured by quantifying the malondialdehyde (MDA) production using
the thiobarbituric acid reaction. The MDA content was measured following the method of Heath and
Packer [44], with some modifications, as reported by Chiappero et al. [43]. The amount of MDA was
determined by its molar extinction coefficient (155 mM−1 cm−1), which was expressed as μmol MDA/g
FW (grams of fresh weight). The experiments were performed in triplicate for each experimental unit.

2.6. Statistical Analysis

Data were subjected to a two-way analysis of variance (ANOVA) (mVOcs × salt stress), followed
by a comparison of multiple treatment levels with those of the control, using the post hoc Fisher LSD
test. Infostat software version 2018 (Group Infostat, Universidad Nacional de Córdoba, Argentina) was
used for the statistical analysis. Principal component analysis (PCA) using Infostat statistical package
was conducted. The analysis of extracts shows the relationships among the treatments (mVOCs
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exposure and salt stress conditions) and the different variables measured (EO, TPC, lipid peroxidation
(MDA), and antioxidant capacity (AAE)). At least 15 observations were used for each treatment in the
multivariate dataset.

3. Results

3.1. Essential Oil

Peppermint plants subjected to salt stress showed a reduction in EO content. Plants grown
under 75 or 100-mM salt concentrations and those not treated with mVOCs revealed a 50% decrease
in EO yield (p < 0.05) (Figure 1). When plants were treated with mVOCs under control conditions,
the EO content rose approximately 3.3 times compared to plants not exposed to mVOCs (Figure 1).
When plants were grown under salt stress conditions and treated with mVOC, positive effects of
mVOCs on EO yields were detected. The levels of EOs increased approximately 5.6 and 6.5-fold in
plants grown under 75 or 100 mM and treated with mVOCs, respectively, in relation to plants subjected
to salt conditions but not treated with mVOCs, with a statistically significant interaction effect between
salt stress and mVOCs being found (p < 0.05).

Figure 1. Essential oil yield in Mentha piperita plants grown under different salt concentrations (0, 75,
and 100 mM NaCl) and exposed to B. amyloliquefaciens GB03 mVOCs (mean ± SE). Values followed by
the same letter in a column are not significantly different according to Fisher’s LSD test (p < 0.05).

Regarding the main compounds of the EOs, growing under salt stressed conditions resulted in a
decrease in menthone and menthol (Table 1); although menthol content was approximately 3.5 times
lower in plants grown under 75 or 100 mM concentrations and not treated with mVOCs (p < 0.05),
the effect on menthol concentration was not statistically significant but followed the same trend as
for menthone, which was significant. However, the pulegone concentration was not significantly
different for control plants exposed to salt. For plants treated with mVOCs, the levels of menthone and
pulegone increased approximately 2 and 3-fold, respectively, compared to those of the corresponding
controls at each salinity level. However, the menthol concentration was not modified by mVOC
exposure. In plants submitted to 75 mM NaCl and treated with GB03 mVOCs, the concentrations
of menthone, menthol, and pulegone were approximately 6.7, 5.8, and 3.4-fold higher, respectively,
in relation to plants subjected to salt conditions but not treated to mVOCs and similar to plants treated
to mVOCs and not salt stressed. At 100 mM NaCl, the menthone and pulegone contents revealed the
same tendency, with an increase observed in plants treated with mVOCs (p < 0.05), but the menthol
concentration was not modified by the mVOCs (Table 1).
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Table 1. Concentrations of main essential oil (EO) compounds in Mentha piperita grown under salt
stress media (0, 75, and 100 mM NaCl) and exposed to B. amyloliquefaciens GB03 mVOCs emission
(mean ± SE). Values are mean ± standard error (SE).

NaCl Concentration (−)-Menthone (μg/g fw) (−)-Menthol (μg/g fw) (+)-Pulegone (μg/g fw)

0 mM
control 0.99± 0.28 b 1.07± 0.15 a 1.18± 0.14 a
B. amyloliquefaciens GB03 2.27± 0.42 c 1.14± 0.23 a 5.29± 0.54 c
75 mM
control 0.25± 0.05 a 0.10± 0.05 a 0.55± 0.12 a
B. amyloliquefaciens GB03 1.55± 0.17 bc 0.81± 0.03 a 2.73± 0.41 b
100 mM
control 0.26± 0.05 a 0.22± 0.08 a 0.56± 0.13 a
B. amyloliquefaciens GB03 1.35± 0.49 b 0.63± 0.03 a 2.87± 0.79 b

Means followed by the same letter in a given column are not significantly different according to Fisher’s LSD test (p< 0.05).

3.2. Total Phenolic Content

The level of TPC in plants subjected to salt stress conditions increased with the severity of the
NaCl concentration (p < 0.05), both in plants exposed and not exposed to mVOCs. In plants grown
under salt conditions (75 or 100 mM), the TPC levels rose by 15 and 50%, respectively, in relation to
control plants (Figure 2). In addition, the plants subjected to both concentrations of NaC and treated
with GB03 VOCs registered an increase in TPC compared to non-exposed plants (p < 0.05), but no
statistically significant interaction effect was found (p > 0.05). The highest TPC concentrations were
detected in plants treated with salt 100 mM and mVOCs.

Figure 2. Total phenolic content of Mentha piperita plants grown under salt stress media (0, 75, and
100 mM NaCl) and exposed to B. amyloliquefaciens GB03 mVOCs emission (mean ± SE). Values followed
by the same letter in a column are not significantly different according to Fisher’s LSD test (p < 0.05).

3.3. Radical Scavenging Capacity

The antioxidant capacity of the DPPH• radical scavenger increased 2.6 and 3.6-fold in peppermint
leaves grown under 75 and 100 mM NaCl conditions, respectively (p < 0.05) (Figure 3). Moreover, when
plants were subjected to salt conditions and treated with mVOCs, the antioxidant capacity increased
(p < 0.05) by 50% and 30% for 75 and 100 mM NaCl, respectively, in relation to salt stressed plants
not exposed to mVOCs. The highest levels of antioxidant activity were observed when plants were
exposed to VOCs and grown under 100 mM NaCl conditions, with the ascorbic acid equivalents (AAE)
increasing 4.75-fold with respect to control plants (not exposed to mVOCs).
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Figure 3. Antioxidant activity expressed as ascorbic acid equivalents (AAE) in Mentha piperita grown
under salt stress media (0, 75, and 100 mM NaCl) and exposed to B. amyloliquefaciens GB03 mVOCs
emission (mean ± SE). Values followed by the same letter in a column are not significantly different
according to Fisher’s LSD test (p < 0.05).

3.4. Lipid Peroxidation

Oxidative damage to the membrane lipids was observed due to salt stress, as shown by the MDA
levels (Figure 4), with the highest MDA levels being observed (p < 0.05) at the higher salt concentration.
The lipid peroxidation increased 1.4 and 2-fold in 75 and 100 mM NaCl treated plants, respectively,
in relation to control plants. For plants treated with mVOCs and subjected to salt stress, the MDA
content was approximately 25% lower than for plants stressed and not treated with mVOCs (75 and
100 mM NaCl plants).

Figure 4. Malondialdehyde (MDA) content in Mentha piperita grown under salt stress media (0, 75, and
100 mM NaCl) and exposed to B. amyloliquefaciens GB03 mVOCs emission (mean ± SE). Values followed
by the same letter in a column are not significantly different according to Fisher’s LSD test (p< 0.05).

3.5. Principal Component Analysis

PCA represents a graphic image that simplifies the visualization and perception of the dataset
and the variables. We used the PCA to extract and reveal the relationships among the factors (growth
conditions and exposure to mVOCs) and different variables as EO, TPC, lipid peroxidation (MDA),
and antioxidant capacity (AAE) in the multivariate analysis (Figure 5). The plot defined by the first
two principal components was enough to explain most of the variations in the data (96.8%) and give
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a cophenetic correlation coefficient of 0.997. The PCA (Figure 5) showed that 100 mM NaCl (high
salt concentrations) combined with exposure to mVOCs was strongly associated with TPC content
and antioxidant capacity (AAE), as revealed by the circle in Figure 5. Considering the relationships
among variables, a strong positive correlation (acute angle) was observed between TPC levels and
AAE. There were also positive correlations found among MDA levels with no mVOC exposure and
100 mM NaCl. In addition, in PC2, positive relationships were observed between AAE, EO, and TPC
with mVOC exposure.

Figure 5. Principal component analysis for the physiological response of Mentha piperita grown under
different salt stress concentrations (0, 75, and 100 mM NaCl) and B. amyloliquefaciens GB03 mVOCs
emission. PRO: proline, TPC: total phenolic content, and MDA: lipid peroxidation were determined by
estimating the amount of malondialdehyde (MDA); AEE: DPPH radical scavenging capacity.

4. Discussion

Salinity is one of the most important environmental factors diminishing plant yield, mainly
in arid and semi-arid environments. The responses of plants to salt stress are intricate and affect
several components, with plants having the ability to respond via signal transduction pathways
by adjusting their metabolism [45,46]. These responses can differ in relation to toxic ion uptake,
ion compartmentation and/or exclusion, osmotic regulation, CO2 assimilation, photosynthetic electron
transport, chlorophyll content and fluorescence, ROS generation, and antioxidant defenses [45–48].

PGPR make a significant contribution to the protection against abiotic stress through their
biological activities at the rhizosphere, as exopolysaccharides production (EPS), phytohormones and
1-aminocyclopropane- 1-carboxylate (ACC) deaminase synthesis, induction of the accumulation of
osmolytes and antioxidants, upregulating or downregulating the stress responsive genes, and by changes
in the root morphology and volatile compounds [17–21,49,50]. In addition, in recent years, an increasing
number of PGPR VOC studies have demonstrated an effect against abiotic stresses [7,38,51].

In the present study, we found that when peppermint plants were subjected to salt stress, the EO
yield decreased by 50% for both concentrations evaluated (75 and 100 mM NaCl). Additionally,
there was a corresponding decrease in the main compounds menthone, menthol, and pulegone.
Comparable effects were reported in M. arvensis grown under 100, 300, and 500 mM NaCl, with a
reduction of 31%, 54%, and 67%, respectively [52]. In contrast, Karray-Bouraoui et al. [53] noted an
enhanced M. pulegium EO yield of about 2.75-fold under 50-mM salt stress conditions, with a higher
density of glandular trichomes on the leaves. Furthermore, Neffati and Marzouk [54] showed that the
compounds of Coriandrum sativum L. oil were modified by salinity and were revealed to be dependent
on salt level treatment. There are contradictory reports concerning changes in EO yield in relation
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to salt stress. An increase in EOs and in their composition in response to low levels of salinity was
reported in Satureja hortensis [55], in sage [56] and in thyme [57]. In contrast, other studies reported a
decrease in EOs in lemon balm and in sweet marjoram [58]. Additionally, Ben Taarit et al. [59] reported
that the compositions of EOs of Salvia officinalis were altered in moderate or high salt stress, in controls
and in plants grown under 25 mM NaCl, with the major compound of the EOs being viridiflorol,
whereas at higher levels (50 and 75 mM NaCl), 1, 8-cineole was predominant, and at 100 mM NaCl,
manool was the principal compound.

The EO yield variations reported under abiotic stress could have resulted from the fact that their
production is affected by different physiological, biochemical, metabolic, and genetic factors, which are
complex to isolate from one another. In addition, the geographical, seasonal, developmental, and organ
variations all contribute to EO yield, as do anatomical and hormonal factors [60–63]. The impact of
salt stress on the EO levels probably was due to acclimation processes in stressed plants. Whereas in
the initial stage of stress, the metabolism is severely affected, later, the acclimatization processes may
reduce the secondary metabolite biosynthesis [64,65].

In the present study, the EO content in salt stressed plants treated with mVOCs showed a 5.6 and
6.5-fold increase with respect to their respective controls (plants grown under 75 or 100 mM NaCl and
not treated with mVOCs, respectively), demonstrating that GB03 mVOCs have the capacity to reverse
the negative effects of salinity on the EO yield. In fact, mVOCs induced salt tolerance in plants in a
previous study of ours, with peppermint plants subjected to salt stress conditions and treated with GB03
VOCs having a higher shoot fresh weight, root dry weight, and total chlorophyll content compared to
controls [38]. In this sense, the biosynthesis of terpenoids is affected by the primary metabolism—for
example, the photosynthesis for carbon and energy supply. Factors that increase biomass production
may have an impact on the relationships among the primary and secondary metabolisms, causing an
increased biosynthesis of secondary metabolites [66]. Related to this, augmented plant biomass seems
to lead to a larger availability of substrate for monoterpene biosynthesis [35,67].

We have also observed that abscisic acid (ABA) was not connected to salt tolerance generated in
plants subjected to salt stress and treated with VOCs [38]. This observation suggests that GB03 VOCs
protection against osmosis is ABA independent [68]. The jasmonic acid (JA) levels were similar in salt
treated plants, when treated with mVOCs or not. In contrast, the salicylic acid (SA) levels were higher
in plants subjected to salt and treated with mVOCs compared to plants subjected to salt conditions
and not treated with mVOCs. SA is an important signal molecule for modulating plant responses to
stress [38]. Chemical analysis using Solid Phase Microextraction (SPME) fibers of the VOC emissions
from GB03 grown under salt conditions revealed the release of a total of seven components, belonging
to the following four classes: hydrocarbons (cyclohexane, dodecane, undecane and hexadecane),
ketones (acetoin), aldehydes (benzaldehyde), and ethers (2-butanone-3metioxy-3 methyl). The relative
quantity of acetoin, the major VOC compound emitted by GB03, enhanced with salt concentration [38].
Concerning the complex profile of compounds, VOC emission is strongly affected by the collection
methodology employed, the growth medium, and the density of the bacterium [50,69,70]. For instance,
Farag et al. [71] identified a higher number of compounds from GB03 VOCs than Cappellari and
Banchio [38], probably due to the different collection methodology used.

It has also been reported that plants treated with GB03 mVOCs and grown in a saline media
accumulated less Na + through the regulation of the Na transporter. The GB03 VOCs decreased the Na
level in Arabidopsis by decreasing Na uptake and/or increasing Na exudation [49]. Furthermore, they led
to an acidification of the rhizosphere [72]. Certain bacterial VOCs activate closure of the stomata,
reducing the water evaporation [73], and are also involved in biofilm formation, which maintains soil
moisture content and increases drought tolerance in plants [51,74,75]. In addition, mVOCs emitted
by PGPR also act as a biocontrol against several phytopathogens and trigger plant defense responses
through the induction of systemic resistance (ISR) [24,71,76]. For example, the production of EOs is
related to the defense response system [63], since numerous terpenes have antimicrobial activity [77].
Similarly, monoterpene synthesis is induced by herbivore feeding in Minthostachys mollis [78] and
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several plant species, suggesting that these compounds protect leaves from future attacks [67,79–81].
Consequently, as mentioned above, endogenous SA levels increased in plants cultivated under salt
conditions and treated with GB03, with previous observations suggesting that the biosynthesis of
M. piperita monoterpenes is SA and JA dependent [82].

A rise in TPC levels in different tissues under salt conditions has also been described in different
plant species [83–85]. A consequence of abiotic stress is superoxide production, which leads to
a detoxification mechanism. Related to this, phenolics are synthesized by many plant species
for protection against abiotic stress conditions, and their levels are correlated with antioxidant
activity [63,86]. Salinity stress induces metabolic and physiological reactions, as well as drastically
decreasing the CO2 uptake due to stomatal restrictions. As a consequence, the consumption of
reduction equivalents (NADPH 2+) for CO2 fixation via the Calvin cycle decreases significantly, leading
to oxidative stress and an oversupply of reduction equivalents, with the metabolic processes being
moved to biosynthetic activities that consume reduction equivalents. Hence, the biosynthesis of
reduced compounds, such as phenols, is increased [63,85,87]. Among the SM found in M. piperita are
phenolic compounds such as caffeic acid, rosmarinic acid, eriocitrin, and luteolin- 7-O-glucoside [88,89],
with their proportion in leaves being approximately 19–23% of dry weight [90–92]. Here, we found
that peppermint plants either subjected to salt conditions and/or treated with GB03 VOCs produced
a positive effect on the TPC content compared to the respective control plants. Plants grown under
100 mM NaCl and treated with VOCs revealed a higher TPC content. In fact, phenolic compounds
are important and powerful agents in scavenging free radicals [93–96]. The antioxidant capacity of
phenolic compounds is due to their high reactivity as hydrogen or electron donors, to the particularity
of the polyphenol-derived radical to stabilize and delocalize the unpaired electron, and to their capacity
to chelate transition metal ions [92,97].

In a previous study, we observed that direct inoculation as well as drought stress in M. piperita

increased TPC and phenylalanine ammonia lyase (PAL) activity, with the latter being responsible for the
synthesis of phenolic compounds [41,43]. In agreement, the TPC was observed to increase in different
plant species submitted to abiotic stress [86]—for example, in T. vulgaris subjected to drought stress [96]
and in M. pulegium under salt stress [98]. Conversely, Rahimi et al. [99] and Alhaithloul et al. [100]
described a reduction in TPC in M piperita plants subjected to drought stress. However, in Tagetes

minuta plants inoculated with P. fluorescens WCS417r and Azospirillum brasilense, and in chickpea
inoculated with P. fluorescens [101], TPC levels increased significantly [36]. Jayapala et al. [102] reported
the induction of resistance against pathogens through enhancement of the activities of defense-related
enzymes and a higher accumulation of TPC in chili plants inoculated with Bacillus sp. Furthermore,
Tahir et al. [27] revealed that Bacillus sp. mVOCs negatively influence the development of the pathogen
R. solanacearum by activating ISR in tobacco plants. Molecular studies have shown that resistance is the
consequence of an increase in the SM levels and defense-related enzymes, including PAL.

Phenolic compounds are antioxidants that may be required for scavenging ROS and protecting
the lipid membrane from oxidative stress [12]. For example, Fagopyrum esculentum plants grown
under media with increasing salt concentrations revealed a concentration-dependent increase in the
accumulation of phenolic compounds, resulting in a higher DPPH free radical scavenging potential [103].
This effect was corroborated in the present study in plants subjected to salinity environments and
treated with mVOCs, which showed a heightened antioxidant capacity, as revealed by the high levels
of AAE detected in the DPPH• scavenging assay and by the low amounts of MDA. The highest levels
of antioxidant activity were observed when plants were grown under 100 mM NaCl and mVOC.
The GB03 mVOCs decreased the MDA levels in plants subjected to salt stress, to similar levels as those
in control plants. In contrast, after water deficit treatment in peppermint plants, heightened amounts
of MDA, as a cell membrane damage index, were detected [99]. Additionally, peppermint growing
under control conditions was revealed to be more effective in scavenging DPPH free radicals and had
a higher reducing power than when exposed to drought and heat stress. This observation provides
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signals that tissues of peppermint subjected to heat and/or drought stress contain fewer antioxidants
and reducing compounds [100].

The PCA analysis showed that plants subjected to high salt concentrations combined with exposure
to mVOCs strongly affected the TPC content and antioxidant capacity (AAE). This relationship was
also detected in drought-stressed peppermint plants inoculated with GB03 [43].

In plants that were inoculated and subjected to osmotic stress, similar results in MDA reduction
were observed to those reported for cucumber plants inoculated with a consortium of PGPR under
drought stress conditions [104], as well as those in white clover and M. arvensis inoculated under saline
conditions [51,105]. The decrease in the leaf MDA content resulting from mVOC treatment suggests
its ability to reduce the peroxidation of cell membrane lipids under salt stress and to protect the leaf
cell from damage. Moreover, Gopinath et al. [106] reported in Nicotiana tabacum that when callus was
exposed to volatile compounds from Bacillus badius M12 and the volatile, 2,3- butanediol, this led
to increased antioxidant activity by the expression of SOD, a key antioxidant enzyme. In addition,
treatment with mVOCs from GB03 and Pseudomonas simiae increased choline and glycine betaine
biosynthesis in Arabidopsis [51,68]. These osmolytes have positive effects on enzyme and membrane
integrity, along with adaptive roles in mediating osmotic adjustment in plants subjected to stress
conditions [107]. In another investigation, 2,3-butanediol was found to induce plant production of
nitric oxide (NO) and hydrogen peroxide [108], and it was reported that NO regulates antioxidant
enzymes at the level of activity and gene expression [109]. At the same time, the plant hormone SA is
required for plant growth under abiotic stress [7,17,73]. Finally, an increase in the SA levels was shown
in peppermint plants subjected to salt stress and treated with GB03 VOCs [38].

5. Conclusions

Salt stresses affect the growth and productivity of crop plants and are detrimental to the plants,
thereby reducing their yield. Thus, it is necessary to improve the technologies of abiotic stress
management. In recent decades, several studies have shown that PGPR has the ability to ameliorate
the negative effects of salt or water. However, only a few reports have been published on PGPR
VOCs as elicitors of tolerance to abiotic stress in aromatic and medicinal plants. The GB03 VOCs
have been shown to increase plant growth and chlorophyll content and lead to better morphological
characteristics in M. piperita plants subjected to salt stress. The results shown in the present study
establish that for peppermint plants grown in the laboratory under salt media, the volatiles emitted
by GB03 significantly increased SM production and improved the antioxidant status. This suggests
that the accumulation of SMs is a plant strategy to avoid oxidative damage caused by ROS, a direct
result of salt stress. Bacterial volatiles are promising candidates for a rapid non-invasive technique
to increase SM production in aromatic and medicinal crops growing under abiotic stress conditions.
In addition, this is a potentially useful system for the production of SMs, which have remarkable
biological activities and are often exploited as medicinal and food ingredients for therapeutic, aromatic,
and culinary purposes. However, future studies are still necessary to elucidate how plants modulate
and perceive PGPR VOC-elicited abiotic tolerance.
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Abstract: Climate change is causing soil salinization, resulting in crop losses throughout the world.
The ability of plants to tolerate salt stress is determined by multiple biochemical and molecular
pathways. Here we discuss physiological, biochemical, and cellular modulations in plants in response
to salt stress. Knowledge of these modulations can assist in assessing salt tolerance potential and
the mechanisms underlying salinity tolerance in plants. Salinity-induced cellular damage is highly
correlated with generation of reactive oxygen species, ionic imbalance, osmotic damage, and reduced
relative water content. Accelerated antioxidant activities and osmotic adjustment by the formation
of organic and inorganic osmolytes are significant and effective salinity tolerance mechanisms for
crop plants. In addition, polyamines improve salt tolerance by regulating various physiological
mechanisms, including rhizogenesis, somatic embryogenesis, maintenance of cell pH, and ionic
homeostasis. This research project focuses on three strategies to augment salinity tolerance capacity
in agricultural crops: salinity-induced alterations in signaling pathways; signaling of phytohormones,
ion channels, and biosensors; and expression of ion transporter genes in crop plants (especially in
comparison to halophytes).
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1. Introduction

1.1. Overview of Salinity

Abiotic stresses like salinity, drought, and high temperature have undesirable effects on crop
productivity and quality, and negative trends in sustainable agriculture [1]. Salinity in particular is an
important limiting factor, causing low yield with inferior quality. Climate change is considered one of
the major contributing factors to soil salinization, leading to land degradation and desertification [2].
According to Flowers et al. [3], high salt concentration is responsible for negative impacts on 7% of
total land surface, and 5% of cultivated land. Poor irrigation water quality is another important factor
contributing to soil salinization [4]. For these reasons, soil salinization is a reported major cause of
reductions in the productivity of irrigated and rainfed lands of the world [5,6].

The adverse effects of salinization on plants are evident from negative growth trends from alteration
or inhibition of biochemical and physiological processes. Plants can be classified as glycophytes or
halophytes by their ability to survive under high salt concentrations [7]. Glycophytes are plants that
are severely affected by saline conditions both at the cellular and whole-plant level. Under saline
conditions, these plants exhibit greater accumulation of solutes, and ionic and osmotic stresses confer
nutritional imbalances, which limit the productivity of these plants. The majority of terrestrial plants
are glycophytes, including crop plants [1,8].

Conversely, halophytes regulate their biochemical and physiological processes through ionic
compartmentalization, production of osmolytes and compatible solutes, enzymatic changes,
and absorption of selective ions. These adaptations promote seed germination, succulence, and salt
exclusion for these plants in a saline environment [9,10]. Halophyte succulence keeps the proportion
of ions to water in balance under high salt conditions by maintaining high water contents. Succulence
is expressed as large cell size, reduced growth and surface area per tissue volume, and increased
water constituents. Interestingly, halophytes also have a greater number of mitochondria, indicating
that more energy is required to survive under saline conditions [11,12]. Halophytes also have less
sodium and chloride ion accumulation in their cytoplasms, allowing their chloroplasts to survive even
while the plant experiences salinity shocks [13,14]. Halophytes also have a specialized system for
salt excretion from the plant tissues via specific glands. These glands are characteristic of halophytic
leaves. The leaves will remove the salts onto the leaf surface before the salts can reach the shoots of the
plant. The presence of halophytes is limited to habitats with plentiful water (e.g., salt marshes, etc.).
“Salt hairs,” which regulate water loss, replace “secretary glands”, if a plant is adapted to a relatively
drier climate as compared to marshes [15,16]. Hydathodes are another adaptation by plants to remove
excessive salts, with less stomatal conductance and transpiration water loss [17,18].

Various undesirable effects appear because of high salt concentration. Ion imbalance is one of the
major consequences. A high concentration of Na and Cl ions, as an example, can lead to biochemical
processes which can prove to be fatal for the plants [19–21]. Sodium and chloride toxicity not only
induce nutritional disorders but also cause physiological drought by lowering the osmotic potential of
the soil solutions [22]. Soil salinity prevents the plant from taking up water from the soil, resulting in a
decline in cellular water, thus affecting cell turgor. Soil salinity also adversely affects photosynthetic
activity in the plant and encourages the production of reactive oxygen species (ROS), thus reducing
plant growth [23,24].

The identification of salt stress by plant species and their subsequent response is controlled by
signals—signals which are generated by ions, osmotic differential, hormones, or ROS [25]. These signals
bind to their respective receptors and initiate the physiological mechanisms which enable a plant to
adapt to stress conditions (Figure 1). Under abiotic stress conditions, three types of signal transduction
have been categorized, i.e., the ionic signaling pathway, the osmolyte regulation pathway, and the
gene regulation pathway [26]. For signal transduction under salinity stress, the ionic stress signaling
pathway has been elucidated. Calcium (Ca) occupies a central position in this regard. It induces signal
transduction in plants to adapt to stress conditions [27]. High cytosolic Ca concentration initiates many
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processes involving enzymatic activity regulation, ion channel performance, and gene expression [28].
Exogenously applied calcium regulates K+/Na+ selectivity, and thus confers salt adaptation by
improving signal transduction. Glycinebetaine is reported to maintain signal transduction and ion
homeostasis under salt-stressed conditions [29,30].

Figure 1. Salt stress signals that bind to their respective receptors and initiate the physiological and
molecular mechanisms to enable a plant to survive under stressed conditions.

Glycophytes and halophytes mediate serious effects of salinity at the cellular level by inducing
changes in the plasma membrane and cytoplasm. As a tolerance mechanism, the plant alters the
structure and composition of their plasma membrane, especially lipid and protein contents. The cell
membrane is usually the foremost target of any stress [31]. Salt stress also alters the cell cytoplasmic
viscosity and composition [32,33].

It is essential to understand each tolerance mechanism at the cellular level in order to understand
each tolerance mechanism at the plant level. The protoplasmic features studied at the cellular level
include plasma membrane permeability, cytoplasmic viscosity, cytoplasmic streaming, and cell solute
potential. Cytoplasmic viscosity describes the water contents of the cytoplasm in conjunction with
its inter-macromolecular interactions. Cell solute potential represents the solute contents of the cell.
Cell membrane permeability significantly increases with the increase in salinity [34,35]. The ability of
the plasma membrane to repair, regenerate, and maintain its integrity stabilizes the cell structure and
function under stress conditions. It is mainly dependent on the composition of the plasma membrane
(i.e., mainly lipid contents). Saline conditions result in enhanced lipid peroxidation [36].

The cell membrane stability technique is widely utilized to judge the behavior of various plant
genotypes in response to salt stress [37]. Thus, it can contribute to assessing the salt tolerance of
plant genotypes. Cell membrane stability is also reported to correlate with potassium (K) ions,
osmotic potential, osmotic adjustment, and relative water contents [38,39]. The differing patterns
of cell membrane permeability help in characterizing genotypes as tolerant or sensitive. In a saline
environment, salt-sensitive genotypes show marked alterations, whereas salt-tolerant genotypes show
minor changes. Salinity also alters the degree of saturation of membrane fatty acids and membrane
fluidity [40].

The salt-tolerant genotypes have high cytoplasmic viscosity due to augmentation in hydrophilic
cytoplasmic proteins and other macromolecules [41]. In more sensitive genotypes, a saline environment
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results in a high concentration of salts in plant cells, lowering the solute potential [42]. Salinity inflicts
serious irregularities during cell division, one of the various metabolic processes which face severe
alterations in a saline environment. A saline environment especially alters the leaf anatomy by affecting
mitochondria and vacuoles [43,44], plant leaf area, and stomatal thickness [45]. One way plants exhibit
tolerance to saline environments is portioning or compartmentalization of toxic ions. This mechanism
enables salt-tolerant plant species to retain toxic levels of harmful ions in vacuoles and inhibit their
interference with cytoplasmic metabolic activities [46]. The Na+ and Cl− partitioning in the vacuole
stimulates higher concentrations of K+ and organic osmolytes in the cytoplasm in order to adjust
osmotic pressure of the ions in the vacuole [47].

1.2. Salinity and Morphological Attributes

Halophytes have the unique feature of succulence, a feature which keeps the ionic uptake in
proper proportion with water, by maintaining high water contents (Figure 2). Succulence results
in large cell size, reduced growth [48,49], reduced surface area per tissue volume, and increased
water constituents. The salt tolerance is evident as maintenance of vegetative growth and yield and
lower necrotic percentage [50,51]. Moreover, halophytes also have a greater number of mitochondria,
indicating that more energy is required to survive under saline conditions [11,21]. Sodium (Na)
accumulation causes necrosis in old leaves, initiating from tips and then extending towards the leaf
base. It also decreases leaf life span, net productivity, and crop yield [52]. Biomass reduction and
foliar damage become more prominent with time and at higher salinity levels. High salt concentration
caused a reduction in fresh fruit yield in various vegetables [31,53–55]. However, salinity treatments
did not prove harmful for vegetative growth and the number of flowers [53,55]. In contrast to the above
report, Chartzoulakis and Klapaki, [56], Kaya et al. [57], and Giuffrida et al. [58], noted a reduction
in fruit numbers and fruit weight under salt stress. Saline conditions were reported as producing
non-significant results on some growth attributes, water status, and tissue concentration of major
nutrients [59]. Salt treatments caused a significant reduction in plant height, root length, and dry
weight [60–62]. Salt stress caused reduction in fresh and dry weight of cotton seedlings [63,64] and
seed germination percentage in wheat varieties [35,65]. Tomato (Solanum lycopersicum) and pepper
plants grown under salt stress experienced a reduction in dry weight, plant height [57,66], fruit weight,
and relative water contents [67]. Broad bean, which is a green vegetable, experienced a significant
reduction in plant height, leaf area, pod weight, number of pods per plant, seed yield, number of seeds,
and product quality due to salt stress. However, a significant positive trend was observed between
dry leaf matter, specific leaf weight, and salinity [68]. Suppression in seedling growth and dry matter
accumulation was observed in Indian mustard (Brassica juncea L.) because of salt stress, which was
ameliorated by putrescine application [69]. Exogenously applied sugar beet extract and shikimic acid
on salt stressed eggplant and tomato crops respectively displayed a marked influence on fresh fruit
weight, number of fruits, and shoot and root fresh and dry weight [54,70].

According to Caines and Shennan [71], root growth is more susceptible to saline conditions than
shoot growth, but both are affected, making them reasonable indicators of salinity damage. A similar
suppression in the shoot and root growth was also observed by Evers et al. [72] and Gao et al. [73] in
the case of Solanum tuberosum L. Under high salt concentrations, potato root and shoot development
was hindered [74,75]. High salt concentrations reduced the leaf area and increased the root:shoot ratio
in wild type (Ailsa Craig) and ABA-deficit mutant (notabilis) tomato genotypes [76]. Suppression
of fresh and dry weight of tomato plants because of salt stress can be alleviated by promoting the
growth of Achromobacter piechaudii in the tomato growth media. A. piechaudii also caused a reduction in
ethylene production by tomato seedlings, the opposite effect of salt stress on tomato seedlings [77].
High ethylene levels proved to be harmful to the growth of the plant [78]. Interestingly, Hu et al. [79]
reported that potato root growth could be improved through brassinosteroid application. Salt stress
caused a reduction in marketable yield of pepper plants grown hydroponically. Saline conditions also
imparted negative features to the fruit quality in terms of fruit pulp thickness and firmness. It also
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resulted in increased fructose, glucose, and myo-inositol fruit concentrations [4,42]. The salt-sensitive
pepper genotypes showed maximum damage and experienced severe chlorosis and necrosis, whereas
tolerant genotypes were slightly less affected. Sodium exclusion can be regarded as a criterion to
allocate salt stress tolerance status to pepper genotypes [80]. Korkmaz et al. [81] have reported that the
exogenous application of glycine betaine can reduce the effect of salinity in pepper plants.

Figure 2. Regulation of physiological and biochemical process in halophytes through ionic
compartmentalization, osmotic adjustment, enzymatic activities, polyamines, and stress signaling regulation.

High salt concentration has been observed to cause detrimental effects on leguminous crops. In fact,
saline conditions induced smaller sized nodules, reduced nodule volume per plant, less nodulation,
and inferior plant growth. At the cellular level, saline conditions caused drastic alteration in the
mechanism of nodule formation. It reduced the turgor of the peripheral cells of the nodule, altered its
zonation, enhanced the infection thread enlargement, reduced the release of bacteria from infection
threads, and stimulated the electron-dense material (phenolics) and its accumulation in vacuoles.
Salinity caused a reduction in nitrogen-fixing ability of the nodules, which has the outcome of reduced
respiration rate and protein synthesis [82–84]. Salinity tolerance patterns vary considerably among
leguminous crops. It is distinctly apparent in Vicia faba, Glycine max, Pisum sativum, and Casuarina glauca,
which can be categorized as salt-sensitive [85,86]. In addition, germination of seeds faces serious
limitations upon exposure to salt stress [87,88]. Halophytes and glycophytes differ significantly in their
germination behavior. Halophytes have the ability to maintain their germination mechanism to an
extent with the advent of salinity. However, a sharp decline in germination occurs for glycophytes
under salt stress. Imbibition is affected by the lower solute potential of the soil solution. It results
in enzymatic deregulations and imbalances in source-sink relationships and ratios of different plant
growth regulators present in the seed and required for efficient seed germination [89,90].

1.3. Salinity and Physiological Attributes

Photosynthesis is of prime importance in the production of adenosine triphosphate (ATP),
which provides the energy required for CO2 fixation to sugars. Various abiotic stresses alter
photosynthetic mechanisms [91] by disrupting thylakoid membranes, modifying the electron transport
chain, altering enzymatic activity and protein synthesis, and changing Calvin cycle patterns. All these
abnormalities cause deregulation in ATP synthesis [92], which can lead to the deficiency of certain ions
due to ion degradation and synthesis inhibition [93–96].
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Stepien and Klobus [97] reported a decline in the relative water content of cucumber
(Cucumis sativus) leaves after exposure to saline solutions. They attributed their results to higher
Na and reduced K content, a situation which reduces photosynthesis because of the antagonistic
competition of Na for ion uptake. Gas exchange is inversely related to the concentration of Na and
chloride ions [98,99], and parameters like photosynthesis, stomatal conductance, and transpiration
tend to be negatively influenced by saline treatments [100,101]. Photosynthesis of pepper plants has
been reported to be lower when the entire root system is affected by salt stress compared to partial root
exposure, and factors like stomatal conductance and transpiration are similarly affected by complete or
partial salt stress [99,102]. A low stomatal conductance was reported in wild type (Ailsa Craig) and
ABA-deficit mutant (notabilis) tomato genotypes, which was negatively correlated with increasing
xylem ABA for both genotypes [76]. Stomatal conductance is often correlated with photosynthetic
efficiency, which is a prerequisite for higher biomass production and yield [10]. In addition, salinity is
reported to reduce the maximum quantum efficiency of photosystem II (PSII) [48,94,103–106]. A distinct
correlation has been found between Na ion contents and chlorophyll fluorescence, which is often used
to estimate salt tolerance of plants [48]. Higher salt levels are also known to alter photosynthesis via
non-stomatal limitations, including variations in photosynthetic enzyme activity and changes in the
concentration of chlorophyll and carotenoids [107,108]. Pepper leaves have exhibited a significant
reduction in chlorophyll pigment under saline conditions [109]. A similar reduction in chlorophyll a

and b contents has been reported in melon by Kaya et al. [57]. This chlorophyll degradation under salt
stress can be attributed to an enzyme called chlorophyllase [110–113] and to the absolute concentration
of chloride and Na in the leaves [98,114–118]. Although carotenoid content has been reported to
decline in response to salinity, anthocyanin pigments typically increase as a result of salinity.

Plant antioxidants include secondary metabolites (phenolic compounds), which are generated in
response to stress conditions. These secondary metabolites may include tocopherol, which serves to stabilize
membrane integrity [119,120], ascorbic acid, carotenoids, flavonoids, and glutathione [90,121]. Tocopherol
plays a key role as a signaling molecule between cells [93]. Ascorbic acid is a significant antioxidant
involved in plant adaptation [122] and occurs abundantly in cell organelles and apoplasts [99].
It has the ability to scavenge superoxide, hydroxyl, and singlet oxygen. Carotenoids are found in
chloroplasts and reported to aid in light reception for photosynthesis. Moreover, they are also protective
compounds which scavenge ROS [95,123]. Putrescine is reported to increase the level of carotenoids
and glutathione in Indian mustard (B. juncea L.) against salt stress. Putrescine supplementation inhibits
ROS generation by accelerating antioxygenic enzymes and therefore aiding in the maintenance of
chloroplastic membranes and the NADP+/NADPH ratio [124–126].

C4 plants are reported to be more resistant against salinity stress than C3 plants by having a better
capacity to preserve the photosynthetic apparatus against oxidative stress [127,128]. Other physiological
responses that are indirectly related to salinity stress include changes in water use efficiency and
evapotranspiration, which can benefit from the use of beneficial bacteria [77,129–131]. In addition,
higher salt concentration can stimulate the accumulation of spermine and spermidine, which contribute
to the induction of salt tolerance in plants and lead to maintenance of fruit quality (Figure 3) [132–135].
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Figure 3. Bunches, grapevine cultivar Shiraz. Control bunch (A); Salt-stressed bunch (B); showing
symptoms of coulure and millerandage. Salt treatment was applied from budburst until veraison via
fertigation with 35 mM NaCl added to control nutrient solution [136].

2. Salinity and Water Relations

Water is an essential constituent of plant cells, supporting almost all physiological and biochemical
processes contributing to plant growth and development [8]. High salt concentration hinders the
movement of water from the soil to the plants by reducing the water conductivity of roots [9] and
affecting relative water content at the cellular level [31,99]. Alterations in rootzone water status have
profound effects in the way plants respond to higher salt concentration [1,93], but adverse effects of
salinity stress can be mitigated to an extent with proper irrigation and nutrient management and by
controlling the evaporation rate of plants. A recent review by van Zelm et al. [137] listed root hydraulic
conductivity, osmotic potential, relative water content, leaf water potential, water-use efficiency,
stomatal conductance, and transpiration, among others, as typical parameters that are commonly used
to indicate water-relation responses to salinity stress, which are determinant for plant growth.

Others have shown a relationship between water potential and photosynthetic parameters.
For example, a decline in CO2 assimilation has been reported with the depression of water potential [126,138].
To achieve active growth, plants maintain positive turgor pressure and regulate osmotic potential.
Under saline conditions plants face osmotic stress due to alterations in water potential [48,97,139].
Osmotic stress triggers cellular and whole plant responses [44,140–143], and plants cope with that
osmotic stress through regulating ionic homeostasis, which induces tolerance against toxic ions and
growth under unfavorable conditions [8,144]. In order to maintain osmotic adjustment, plants lower the
cellular osmotic potential to help improve water uptake and adjust ionic concentration in cells [42,145].
For that purpose, osmolytes appear to be of major consideration. These may be sugars, polyols, or amino
acids. Osmotic adjustment appears to be a significant and effective salinity resistant mechanism in crop
plants, which can be exploited efficiently through selection and breeding efforts that target salinity
tolerance in different plant species.
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3. Salinity and Biochemical Attributes

Plants have the ability to sustain their life under a saline environment through synthesis and
accumulation of compatible solutes in the cytosol. These are soluble compounds with low molecular
mass. These chemical compounds can maintain physiological and biochemical processes, without
having interference in these processes. The chief components of compatible solutes are sugar alcohols
(mannitol, sorbitol, ononitol), quaternary ammonia compounds (glycine betaine, proline betaine),
proline, and tertiary sulfonium compounds. They act to scavenge the reactive oxygen species (ROS) and
inhibit lipid peroxidation, hence preventing damage at the cellular level. These compatible solutes act
in favor of osmotic adjustment and prevent ROS damage at the cellular level [146,147]. These maintain
macromolecular conformation in the cytosol, which may be changed due to the accumulation of
charged ions, under saline conditions [8,97]. These organic compounds are termed as compatible due
to their consistency with the cell’s metabolism [148], and their lowering of the water potential without
altering cell water contents. These organic compounds are hydrophilic in nature, having the ability
to replace water present on protein surfaces [149,150], without interfering with their structure and
function. These solutes play a key role in preventing the drastic effects of high ion concentration on
enzymatic activities [24,151–153]. Such important roles of compatible solutes lead to osmoregulation
of plant cells under osmotic stress. In addition to osmoregulation, these organic compounds have a
distinct role in protein stabilization, maintenance of membrane integrity, protection of OEC of PSII
from dissociation [154], and scavenging of reactive oxygen species (ROS). Mannitol, sorbitol, glycerol,
proline, ononitol, and pinitol have been reported to scavenge ROS species [155].

Mannitol (sugar alcohol) metabolism in higher plants is a superior attribute, contributing to salt
and osmotic stress tolerance while playing a significant role as a compatible solute. It also improves
plant responses under biotic stress as well, like under pathogen infestation [156]. Mannitol is reported
to be synthesized at the same time with either sucrose or raffinose saccharide. In salt-tolerant species,
mannitol accumulation increases, indicating that high mannitol levels contribute to salt tolerance.
Mannitol acts to scavenge the reactive oxygen species, thus protecting protein molecules [157,158].
Pinitol and ononitol have been reported to accumulate under various stresses, predominantly drought
and salt stress [159,160]. Interestingly, polyols can be used as a potential biochemical marker for
genetically engineered stress resistance plant genotypes [161,162].

3.1. Salinity and Proline

Proline is an osmolyte, an amino acid, which is thought to play a significant role in inducing
tolerance in plants against stressed conditions [163]. Salt stress can result in elevation in proline
levels [74]. Ethephon, when used with sodium chloride in spinach, also increased proline levels [164].
The importance of proline is highlighted by its existence in bacteria with a relationship to plants
experiencing water or salinity stress. High proline levels can serve as a nitrogen source for plants
during recovery [165]. The precursor of proline synthesis is glutamate, involving pyrroline carboxylic
acid synthetase and pyrroline carboxylic reductase [166]. An increase was noted in the activity of
pyrroline-5-carboxylate synthetase (P5CS) and a decline was recorded in proline dehydrogenase activity
in potato seedlings under salt stress. These changes of enzymatic activity were more pronounced
in salt-sensitive cultivars [74,167]. However, an increase in proline contents of potato clones was
recorded upon salt exposure [50,168]. It serves to stabilize ultra-structural changes in cells, scavenge
ROS (reactive oxygen species), and maintain cellular redox potential. Under stress conditions, a higher
accumulation of proline is reported in cell cytosol, strengthening the ability of the cell to make ionic
adjustments. Its accumulation is linearly related to stress tolerance in plants [169]. Proline biosynthesis
is reported to be mediated by Ca [170–172] and abscisic acid [8]. Previously, contrasting views about
proline accumulation were also reported in plants under stress [19,158], where it appeared as a salt
stress injury symptom, e.g., rice [173] and sorghum [174].

Some plant genotypes do not respond to proline accumulation, but their salt tolerance potential can
be enhanced through the exogenous application of proline [31,175]. It may be helpful in counteracting
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the harmful effects through osmo-protection, resulting in a higher growth rate. Proline also increases
the activities of antioxidant enzymes like SOD (superoxide dismutase) and POD (peroxidase) [176].
Proline is not reported to scavenge ROS directly, but through enhanced antioxidant enzyme activity.
It is reported to be more effective in mitigating the drastic effects of salinity than glycine betaine [177].
Proline used at higher concentrations may prove to be lethal for the plant, causing ultra-structural
damages leading to ROS generation [178]. The effective dose of proline varies with genotype and plant
developmental stage [179–182]. Proline accumulation has been reported for drought sensitive and
tolerant barley genotypes grown under saline conditions. Under salt stress, a considerable amount of
proline was present, with relatively lower quantities in root tissues. Proline accumulation is reported
to be more prominent in tolerant genotypes [183].

3.2. Salinity and Polyamines

Polyamines are multivalent compounds consisting of two or more amino groups. In higher plants,
these are identified as putrescine, spermidine, and spermine [147,184]. These are involved in various
physiological mechanisms including rhizogenesis, somatic embryogenesis, maintenance of cell pH and
ionic balance [29], pollen and flower formation, abscission, senescence, and dormancy. Endogenous
polyamine synthesis can be stimulated by cytokinin [185,186]. These compounds act to stabilize
macromolecules like DNA and RNA. Moreover, polyamines have a significant role in numerous abiotic
and biotic stresses [151,187]. At the cellular level, polyamines contribute to regulating the plasma
membrane potential, ionic homeostasis, and tolerance against salinity [188,189]. Exogenously applied
polyamine or ornithine caused a reduction in proline accumulation in plant tissues under salt stress.
However, an alternate trend was observed in the case of non-stressed beans [99,190]. Putrescine is
characterized as a de-stressor agent and a nitrogen source under stressed conditions [191]. Putrescine
has been reported to reverse the biomass reduction in Indian mustard [68,192]. Its production in
plant cells follows two alternative pathways: conversion from ornithine or arginine. Putrescine is
then converted to spermidine and subsequently to spermine by addition of an aminopropyl group.
Spermine deficiency caused Ca ion imbalance in Arabidopsis thaliana, thus indicating spermine as a
maintainer of plant cell ionic homeostasis under salt stress [193].

3.3. Salinity and Glycine-Betaine

Glycine-betaine (GB) is present in a wide range of organisms, from bacteria to higher plants and
animals. In addition to being involved in osmoregulation, it maintains and regulates the performance
of PSII protein complexes by protecting extrinsic regulatory protein against denaturation. It also
stabilizes macromolecules, due to its ability to form strong bonds with water [136]. It protects
these macromolecules during drought and thermal stress, which is why it is sometimes called an
“osmoprotectant” [129,194]. Glycine-betaine accumulates in some crops under stress, like members
of family Poaceae and Chenopodiaceae [195], and is absent entirely from other plants, like rice and
tobacco. This directed the scientists to develop transgenic plants that have the ability to produce
GB. In transgenic plants, the reproductive organs are capable of tolerating abiotic stresses if they can
accumulate GB [195]. The precursor for GB is choline, and the conversion is managed by enzymes like
choline monooxygenase and betaine-aldehyde dehydrogenase [151,196]. Choline supplementation to
the growth media of the salt-stressed plant can act to restore the suppressed growth [197]. GB is water
soluble, is not harmful at higher concentrations, and accumulates mainly in plastids and chloroplasts.
Exogenous application of GB promotes salinity tolerance in plant species which do not naturally
produce GB. A plant can utilize exogenously applied GB via leaves [198], as well as roots [199].
After absorption, GB is translocated in phloem [99,200]. GB is not directly involved in scavenging
ROS species, but it alleviates the damaging effects of ROS by promoting enzymes responsible for the
destruction or production suppression of ROS [201].

The reproductive stage of any plant during GB application is considered critical to ensure maximum
yield. In various studies, it was reported that the plant reproductive organs acquire higher levels of
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GB than the vegetative parts under stressed conditions. This indicates that high GB accumulation is
more necessary for protecting the reproductive organs than it is for protecting the vegetative tissues
from abiotic stresses, indicating that application timing is key [181,202]. The natural GB accumulating
species include sugar beets, spinach, wheat, barley, and sorghum. High GB concentration is linearly
linked with increased tolerance. Osmotic adjustment is the major mechanism involved in increased
tolerance to abiotic stresses, especially salt stress. GB is responsible for turgor maintenance through
osmotic adjustment [54,182,203]. However, this relationship is not satisfactory in some cases like
Triticum spp. and Agropyron spp. [204]. Thus, this relationship varies with genotype [158]. The plant
species which do not produce GB naturally can give a satisfactory yield and survival rate under salt
stress conditions through the exogenous application of GB [42,205]. Exogenous GB, once applied,
is transported rapidly throughout the plant. Exogenous application of GB has been reported in
many plant species, including tobacco, rice, soybean, barley, and wheat. In barley, GB application
improved stress tolerance by lowering water potential, which improved survivability. GB plays a role
in osmotic adjustment and ionic homeostasis by maintaining high K+ concentration compared to Na+

ions. Exogenous application of GB also increased the K+/Na+ ratio [206–208]. GB also protects the
photosynthetic apparatus. It enhances photosynthetic activity through increased stomatal conductance
and reduced photorespiration [42,209,210].

In contrast to its positive influence, some researchers have also suggested neutral or somewhat
negative responses to exogenously applied GB in some plant genotypes. For example, it appeared
to have a neutral influence on growth in cotton [211], turnip, rapeseed, and tomato [212]. For the
commercial application of GB, the rate, duration, timing, and frequency should be considered [158,213].
It can be used for seed treatment as well as foliar application. The application method is dependent
on the plant material on which it will be applied, the timing of the application relative to plant
developmental stage, and environmental conditions during the time of application [214].

Exogenously applied GB improved salt tolerance in rice by improving relative water contents in
the leaves and increasing antioxidant levels, including superoxide dismutase, ascorbate peroxidase,
catalase, and glutathione reductase (GR) [213]. Reduction in peroxidase activity was reported in a
salt-tolerant rice genotype under salt stress. GB is also reported to reduce lipid peroxidation [215–217].
GB can prevent membrane adulterations due to osmotic stress more efficiently than proline [218].
Proline accumulation in leaves of salt-stressed plants is not reported to be correlated with exogenously
applied glycine betaine [54,180]. Sugar beet is identified as the foremost source of GB [158,219]. It is
appreciated as a valuable source of GB along with other beneficial compounds and is useful in inducing
tolerance against salt stress in eggplant (Solanum melongena L.) as compared to pure GB. It has a
marked influence on the morphological (growth and yield) as well as physiological and biochemical
(gas exchange, photosynthetic rate, transpiration, GB accumulation) attributes [186,220].

4. Salinity and Enzymatic Attributes

Generation of reactive oxygen species (ROS) like singlet oxygen, superoxide radical, hydrogen
peroxide, and hydroxyl radical as a consequence of exposure to various abiotic stresses causes
injury to plants. Molecular oxygen is non-reactive and requires electron donors for the production
of reactive oxygen species. These electron donors are typically metal ions [24,221]. Increased
production of ROS is an indicator of plant stress [222] for proteins, lipids, pigments, DNA, and other
molecules at the cellular level [223,224]. Plants combat ROS through enzymatic and non-enzymatic
mechanisms. The enzymes used for scavenging ROS include superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), ascorbate peroxidase (APX), glutathione reductase (GR), and glutathione-synthesizing
enzymes [197,205,225]. However, increased generation of ROS scavenging enzymes does not always
correspond to higher salinity tolerance. Many factors contribute to the effectiveness of antioxidant
systems, including the site of antioxygenic enzyme production, enzyme action, and interaction of
different antioxidant enzymes, according to Blokhina et al. [226]. Das and Roychoudhury [227] and
Sairam et al. [228] reported increased SOD, APX, CAT, and GR activities in intolerant wheat plants
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under abiotic stresses. The site of superoxide radical synthesis is reported to be chloroplasts [229,230],
mitochondria [231], and microbodies. Ascorbate peroxidase (APX) is recognized as a reducing agent
for H2O2 to water by the utilization of ascorbate and release of monodehydroascorbate (MDHA).
MDHA reductase contributes to the conversion of MDHA to AsA (ascorbate). Ascorbate peroxidase
causes effective regeneration of AsA and interrupts the cascade of oxidation caused by H2O2 [24,232].
The antioxidant response of plants can be regulated by compounds like H2O2 under stress conditions.
H2O2 contributes almost 50% of the destruction caused by oxygen radicals in photosynthetic reduction.
In terms of negative impacts on plant physiology, H2O2 is the most harmful of all reactive oxygen
radicals. APX exists in four different forms: chloroplast stromal soluble form (sAPX), chloroplast
thylakoid bound form (tAPX), cytosolic form (cAPX), and glyoxysome membrane form (gmAPX)
(Figure 4). H2O2 increased the level of other antioxidants and caused a decline in lipid peroxidation
in maize under stressed conditions [210,211,233]. Saline conditions applied to potato seedlings
and Broussonetia papyrifera showed an increase in APX activity, new POD and SOD isoenzyme
activities, and alterations in isoenzyme composition [74,212]. Similarly, seed treatment of wheat by
H2O enhanced the salinity tolerance of young seedlings of wheat through prevention of oxidation
damage and induction of stress proteins [234]. Exogenously applied GB has been reported to enhance
antioxidant activity in terms of SOD, ascorbate peroxidase, CAT, and GR in salt-tolerant rice and wheat
genotypes under salt stress conditions [197,214,235].

Figure 4. Schematic diagram showing routes of salt stress toxicity and various tolerance strategies in
plants. Putative roles and action of genes, transcription factors, mitogen-activated protein kinases,
microRNAs, and metabolites are shown [236].

Superoxide dismutase (SOD) activity is reported in almost all plant cell types. It causes
disproportionation of singlet oxygen to molecular oxygen and hydrogen peroxide. The isoforms
of SOD are categorized as copper- and zinc-containing superoxide dismutase (Cu/Zn-SOD),
manganese-containing superoxide dismutase (Mn-SOD), and nickel- and iron-containing superoxide
dismutase as Ni-SOD and Fe-SOD [79]. A negative correlation was observed between proline
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accumulation and SOD activity in wild halophytes, so SOD activity does not necessarily induce salt
tolerance in plants [216,237]. Salt treatments caused a reduction in SOD activity in potato cultivars [74].
Catalases (CATs) contribute to the plant defense system, and are synthesized in peroxisomes and
glyoxysomes. CAT is responsible for the conversion of hydrogen peroxide into water and oxygen.
Under saline conditions, SOD activity was reported to be more pronounced in C3 (wheat) as compared
to C4 (maize). Both types of plants showed the same level of elevation in APX. However, an increase in
GR level was more prominent in maize plants [118,238].

Exogenous application of potassium nitrate alleviated salinity effects in winter wheat by promoting
some antioxidant enzymes [60,239]. Similarly, coronatine, which has properties similar to methyl
jasmonate, is reported to promote the activities of antioxidant enzymes including superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), and glutathione reductase (GR), and DPPH
(1,1-diphenyl-2-picrylhydrazyl) scavenging behavior in cotton leaves. DPPH-radical scavenging
determines non-enzymatic antioxidant activity. COR causes a decline in generation of reactive oxygen
species by increasing the activity of antioxidant enzymes [240–243]. COR is functionally similar to
jasmonic acid, which mitigates salt stress [244–246]. Polyamines applied to salt-stressed plants can act
to ameliorate the negative impact of salinity (i.e., growth suppression) in many crop plants [247].

5. Salinity and Phytohormones

Plant hormones are signaling molecules with the ability to alter the physiological mechanisms
of the plant, even if present in very minute quantities [248]. Common plant hormones are auxins,
gibberellins, cytokinins, abscisic acid, and ethylene [249]. Plants growing under salt stress experience
imbalances in hormonal homeostasis. Stressed conditions drastically alter physiological mechanisms
of the plant, creating massive changes in endogenous hormonal contents. Higher concentrations
of toxic ions are negatively correlated with the levels of plant hormones like gibberellins, auxins,
and cytokinin and are positively associated with the abscisic acid level [250,251]. Exogenous plant
hormone application on salt stressed plants was found to alleviate the negative effects of salinity on
the morphological (leaf area, dry mass), physiological (chlorophyll content, stomatal conductance,
photosynthetic rate), and yield characteristics of crops [252,253].

Abscisic acid (ABA) and ethylene are involved in signaling under stress conditions. An increase
in ABA concentration in plant cells has been reported under saline conditions [254]. Carotenoids
are the precursor for ABA synthesis, with roots and leaves the sites of synthesis [255]. Water deficit
in the root zone causes ABA generation in roots, and ABA transport to shoots is xylem mediated.
The increase in pH of xylem sap increases the transport of ABA to the guard cells, where it regulates
the stomatal opening and closing through the involvement of Ca ions [256]. Alterations in ABA levels
indirectly affect photosynthesis through disruption in stomatal opening and closing. The photosynthetic
efficiency of the plant cell declines along with deregulation of translocation and assimilate partitioning
of photosynthates [8,257].

Exogenously applied plant growth regulators have been widely reported to enhance stress
tolerance in numerous plant species [258]. ABA is reported to be useful in alleviating plant salt stress
under low water potential. ABA production in the plant cell is also related to ethylene synthesis under
salt stress. The interaction between these two stress hormones is apparent from vegetative growth and
seed germination under salt stress. During root inhibition by salt stress, ethylene regulates the ABA
concentration. However, the reverse has been reported in the case of seed germination [259]. Salicylic
acid has displayed a defensive role in plants experiencing stress, signaling the plant to adapt to the
stressful environment [260].
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Salinity and Growth Regulation

Brassinosteroids (BRs) are growth regulators which mitigate adverse growth patterns caused by
salinity. It improves the germination of seeds experiencing salt stress. The improved germination rate
has been reported for rice [261] and tobacco. Application of BRs as a seed treatment enhanced the growth
of rice seedlings under salt stress [262]. It helps the plant to retain its green pigments and enhances
nitrate reductase activity [263–265] and nitrogen-fixing capability. Brassinosteroids (28-homoBL)
increased dry matter accumulation and seed yield [266]. Foliar application of brassinosteroids
(24-epibrassinolide) on pepper plants grown with saline water greatly affected shoot growth parameters
and leaf water contents as compared to roots. However, its effect on chlorophyll fluorescence
was non-significant [267,268]. Similar patterns of brassinosteroidal effects were observed in wheat
grown under salt stress. 24-epibrassinolide application on salt-stressed wheat seedlings exhibited
non-significant results in terms of plant biomass, chlorophyll content, photosynthesis rate, substomatal
CO2 concentration, and water use efficiency. The incremented water use efficiency can be related to
higher transpiration rate shown by salt-stressed wheat seedlings, as a result of 24-epibrassinolide
application [269,270]. The efficiency of exogenously applied brassinosteroids to mitigate salinity effects
varies with plant species, appropriate growth stage, dose, frequency, and method of brassinosteroidal
application [271–273]. The results of BR application also vary with climatic conditions—mainly
temperature, light duration, and applied fertilizers [274]. Brassinolide application to salt stressed
Vigna radiata caused enhancement in growth, photosynthetic rate, and maximum quantum yield
of PSII. Generally, brassinolide has the potential to protect the photosynthetic apparatus under
salt stress. It also contributed to improving the membrane stability index and leaf water potential.
However, no significant results were recorded in the case of lipid peroxidation and electrolyte leakage.
Brassinolide increases antioxidant enzyme and proline contents [275–278]. Increases in proline level
create a protective shield when the plant is under stress by acting as a source of carbon and nitrogen,
a stabilizer of the plasma membrane, and an oxygen radical scavenger [279]. Brassinosteroids also
increase pigment levels in the plant [280]. BRs also improve the nitrate and nitrite reductase activity
in Vigna radiata under salt stress. This effect can be attributed to the ability of BRs to modulate
transcription and translation at the gene level, and to increase cell nitrate uptake. Increased stress
tolerance caused by brassinolide application is observable as improved growth parameters such as
shoot length, root length, and plant biomass [106,281].

6. Salinity and Carbohydrate (Sugars) Metabolism in Plants

Salinity stress progressively depletes carbohydrates in plant leaves and roots [282]. Young leaves
have more hexose and starch accumulation compared to older leaves. Carbon metabolism can
be used to assess the salt tolerance of a plant species. Salt-tolerant genotypes accumulated more
sucrose than salt-sensitive genotypes. The role of carbohydrates in osmotic adjustment has also
been authenticated [231,283]. Previous studies have reported a significant correlation between
sugar accumulation levels and stress tolerance in various plant species [284]. This augmentation in
sugar contents may be related to the high rate of sugar hydrolysis via hydrolytic enzymes [127,285].
Sugars stabilize the plasma membrane during plant stress by interacting with phospholipids. Under salt
stress, a higher accumulation of carbohydrates in leaves may contribute to osmotic adjustment [122,286].
The higher chloride contents can cause increases in carbohydrate levels in plant tissues or starch
degradation in sensitive species, whereas salt-tolerant species have less starch accumulation [287].
The carbohydrate accumulation rate varies among salt-tolerant species [147,288].
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7. Salinity and Root Apoplastic Barriers

Plant roots are the main organ involved in the uptake of water and nutrients from a solution,
whereas xylem vessels allow nutrient transport to the aerial tissues. In addition, plant roots function as
the primary site for sensing salinity levels so that the plant can respond rapidly to maintain functionality.
Roots can exclude and/or counteract potentially harmful substances by modifying their anatomy [289].
In particular, the endodermis that separates the cortex from the central cylinder is characterized by the
development of specific wall modifications, called “apoplastic barriers” [290], formed by a combination
of Casparian strips and suberin lamellae. A significant anatomical change in the root system due
to salt stress is the deposition of hydrophobic polymers such as cutin and suberin on the cell wall,
polymers that are often associated with hydrophobic compounds (e.g., waxes). Rossi et al. [291]
reported that different apoplastic adjustments in roots modify Na+ fluxes to the shoots of olive trees
exposed to up to 120 mM NaCl. Similarly, Krishnamurthy et al. [292] showed that the Na+ bypass
flow in rice roots was reduced by the deposition of apoplastic barriers. These findings substantiated
the role of root apoplastic barriers in plants’ tolerance to salt stress. Afterwards, several studies have
confirmed the formation of plant root apoplastic barriers as a response to different environmental
stresses such as heavy metals [268], salt, and drought stress [291]. Overall, the literature indicates that
plants react to environmental constraints by developing apoplastic barriers close to the root apex to
mitigate the intrusion of toxic ions. This is a specific anatomical response by roots when exposed to
hostile environments.

8. Salinity and Ionic Attributes

Abiotic stress alters the patterns of nutrient availability and transport, thus causing enormous
changes in plant growth. Na+ and Cl− ions are the chief competitors which restrict nutrients like
Ca2+, K+, and NO3

−. The increase in uptake of Na+ and Cl− was more prominent in mature leaves
compared to young actively growing leaves [59,293]. Plants experience a deficiency of both macro
and micronutrients under salt stress. However, the extent to which salinity affects micronutrient
availability is determined by plant type, growing conditions, and nutrient concentration [294,295].
Hence an effective fertilization regime in salt-affected areas can be utilized to overcome the negative
effects of salinity [296,297]. The increase in nutrient availability to plants enhances the plant’s ability to
survive under stressed conditions [1].

8.1. Salinity and Ionic Homeostasis

Salinity impairs the ionic balance of the cells. Maintaining ionic balance in plants is important for
increasing plant survivability under salt stress. Plants maintain ionic balance by various processes,
including cellular uptake, sequestration, and ion inclusion and exclusion [8,298]. Early maturing clones
of diploid potato accumulated Na ions in their leaves while late maturing varieties excluded Na ions
from their leaves (Figure 5). Late maturing varieties of potato were more salt-tolerant compared to early
cultivars. The lower leaves of the potato plant accumulated more Na ions than the higher leaves in both
the tested potato cultivars. Late maturing genotypes also established higher K to Na ratio, conferring
salt tolerance to them [50,298]. Saline conditions alter the ionic concentration of soil solutions, with an
increase in Na+ [74] and Cl− ions, particularly [54,299]. With the increased absorption rate of Na and
chloride ions, a significant decline in other ions (e.g., K, Ca, and Mg) occurs [54,297,300].
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Figure 5. Overview of cellular Na+ transport mechanisms and the salt stress response network in plant
root cells. Na+ (depicted in red) enters the cell via NSCCs and other membrane transporters (cellular
Na+-influx mechanisms highlighted in orange). Inside the cell, Na+ is identified. This activates Ca2+,
ROS, and hormone signaling cascades. CBLs, CIPKs, and CDPKs are part of the Ca2+-signaling pathway
(sensing and signaling components highlighted in blue), which can alter the global transcriptional profile
of the plant (transcription factor families in the nucleus depicted in purple; an AP2/ERF and a bZIP
transcription factor that negatively regulate HKT gene expression are shown as an example). Ultimately,
these early signaling pathways result in expression and activation of cellular detoxification mechanisms,
including HKT, NHX, and the SOS Na+ transport mechanisms, as well as osmotic protection strategies
(cellular detoxification mechanisms highlighted in light green). Furthermore, the Na+ distribution in
the plant is regulated in a tissue-specific manner by unloading of Na+ from the xylem. Abbreviations:
NSCCs, nonselective cation channels; ROS, reactive oxygen species; CDPKs, calcium-dependent
protein kinases; CBLs, calcineurin B-like proteins; CIPKs, CBL-interacting protein kinases; AP2/ERF,
APETALA2/ETHYLENE RESPONSE FACTOR; bZIP, basic leucine zipper; NHX, Na+/H+ exchanger;
SOS, salt overly sensitive [301].

Sodium is not considered an essential element for plant growth. Plants do not show any Na
requirements, and they lack any particular transport system for Na. However, when the plant is
exposed to high Na concentrations, Na finds its way into the plant cells following various pathways.
It may gain entry into plant cell passively from soil solution osmolarity, or via voltage-dependent
and independent cation channels [8]. Due to the similarity of hydrated ionic radii for Na+ and K+,
Na+ hampers K+ absorption by the plant because transport proteins cannot distinguish between them.
At higher a cystolic Na+/K+ concentration ratio, cellular processes are affected, which would otherwise
be maintained by K+, such as protein synthesis and enzyme activity [302]. Reduced K uptake can
cause reductions in plant growth and productivity under saline conditions. Plants restrict the free
cytosolic movement of Na in the cytosol by vacuole compartmentalization, in order to prevent Na
from hampering the regular functioning of cytosolic enzymes. This mechanism is equally important
for both glycophytes and halophytes [303]. Salt tolerance of a plant species is dependent on its ability
to restrict translocation of toxic ions in shoots [304,305]. This ability is regulated by specific tissues [17],
morphological features [306–308], and water use efficiency. These adaptive mechanisms alter the plant
response to salinity at both cellular and entire plant levels [17,285,309].
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8.2. Ionic Influx and Efflux

Sodium and chloride ions are the major ions which induce harmful effects on plant growth.
The accumulation of these ions in leaves and roots determines the tolerance of a genotype to salt
stress [310]. Roots are the primary organ which permits the entry of toxic ions into the plant under
high saline conditions. Plant roots regulate Na and chloride contents via the extrusion mechanism.
Plants respond to toxic salt levels either by exclusion to soil or by upward movement of ions through
the xylem transpiration stream [311]. Phloem is a chief pathway for toxic ion transport from shoots to
roots [17,278]. A passive mode of Na transport from external medium into the cell involves uniporters
or ion channel type transporters like HKT, LCT1, and NSCC [45,312]. In roots, Na reaches the xylem
using symplastic and apoplastic routes from the epidermis. The rate of Na transport is dependent on
the barriers posed by the casparian strip and the Na extrusion from the cell. Sodium ion transport is
also mediated by high-affinity potassium transporters which act as Na+/K+ symporters and also as
Na+-selective uniporters [313].

High salt concentration causes an increase in electrolyte leakage [106]. Sodium ion accumulation
at the cellular level is a major consequence of saline environmental conditions. When Na ion levels are
high, Na ions are either extruded or compartmentalized in vacuoles via Na+/H+ antiporters [45,314].
Ion transporters like Na+/H+ antiporters are involved in Na+ ion extrusion or Na+ ion
compartmentalization in vacuoles. These antiporters may be plasma membrane-localized or tonoplast
antiporters, which utilize the pH gradient, developed by P-type H+-ATPases, respectively [7,8].
Electrochemical potential channels are the other source of ion transport across the cell membrane.
These channels are ion specific and regulate ionic movement through gating, the period during which
channels are open or closed [315].

Sodium extrusion and vacuolar compartmentalization are active (energy requiring) processes
compared to sodium influx (passive transport). K+ transporters are considered responsible for sodium
influx into the cell. Movement of Na+ ions from the cytosol to the vacuole is accomplished by Na+/H+

antiporters [316]. The plant’s capacity to tolerate saline conditions depends on a high K+/Na+ cytosolic
concentration. Plants adopt various strategies to cope with a high Na ion concentration, such as
the restriction of Na+ entry into the cell, Na+ extrusion, and vacuole compartmentalization [279].
Sodium compartmentalized in the vacuole is an osmolytic process which provides a mechanism
for water uptake. Sodium efflux is considered an adaptation of salt-sensitive plants, whereas Na
compartmentalization is considered a feature of salt-tolerant species. The high salinity tolerance of
halophytes can also be attributed to their ability to confine Na ions to their roots, making them Na
accumulators [45,317]. Sodium exclusion from the plant body may also involve salt glands, present on
the leaf surface [159].

Chloride also contributes to the undesirable effects of salt stress on plant growth. Salt-tolerant
plant genotypes have the ability to inhibit chloride uptake. Chloride uptake is dependent on the shoot
to root ratio and follows a passive transport system [286,318]. Higher chloride contents also induce
succulence in salt-stressed plants [298], as well as a reduction in nitrate reductase activity [319]. Nitrate
reductase activity inhibition is an indicator of poor nitrogen assimilation, leading to reduced protein
synthesis and plant growth [320].

Adjusting the osmotic potential of the cell by K accumulation in vacuoles through different K
channels and transporters appears to be a prominent plant strategy to cope with plant stress [321,322].
Potassium alters the membrane potential and turgor, maintains enzyme activities, and adjusts osmotic
pressure and stomatal movement. It aids the plant in photosynthesis, protein synthesis, and oxidant
metabolism [323–325].

9. Effects of Salinity on Potassium and Calcium

Potassium regulates protein synthesis, enzymatic metabolism, and photosynthesis. Low K levels
were recorded in potato seedlings experiencing salt stress [31,73,326]. Potassium competes with Na
under saline conditions. In saline soil, Na ions which reach the plasma membrane of a cell cause the
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membrane to depolarize and the K outward rectifier channels to open. This results in a loss of K from
the cell [327]. Importantly, the K+:Na+ ratio determines the saline resistance of plants. Higher K+

concentration is directly related to higher biomass production. Salt-tolerant plant species have the
ability to retain a higher concentration of K [72,159].

Potassium and Ca occupy a critical position in the regulation of cell membrane integrity and
function [328]. Calcium aids in various physiological processes, including solute movement, stomatal
regulation, molecular signaling for cell defense systems, and cell repair under stress. Under saline
conditions, Na+/Ca2+ interactions are important because Na+ has the ability to displace Ca2+ from its
binding sites, thus causing a decline in Ca2+ availability. The cytosolic Ca concentration determines
the salt sensitivity of the plant [8,329]. Calcium deficiency is evident in plants grown in saline soil
conditions [330]. Calcium supplementation is beneficial in ameliorating the negative effects of salinity
in beans [331,332]. The ability of plants to survive under osmotic stress is dependent on the plant’s
capacity to maintain high Ca2+:Na+ ratio and to exclude Na+. Increasing Ca+2 (by addition of Ca2+ as
gypsum CaSO4) had an antagonistic effect on Mg2+ availability to the plant, as it removed Mg2+ from
the soil complex [72,333].

Salinization management through Ca+2 supplementation is reported to be beneficial in enhancing
the quality of celery by reducing the incidence of black heart. Calcium supplementation in the form
of calcium sulfate improved the growth of tomato plants. This stabilized membrane permeability,
increasing N and K concentrations in leaves [67]. Calcium sulfate has more pronounced effects on
tomato growth parameters than calcium chloride, perhaps because calcium chloride can be a source of
chloride ions [188]. The supplementation of K and Ca2+ to the salt-affected pepper plants increased
vegetative growth and fruit production and decreased the incidence of blossom end rot, but caused
a reduction in fresh fruit weight and marketable yield [4]. Calcium acetate positively stimulates
photosynthesis and stomatal conductance. It also ameliorates the effects of low water content on
osmotic potential from salt stress. However, Ca2+ is reported to have an inhibitory effect on proline
accumulation, which affects the low osmotic potential [34,334].

Salinity and Nitrogen

Nitrogen is required in considerable quantities to satisfy the mineral needs of the plant. Moreover,
nitrogen is a constituent of amino acids and nucleic acids [311]. Salt stress decreased protein contents in
potatoes [335]. Nitrogen has a large effect on plant growth when there is ample water. Still, addition of
nitrogen to plants, even under salt stress conditions, improves the yield in many crop plants, including
tomato, millet, and wheat. Nevertheless, in a saline environment, plants have a decreased ability
to uptake nitrogen [1,31]. Plants that are more susceptible to Cl− toxicity can be managed through
NO3

− application since NO3
− antagonizes Cl− uptake [336]. Saline conditions reduce the regulation

of nitrate uptake, metabolism, and utilization by plant species. The form of nitrogen applied affects
the uptake of other nutrients like Na+, Ca2+, and K+, and thus affects the plant’s ability to tolerate
saline conditions. Therefore, under saline conditions, a nitrogen fertilizer regime should be managed
specifically considering the interactions between Na, NO3, NH4, Cl−, etc. [337]. Potassium nitrate is a
salt stress alleviating agent for melons [31].

Higher salt concentration in soil solutions interferes with the transport of nitrate in the shoots.
For that reason, nitrate reductase, glutamine synthetase, and nitrite reductase enzymes all have reduced
activity under stress conditions [246,338]. Nitrate reductase is responsible for the reduction of nitrate
to ammonia. Nitrate reductase activity is generally less susceptible to salinity than nitrite reductase
activity [339]. Increasing salinity levels decreased dry weight and protein contents of the leaves and
roots of tomato seedlings. High Na and chloride ion levels suppressed the uptake of K and nitrate [340].
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Nitrogen-containing compounds (NCC) accumulate in plants as a response to higher saline
conditions. These compounds include amino acids, amides, quaternary ammonium compounds,
and polyamines. Their reported functions are osmoprotection, osmotic adjustment, ROS scavenging,
nitrogen provision, and maintenance of pH. Plant nitrogen metabolism can be regulated by
phytohormone like cytokinin [29,341].

Phosphorus (P) is a prime constituent in nucleic acids, phospholipids, phosphoproteins,
nucleotides, and ATP. Phosphorus uptake is reduced in plants growing under saline conditions.
The availability of P is reduced due to strong ionic effects and low solubility of calcium phosphate
minerals [302]. Navarro et al. [342] reported a decline in phosphorus mobility stored in vacuoles in
salt-stressed melon plants. Plant growth promoting bacteria increased uptake of P and K in tomato
plants grown under salt stress. P uptake may enhance the survivability of young plants in salt stress
conditions [343–346].

10. Conclusions

Plants respond to salinity stress at physiological, cellular, genetic, and metabolic levels. Previous
research demonstrates that among plant responses to salinity, mechanisms that control ion uptake,
transport, and balance, as well as water potential, photosynthesis, cell division, osmotic adjustment,
enzymatic activities, polyamine regulation, stress signaling, and regulation of root apoplastic barriers
play critical roles in plant tolerance to salinity. In order to manage salt stress, significant work
has been done on calcium biosensors to understand cation-sensing processes, ABA-dependent
phosphorylation, changes in cell wall components, auxin and ABA associated modulations in root
architecture, Na+ exclusion mechanisms, signaling of phytohormones in roots and guard cells,
and organ-specific expression of sodium transporter gene (HKT1). There is a need to integrate
information from genomic, transcriptomic, proteomic, and metabolomics studies, as a collaborative
approach for determining key pathways controlling salinity tolerance at the whole-plant level.
Further studies on tissue-specific Na-sensing processes, association of Na and K biosensors with
Na+/K+ homeostasis, ABA and other phytohormone signaling pathways, and interaction between
phytohormones and ion transporters are required to illuminate the details of inter- and intracellular
molecular interactions that are involved in plant stress tolerance. Further research in these areas will
be helpful for mitigating salinity damage in commercially important crops.
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Abstract: Desert plants are able to survive under harsh environmental stresses inherent to arid and
semiarid regions due to their association with bacterial endophytes. However, the identity, functions,
and the factors that influence the association of bacterial endophytes with desert plants are poorly
known. These bacterial endophytes can be used as an untapped resource to favor plant growth and
development in agro-ecosystems of arid regions. The present study is therefore focused on the isolation
and identification of bacterial endophytes from two native medicinal plants (Fagonia mollis Delile
and Achillea fragrantissima (Forssk) Sch. Bip.) growing spontaneously in the arid region of the South
Sinai (Egypt), and characterization of their plant growth promoting (PGP) traits. Thirteen putative
bacterial endophytes were isolated from the leaves of both plant species and characterized for their
plant growth promoting abilities using molecular and biochemical approaches, as well as greenhouse
trials. Selected endophytic bacterial strains were applied to maize plants (Zea mays L. var. Single cross
Pioneer 30K08) to further evaluate their PGP abilities under greenhouse conditions. Isolated bacterial
strains have variable plant growth promoting activities. Among these activities, isolated bacterial
endophytes have the efficacy of phosphate solubilizing with clear zones ranging from 7.6 ± 0.3 to
9.6 ± 0.3 mm. Additionally, the obtained bacterial endophytes increased the productivity of indole
acetic acid (IAA) in broth media from 10 to 60 μg·mL−1 with increasing tryptophan concentration
from 1 to 5 mg·mL−1. Bacillus and Brevibacillus strains were frequently isolated from the leaves of
both plant species, and had significant positive effects on plant growth and shoot phosphorus (P)
and nitrogen (N) contents. Results suggest that these endophytes are good candidates as plant
growth promoting inoculants to help reduce chemical input in conventional agricultural practices
and increase nutrient uptake and stress resilience in plant species.
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1. Introduction

The enhancement of crop productivity is required for feeding the increasing population in
developing countries and often relies on the use of chemical fertilizers. However, long-term use of
these fertilizers was shown to decrease bacterial diversity in soil [1,2] and can also have harmful effects
on the environment, such as leaching of phosphorus and nitrogen into groundwater, and increasing
soil and groundwater pollution [3]. One way to increase the sustainability of agricultural practices
is the use of efficient, nutrient mobilizing microorganisms to reduce the need and dependency on
chemical fertilizers [4,5]. Plant growth promoting bacteria (PGPB) that form symbiotic interactions
with their host plants are crucial to improve plant productivity and health under various environmental
conditions [4,6–8]. Bacterial endophytes colonize plant tissues without any apparent pathogenic
symptoms and establish beneficial associations with their plant host through phytohormone synthesis,
enzyme production, and nutrient mobilization and translocation, such as phosphate (PO4

−3)
solubilization, nitrogen fixation, and ammonia (NH3) production [9–11]. Moreover, many endophytes
display various applications such as antimicrobial mechanisms, which reduce crop losses caused by
pathogens [12–16], and its metabolites integrated into different biotechnological applications [17–20].

The Sinai Peninsula is located in the Sahara-Arabian deserts and represents approximately 6%
of the total land area of Egypt. The semi-arid to arid climate and winter precipitations are the main
characteristics of the Sinai Peninsula desert. Plants growing in desert conditions were found to harbor a
microbiome that increased the biomass during drought stress periods [21]. Medicinal plants from desert
farming in Sekem (Egypt) were shown that their roots are strongly associated with bacteria [22–24].
Although the Sinai desert has diverse medicinal plants, very few studies have focused on the associated
bacterial endophytes and their PGP activities. Hanna et al. [25] collect 43 different plant species
from the North Sinai desert, and reported that Fagonia mollis was the highest plant species harboring
culturable bacteria. Among these bacteria, Gluconacetobacter diazotrophicus was the lowest endophytic
species exhibit N2-fixing activity. In the same regards, 132 endophytic strains were isolated from
18 Egyptian medicinal plants, including nine fungal strains isolated from Achillea fragrantissima and
exhibiting inhibitory activities against different pathogenic bacteria and yeasts [26]. Application of the
bacterial endophytes (Bacillus thuringiensis) led to improved plant growth and increased relative water
content, chlorophyll content, chlorophyll fluorescence parameter (Fv/Fm ratio), and fruit yield of sweet
pepper plants [27].

Maize has become a staple food in many parts of the world, with the total production of maize
surpassing that of wheat or rice. Maize crop has several uses, such as food stuff for human or as
animal feed because of its high nutritional value. Maize has also been used for corn ethanol and
other maize products, such as fructose, corn starch, corn oil, and corn syrup [28]. The Arab Republic
of Egypt is the largest country consuming maize at the level of the African continent. However,
the production of the Arab Republic of Egypt reached to about 1% of the total global production during
(2005–2013), while Egypt represents the third place at the level of the African continent [29]. Therefore,
the current study aimed to improve the performance maize growth under the optimal conditions and
at normal habitat.

Fagonia mollis and Achillea fragrantissima are medicinal plants frequently found in the Sinai
Peninsula, and their bacterial endophytes could partially be responsible for the production of various
bioactive compounds [30], and the ability of these plants to withstand the harsh, drought condition of
the Sinai Peninsula. Therefore, this study focused on the isolation and characterization of putative
bacterial endophytes from F. mollis and A. fragrantissima, which are native inhabitants of the arid and
extremely harsh conditions of the Sinai desert. Plant growth promoting (PGP) properties of the bacterial
endophytes involving extracellular enzymes (amylase, cellulase, protease, pectinase, and xylanase)
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production, antimicrobial activity against selected pathogenic bacteria and fungi, indole-3-acetic acid
(IAA) and NH3 production, and P-solubilization ability were evaluated. In addition, their effect on
maize growth, plant biomass production, and nutrients content in plant shoots were also investigated
in order to evaluate their potentials as bioinoculants for sustainable agriculture practices.

2. Materials and Methods

2.1. Plant Sampling and Study Area

Fagonia mollis Delile (family Zygophyllaceae) and Achillea fragrantissima (Forssk.) Sch.Bip.
(family Asteraceae) were collected from two sites, Wadi al-Zwatin (latitude 28.539290◦ to 28.53919◦ N,
longitude 33.930784◦ to 33.92044◦ E) and Wadi Selebat (latitude 28.545493 to 28.543339 N,
longitude 33.933707 to 33.932984 E), Saint Katherine Protectorate, South Sinai, Egypt (Figure 1).
Four individual plants from each species were collected per site. The plant samples were carefully
placed in sterile polyethylene bags and brought back to the laboratory in a portable cooler maintained at
4 ◦C using ice packs. The formal identification of the plant specimens was carried out at the herbarium
of Botany and Microbiology Department of Al-Azhar University, where plant herbarium specimens
were also deposited.

Figure 1. (A) Fagonia mollis Delile. and (B) Achillea fragrantissima Forssk.

2.2. Isolation of Bacterial Endophytes

On each plant, the first five leaves from a shoot tip were excised and washed under running tap
water. Sterilization of leaf surfaces was done by soaking the tissues in a series of baths: sterile distilled
water for 1 min, 70% ethanol for 1 min, 2.5% sodium hypochlorite for 4 min, 70% ethanol for 30 s, and a
final series of rinsing thrice in sterile distilled water in three different containers. A 0.1 mL aliquot of
the final rinse water was plated onto nutrient agar plates to confirm the success of surface sterilization.

The sterilized plant leaves were then cut into 5 mm segments, and twenty leaf segments per
individual plant were placed in four petri dishes (9 cm; five segments/plate) containing luria broth (LB)
media (tryptone 10 g·L−1; yeast extract 5 g·L−1; NaCl 10 g·L−1; agar 15 g·L−1; and 1 L dis. H2O, adjusted
to pH 7) supplemented with nystatin (25 μg·mL−1) to suppress fungal growth, and incubated in the
dark at 35 ± 2 ◦C. Another twenty segments of sterilized leaves per individual plant were together
crushed in 10 mL sterile saline solution using a sterile digital homogenizer (PRO25D, Pro Scentific,
120 V, Willenbrock, Oxford, CT, USA), and 1 mL of the suspension was serially diluted until 10−3 from
which a 0.1 mL aliquot was spread onto each of the three Petri plates containing LB medium and
incubated in the dark at 35 ± 2 ◦C [31]. The cultures were regularly observed for bacterial growth, for a
period of 96 hours. Bacteria growing from the previous steps were streaked on fresh LB plates to obtain
single colonies, which picked up and inoculated on LB slants and stored at 4 ◦C until further study.
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2.3. Molecular Identification of Bacterial Endophytes

Bacterial identification was based on 16S rRNA gene sequence analysis. Genomic DNA of each
isolate was extracted following the method of Miller et al. [32], with some modifications. Briefly,
individual colonies from an agar plate were picked up either using a sterile toothpick or an inoculating
loop and resuspended in 50 μL of sterile deionized water. The cell suspension was placed in a water
bath at 97 ◦C and heated for 10 min, the cell lysate was centrifuged (15,000× g, 10 min), and the
supernatant containing the DNA was recovered. DNA concentration was determined by measuring
its absorbance at UV spectrum of 260 nm using a spectrophotometer (JENWAY 6350, 230 V/50 Hz,
Staffordshire, UK). A partial 16S rDNA fragment was PCR amplified using the bacterial universal
primers 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492r (5′-GGTTACCTTGTTACGACTT-3′) [33].
The PCR reaction contained: 1 × PCR buffer, 0.5 mM MgCl2, 2.5 U Taq DNA polymerase (QIAGEN),
0.25 mM dNTP, 0.5 μM of each primer, and approximately 5 ng of bacterial genomic DNA. The PCR
cycling conditions were 94 ◦C for 3 min, followed by 30 cycles of 94 ◦C for 0.5 min, 55 ◦C for 0.5 min,
and 72 ◦C for 1 min, followed by a final extension performed at 72 ◦C for 10 min. The PCR products
were forward and reverse sequenced using the Applied Biosystems 3730xl DNA Analyzer technology
at the Genome Quebec Innovation Center (Montreal, QC, Canada). The sequences generated in this
study were deposited in GenBank under accession numbers KY555785 to KY555797. The 16S rRNA
sequences were then compared against the GenBank database using the NCBI BLAST nucleotide search.
A multiple sequence alignment was constructed on approximately 1200 bp of 16S rRNA gene fragments
using the ClustalX 1.8 software package (http://www.clustal.org/clustal2) and a phylogenetic tree was
constructed using the neighbor-joining method in the MEGA v6.1 software (www.megasoftware.net),
with confidence tested by bootstrap analysis (1000 repeats).

2.4. Screening the Extracellular Enzymatic Activities of Bacterial Endophytes

The production and activity of extracellular enzymes (amylase, cellulase, protease, pectinase,
and xylanase) of isolated bacterial endophytes were assessed by growing the isolates in a mineral salt
(MS) media (NaNO3 5 g·L−1; KH2PO4 1 g·L−1; K2HPO4 2 g·L−1; MgSO4.7H2O 0.5 g·L−1; KCl 0.1 g·L−1;
CaCl2 0,01 g·L−1; FeSO4.7H2O 0.02 g·L−1; agar 15 g·L−1; and 1 L dis. H2O) complemented with various
additives, depending on the enzyme being tested, as detailed below. Control treatments consisted of
the same media without bacterial inoculation. After incubation for 24–48 h depending on the growth
rates of the bacterial endophytes at 35 ± 2 ◦C, specific reagents were added (see paragraph below),
and the size of the clear zone surrounding the bacterial colony was measured, indicating extracellular
enzymatic activities. All assays were performed in triplicates.

Amylolytic and cellulase activity were assessed by growing the endophytic bacterial isolates on
MS agar medium supplemented with 1% soluble starch and 1% cellulose or carboxy-methylcellulose
(CMC) respectively. After incubation, the plates were flooded with 1% iodine. MS agar medium
containing 1% gelatine was used to determine the bacterial proteolytic activity. After incubation,
the degradation of gelatine was highlighted using acidic mercuric chloride as an indicator. Pectinolytic
activity was determined by growing bacteria in MS medium containing 1% pectin. After the incubation
period, the plates were flooded with 1% aqueous solution of hexadecyl trimethyl ammonium bromide.
MS agar medium supplemented with 1% xylan from corncobs was used to measure bacterial xylanolytic
activity. After the incubation period, the xylanase activity was assessed after flooding with absolute
ethyl alcohol to indicate biodegradation [34].

2.5. Antimicrobial Activity of Bacterial Endophytes

To test the antimicrobial activity of the bacterial endophytes, the isolated strains were cultured in
nutrient broth medium for 6 days at 35 ± 2 ◦C on a shaker (LABOAO, LH-2102C, Zhengzhou, China)
at 180 rpm. Crude fermentation broth was blended thoroughly and centrifuged at 4000 rpm for 5 min.
Liquid supernatant was extracted twice with an equal volume of ethyl acetate. The organic solvent
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extract was then evaporated under reduced pressure using a rotary evaporator (RE-801, BM-500 water
bath (4 L), glassware C set, Yamato scientific, Tokyo, Japan). The crude extracts were dissolved in
dimethyl sulfoxide (DMSO) and used for antimicrobial screening using a well diffusion method [35].
Nutrient broth media without bacterial inoculation were extracted and dissolved in DMSO and were
used as controls.

Microbial strains used for antimicrobial assays were: Staphylococcus aureus ATCC 6538 and
Bacillus subtilis ATCC 6633 (Gram-positive bacteria), Escherichia coli ATCC 8739, Pseudomonas aeruginosa

ATCC 9027 and Salmonella typhimurium ATCC 14028 (Gram-negative bacteria), and Candida albicans

ATCC 10231 (yeast). Test organisms were inoculated in Petri dishes containing Muller–Hinton agar
medium (Sigma-Aldrich) for bacteria or Sabouraud agar medium (Sigma-Aldrich) for yeast [19,36,37].
Three wells of 1 cm diameter were cut in the tested organism colony using a sterile cork borer and
filled with 40 μL of endophytic bacterial extract. Negative control wells were filled with 40 μL of
control extract. The plates were kept at 4 ◦C for 4 h to allow diffusion of antimicrobial compounds,
and then incubated at 35 ± 2 ◦C for bacteria and 28 ± 2 ◦C for C. albicans for 24 h [38,39]. The inhibition
zones around the wells were measured to assess the antimicrobial activity of bacterial extracts.
All antimicrobial activity assays were performed in triplicates.

2.6. Screening for In Vitro Plant Growth Promoting (PGP) Traits

2.6.1. Phosphate Solubilization

The bacterial endophytic isolates were screened for P-solubilization as follows.
Pikovskaya medium (glucose 10 g·L−1; Ca3(PO4) 2·5 g·L−1; (NH4)2SO4 0.5 g·L−1; NaCl 0.2 g·L−1;
MgSO4·7H2O 0.1 g·L−1; KCl 0.2 g·L−1; FeSO4·7H2O 0.002 g·L−1; yeast extract 0.5 g·L−1; MnSO4·2H2O
0.002 g·L−1; agar 15 g·L−1; and 1 L dis. H2O) was prepared and bromophenol blue was added as an
indicator. The medium was inoculated with endophytic isolates and incubated for 48 h. The Pikovskaya
medium without bacterial growth was used as a control. The formation of clear zones around the
colony, due to the utilization of tricalcium phosphate, was measured to assess the ability of endophytes
to solubilize phosphate [40].

2.6.2. Ammonia Production

The ability of the isolated endophytic bacterial strains to produce NH3 was assessed after growing
the bacterial strains in peptone water (peptone 10 g·L−1; NaCl 5 g·L−1; and 1 L dis. H2O) for 72 h at
35 ± 2 ◦C. Peptone water without bacterial inoculation was used as a control. The addition of 1 mL of
Nessler’s reagent in the peptone liquid medium was used to assess the ammonia production. A color
change to faint yellow indicated the minimum ammonia production while deep yellow to brownish
color indicated the maximum ammonia production [41].

2.7. Quantitative Screening for Indole-3-acetic acid (IAA) Production

The ability of bacterial endophytes to produce IAA was determined in nutrient broth at 35 ± 2 ◦C
for 24 h. One milliliter of each bacterial suspension was added to 20 mL of nutrient broth medium
containing 0, 1, 2, or 5 mg·mL−1 tryptophan, and incubated for 14 days. Controls consisted of
nutrient broth media containing 0, 1, 2, or 5 mg·mL−1 tryptophan but without bacterial inoculation.
Five milliliters of each culture were collected from the incubating broth after 14 days and centrifuged at
6000 rpm for 30 min. One milliliter of the supernatant was mixed with 1 drop of orthophosphoric acid
and 2 mL of Salkowski’s reagent (300 mL concentrated sulfuric acid, 500 mL distilled water, and 15 mL
0.5 M FeCl3). Development of a pink color indicated IAA production. The optical density at 530 nm was
measured using a spectrophotometer (Jenway 6305 UV spectrophotometer, 230 V/50 Hz, Staffordshire,
UK), and the amount of IAA produced was estimated using a standard curve for authentic IAA [42].

Five isolates were chosen based on their ability to produce IAA for further analysis. Equal amount
of each inoculum was added to nutrient broth medium containing 5 mg mL−1 tryptophan and incubated
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for 14 days at 35 ± 2 ◦C. IAA concentration was determined at 2 days intervals up to the 14th day after
inoculation. Samples were centrifuged at 6000 rpm for 30 min and IAA production was determined as
mentioned above. All the IAA production assays were performed in triplicates.

2.8. Effect of Bacterial Isolates on Zea mays L. Growth

2.8.1. Experimental Design

A pot experiment was conducted in a completely randomized design with five replicates of each
treatment. Plants were inoculated with one of five individual bacterial isolates (Brevibacillus spp. Af.13,
and Af.14, Bacillus spp. Fm.3, Fm.4, and Fm.6) or with a bacterial consortium formed of an equal
amount of the five bacteria isolates. A control treatment consisted of uninoculated plants.

2.8.2. Culture Conditions

A loamy soil was collected from an agricultural field in the El-Menoufia governorate. Physical
and chemical characteristics of the soil are shown in Table 1. The soil was air-dried, sieved with a
2 mm sieve, mixed with quartz sand at a soil: sand ratio of 3:1 and autoclaved twice for one hour
at 121 ◦C. The five most potent IAA producing bacterial isolates (as listed above) were inoculated
in nutrient broth and incubated at 35 ± 2 ◦C for 24 h on a shaker (LABOAO, LH-2102C, Zhingzhou,
China) at 180 rpm. Seeds of maize (Zea mays, Cultivar Giza 9) were surface sterilized by soaking in
2.5% sodium hypochlorite for 3 minutes and then washed 5 times in sterile distilled water. Six groups
of pregerminated seeds were separately incubated in 50 mL aliquots of the culture medium inoculated
each with one of the five bacterial strains or with the bacterial consortium, and incubated at room
temperature for 4 h on a shaker at 180 rpm. After incubation, the soaked seeds were sown in 1 L
plastic pots filled with 900 g of sterilized soil-sand mixture. Each pot received three germinated seeds.
Plants were grown in a greenhouse with a temperature of 25–30 ◦C and were irrigated with tap water
as required without fertilization.

Table 1. Physical and chemical characteristics of the soil used in the greenhouse experiment.

Parameters Soil Analysis

Soil Texture Loamy Sand

Physical characters (%)
Sand 76.8
Silt 10.9

Clay 12.2
Chemical characters (mg kg−1)

P 24
K 14.075

Na 186.44
Ca 27.25
Cl 134.35

2.9. Plant Tissue Analysis

After 30 days, plants were harvested, shoot and root systems were separated, and roots were
washed carefully with tap water to remove the attached soil particles. The dry weight of shoots and
roots were measured after drying for 48 h at 60 ◦C. Phosphorus, nitrogen, and potassium contents
were determined according to the methods described by AOAC international [43] and Rice et al. [44].

2.10. Statistical Analysis

Data were statistically analyzed using SPSS v17 (SPSS Inc., Chicago, IL, USA). When the normality
and homogeneity of variance hypotheses were satisfied, one-way analysis of variance (ANOVA) was
used to compare the bacterial isolates for extracellular enzymes production, antimicrobial activity,
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IAA and ammonia production, P-solubilization ability, and the effect of these endophytes on maize
growth performance. A posteriori multiple comparisons were done using Tukey’s range tests at
p < 0.05. All results are the means of three to five independent replicates, as specified above.

3. Results

Thirteen endophytic bacterial strains were isolated from the leaves of the two medicinal plants
(Table 2). Nine strains were isolated from F. mollis plants and identified as Bacillus spp. (eight strains),
and Paenibacillus sp. (one strain), while four bacterial strains were isolated from A. fragrantissima

plants and identified as Paenibacillus sp. (one strain) and Brevibacillus sp. (three strains). The 16S
rRNA gene sequences of strains Fm.2 to Fm.9 showed 96–99% sequence similarity with the sequences
of Bacillus amyloliquefaciens, Bacillus thuringiensis, and Bacillus cereus (Figure 2 and Table 2). The 16S
rRNA gene sequences of strains Fm.1 and Af.12 showed 99% of sequence similarity with Paenibacillus

barengoltzii. Isolates Af.13 to Af.15 showed between 93 and 99% of 16S rRNA sequence similarity with
Brevibacillus agri.

All bacterial endophytes isolated from F. mollis were positive for amylase, pectinase, carboxymethyl
cellulase, cellulose, xylanase, and gelatinase, while those isolated from A. fragrantissima showed activities
for only one to four enzymes (Table 3). The highest activities of cellulase and carboxymethyl cellulase
were observed with Bacillus sp. Fm.5 (22.0 ± 1.1 and 21.3 ± 1.2 mm, respectively), while Bacillus sp.
Fm.2 showed the highest activities of pectinase, xylanase, and gelatinase enzymes with clear zone
17.6 ± 0.6, 19.6 ± 0.3, and 22.0 ± 0.5 mm respectively. The highest gelatinase activity (22.3 ± 1.4 mm)
was measured for Bacillus sp. Fm.3.

The antimicrobial activity of the bacterial endophytes against selected pathogenic bacterial and
yeast strains are given in Table 4. The crude extract of Brevibacillus sp. Af.13 suppressed the growth of
five tested pathogenic microorganisms, while Bacillus sp. Fm.8 inhibited the growth of P. aeruginosa,
S. typhi, and E. coli. Endophytic strains Bacillus sp. Fm.2 and Brevibacillus sp. Af.13 were the only
endophytes whose crude extracts showed an inhibitory effect against the pathogenic yeast C. albicans

ATCC 10231 with clear zone 15 and 18 mm respectively. While the filtrates extracted from all strains
showed some inhibition of P. aeruginosa ATCC 9027, the highest growth inhibition was noted from
strains Fm.6, Fm.7, Fm.8, Fm.9, and Af.14 with inhibition zones ranging between 15 to 30 mm.

Table 2. The 16S rRNA sequence identification of endophytic bacterial strains from two different
medicinal plants.

Plant Species Bacterial Strain Code
Homologue Sequences
(Sequence Identity %)

NCBI Accession
Numbers

Fagonia mollis

Fm.1 Paenibacillus barengoltzii (99%) NR_042756
Fm.2 Bacillus amyloliquefaciens (98%) NR_117946
Fm.3 Bacillus thuringiensis (97%) NR_043403
Fm.4 Bacillus cereus (98%) NR_115526
Fm.5 Bacillus cereus (99%) NR_115526
Fm.6 Bacillus thuringiensis (98%) NR_114581
Fm.7 Bacillus amyloliquefaciens (97%) NR_117946
Fm.8 Bacillus cereus (97%) NR_115526
Fm.9 Bacillus cereus (96%) NR_115526

Achillea fragrantissima

Af.12 Paenibacillus barengoltzii (99%) NR_113988
Af.13 Brevibacillus agri (95%) NR_113767
Af.14 Brevibacillus agri (93%) NR_113767
Af.15 Brevibacillus agri (99%) NR_113767

275



Agronomy 2020, 10, 1325

Figure 2. Phylogenetic analysis of 16S rRNA sequences of bacterial strains with reference sequences
from NCBI. Fm.1–Fm.9 refers to 16S rRNA sequences of bacteria isolated from Fagonia mollis plants,
whereas Af.13–Af.15 are the sequences from isolates from Achillea fragrantissima. Identity of the bacterial
isolates is available in Table 2. The analysis was performed in MEGA 6 using the neighbor-joining method.
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Table 3. Extracellular enzymatic activities of bacterial endophytes.

Bacterial
Strains 1

Diameter of Clear Zones (mm) 2

Amylase Pectinase CMCase 3 Cellulase Xylanase Gelatinase

C 0 d 0 d 0 e 0 d 0 f 0 f

Fm.1 17.6 ± 1.2 a 16.3 ± 0.3 b 18.6 ± 0.6 b 20.0 ± 1.7 b 17.0 ± 1.0 b 21.0 ± 0.5 a

Fm.2 17.3 ± 0.8 a 17.6 ± 0.6 a 20.6 ± 0.6 a 18.6 ± 0.8 c 19.6 ± 0.3 a 22.0 ± 0.5 a

Fm.3 17.0 ± 1.5 a 17.0 ± 0.5 a 18.0 ± 1.0 b 18.6 ± 1.2 c 16.0 ± 00.0 b 22.3 ± 1.4 a

Fm.4 17.6 ± 0.8 a 17.0 ± 0.5 a 19.0 ± 0.5 b 19.6 ± 1.7 b 14.6 ± 0.3 c 20.6 ± 0.6 b

Fm.5 17.6 ± 0.8 a 16.3 ± 0.8 b 21.3 ± 1.2 a 22.0 ± 1.1 a 18.6 ± 0.3 a 21.6 ± 0.8 a

Fm.6 17.0 ± 1.1 a 15.6 ± 0.3 c 18.3 ± 0.8 b 16.3 ± 0.3d 16.3 ± 0.8b 17.0 ± 1.5 d

Fm.7 17.3 ± 0.6 a 17.0 ± 0.5 a 15.6 ± 0.8 c 16.6 ± 1.2 d 14.3 ± 0.6 c 15.0 ± 1.5 e

Fm.8 17.6 ± 0.6 a 14.6 ± 0.3 c 18.0 ± 1.15 b 18.3 ± 0.3 c 14.3 ± 0.6 c 18.3 ± 1.6 c

Fm.9 15.3 ± 1.7 b 15.6 ± 0.3 c 18.6 ± 0.3 b 17.6 ± 0.8 c 9.0 ± 1.1 e 18.0 ± 1.5 c

Af.12 9.3 ± 0.3 c 0 d 19.3 ± 0.3 b 20.6 ± 0.6 b 13.6 ± 0.3 d 0 f

Af.13 0 d 0 d 0 e 0 d 0 f 19.0 ± 1.5 c

Af.14 0 d 14.0 ± 0.2 d 0 e 0 d 0 f 0 f

Af.15 0 d 17.6 ± 0.3 a 11.0 ± 1.0 d 17.33 ± 1.76 c 0 f 20.3 ± 2.3 b

1 C: controls without bacterial inoculation. Identity of the bacterial isolates is available in Table 2. 2 Different letters
between lines denote that mean values are significantly different (p ≤ 0.05) by Tukey’s test, means ± Standard Error
(SE) (n = 3). 3 Carboxymethyl cellulase.

Table 4. Antimicrobial activities of bacterial endophytes.

Bacterial Strains 1
Diameter of Clear Zone (mm)

P. aeruginosa S. typhi E. coli S. aureus B. subtilis C. albicans

C − − − − − −

Fm.1 17 − − − − −

Fm.2 15 − − − − 15
Fm.3 15 − − − − −

Fm.4 15 − − − − −

Fm.5 17 − − − − −

Fm.6 20 − − − − −

Fm.7 22 − 18 − − −

Fm.8 30 15 18 − − −

Fm.9 25 − 20 − − −

Af.12 15 − − − − −

Af.13 15 11 11 − 17 18
Af.14 20 − − − − −

Af.15 15 − − − − −

1 C: controls without bacterial inoculation. Identity of the bacterial isolates is available in Table 2.

All endophytes identified as Brevibacillus sp. produced the highest amount of ammonia compared
to Bacillus spp. strains (Table 5). Moreover, nine endophytes (Fm.2 to Fm.9 and Af.12) displayed
significant ability to solubilize inorganic phosphate with clear zone on the Pikovskaya medium ranging
from 7.6 ± 0.3 to 9.6 ± 0.3 mm. Results showed that all the isolated strains were IAA producers, with or
without tryptophan (Figure 3). However, increasing tryptophan concentration from 1 to 5 mg·mL−1

resulted in increased bacterial ability to produce IAA from 10 to 60 μg·mL−1. Strains of Brevibacillus spp.
Af.14, Af.13, Bacillus sp. Fm.6, Bacillus sp. Fm.4, and Bacillus sp. Fm.3 produced the highest amount of
IAA, and were selected for further analysis to measure the production of IAA at 2 day intervals in a
time course over 14 days. The results indicated that the maximum IAA production with tryptophan
was 5 mg mL−1 after 10 days. The results revealed that Brevibacillus sp. Af.14 produced the highest
amount of IAA 59.7 μg·mL−1 (p ≤ 0.05; Figure 4).
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Table 5. Ammonia production and phosphate solubilization of endophytic bacterial strains.

Bacterial Strains 1 Ammonia Production 2 P solubilization
Diameter of Clear Zone (mm) 3

C - 0 d

Fm.1 − 0 d

Fm.2 + 8.6 ± 0.3 b

Fm.3 ++ 9.0 ± 0 a

Fm.4 - 7.6 ± 0.3 c

Fm.5 ++ 9.6 ± 0.3 a

Fm.6 + 8.6 ± 0.3 b

Fm.7 + 8.3 ± 0.3 b

Fm.8 - 9.3 ± 0.3 a

Fm.9 ++ 9.3 ± 0.3 a

Af.12 ++ 9.3 ± 0.3 a

Af.13 ++ 0 d

Af.14 ++ 0 d

Af.15 ++ 0 d

1 C: controls without bacterial inoculation. Identity of the bacterial isolates is available in Table 2. 2 -, +, and ++
denote no, low, and high ammonia production, respectively. 3 Different letters between columns denote that mean
values are significantly different (p ≤ 0.05) by Tukey’s test, means ± SE (n = 3).

Figure 3. Quantitative production of IAA by endophytic bacterial strains with and without tryptophan.
C, controls without bacterial inoculation. Identity of the bacterial isolates are available in Table 2.
Data are statistically different at p ≤ 0.05 by Tukey’s test, (n = 3); error bars are means ± SE. Bars with
the same letter for each endophytic isolate did not differ significantly, different letters on bars denote
that mean values are significantly different at significant level of (P ≤ 0.05), error bars are means ± SE.

In the greenhouse experiment, all maize plants inoculated with bacterial endophytes yielded
significantly higher dry shoot weights (F6,28 = 11.09 and 10.33 respectively; p ≤ 0.001) compared to
the uninoculated control plants (Table 6). Plants inoculated with bacterial endophytes produced dry
root weight higher than those recorded in control plants, but the differences were not significant
(F6,28 = 1.51; p = 0.21).
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Figure 4. IAA production by the most potent bacterial strains in the presence of 5 mg mL−1 tryptophan
and over 14 days. C, controls without any bacterial inoculation. Identity of the bacterial isolates is
available in Table 2. At each time point, bars with the same letter did not differ significantly at a
significant level of (p ≤ 0.05) by Tukey’s test, (n = 3).

Table 6. Effect of bacterial inoculations on the growth properties of maize plants.

Bacterial Strains 1
Dry Weight (mg) 2 Shoot Nutrients Content (mg)

Shoot Root P N K

C 82 ± 3.56 c 252.8 ± 19.5 a 0.42 ± 0.01 c 2.2 ± 0.17 c 8.70 ± 0.03 b

Fm.3 110.3 ± 5.5 a 322.64 ± 16.0 a 1.05 ± 0.07 a 3.9 ± 0.19 b 11.35 ± 0.92 a

Fm.4 81.8 ± 4 c 315.8 ± 27.9 a 0.72 ± 0.03 b 3.1 ± 0.60 bc 8.80 ± 0.62 b

Fm.6 103.2 ± 1.8 a 295.66 ± 30.1 a 0.76 ± 0.02 b 4.4 ± 0.18 b 11.11 ± 0.31 a

Af.13 108.2 ± 1.05 a 286.86 ± 19.3 a 0.44 ± 0.01 c 7.1 ± 0.18 a 10.57 ± 0.60 ab

Af.14 90.78 ± 4.55 b 303.8 ± 27.3 a 0.40 ± 0.02 c 7.2 ± 0.43 a 9.97 ± 0.13 ab

Mix 95.2 ± 2.8 b 249.6 ± 19.7 a 0.40 ± 0.01 c 3.4 ± 0.27 bc 10.45 ± 0.36 ab

1 C: controls without bacterial inoculation. Identity of the bacterial isolates is available in Table 2. Mix, bacterial
consortium consists of Fm.3, Fm.4, Fm.6, Af.13, and Af.14. 2 Different letters between columns denote that mean
values are significantly different (p ≤ 0.05) by Tukey’s test, means ± SE (n = 5).

Inoculation of maize plants with Bacillus spp. Fm.3, Fm.4, and Fm.6 significantly (F6,14 = 49.07;
p ≤ 0.001) increased P shoot contents (1.05 ± 0.07, 0.72 ± 0.03, and 0.76 ± 0.02 mg respectively)
as compared to the un-inoculated control plants (0.42 ± 0.01 mg), while Brevibacillus spp. Af.13, Af.14,
and the bacterial consortium formed by a mixture of the five isolates did not affect shoot P content
compared to control plants (Table 6). Analysis showed that bacterial inoculation significantly increased
N shoot contents compared to the control plants (F6,14 = 35.76, p ≤ 0.001; Table 6). Plants inoculated
with Bacillus spp. Fm.3, and Fm.6, Brevibacillus spp. Af.13, and Af.14 had significantly higher (p ≤ 0.05)
N contents (range of 3.9 ± 0.19 to 7.2 ± 0.43 mg) than those treated with other strains or uninoculated.
The bacterial strains Bacillus spp. Fm.3 and Fm.6 significantly (F6,14 = 4.15; p = 0.013) increased K
shoot contents (11.35 ± 0.92 and 11.11 ± 0.31 mg) in comparison with uninoculated control plants
(8.70 ± 0.03 mg).

4. Discussion

In this study, 13 putative bacterial endophytic strains were isolated from two medicinal plants
growing under the adverse conditions of the Sinai desert. Nine bacterial endophytes were isolated
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from F. mollis and identified as different species of Bacillus, and Paenibacillus, and four bacterial
endophytes were isolated from A. fragrantissima and identified as Paenibacillus spp. and Brevibacillus spp.
(Table 2). The plant growth promoting (PGP) activities of these bacterial strains were characterized,
including extracellular enzyme production, antimicrobial action, IAA and ammonia production,
and P-solubilization. In the same regard, Eida et al. [45] reported isolation of endosphere and
rhizosphere bacterial groups associated with four native Saudi desert plants and proved their plant
growth promotion potential including phosphate solubilization and IAA production. Based on PGP
characteristics, five endophytic bacterial strains were selected to evaluate their effects on plant
growth and development. Results showed that the selected endophytes have key PGP properties,
and significantly increased dry weight of tissues, and P concentrations in shoots of maize plants
compared with uninoculated controls. Corresponding with our results, Marag and Suman [42] isolated
six bacterial endophytes including Bacillus cereus from two cultivars of maize, and the pot experiment
indicates the efficacy of the isolates in improving biomass parameters of inoculated maize plants,
in addition to compensating for approximately 25% of the NPK fertilizer input.

The bacterial endophytes exhibited different enzymatic activities involving cellulase, pectinase,
xylanase, amylase, and gelatinase production [46,47]. Cellulolytic and pectinolytic activities are known
to enable microorganisms to penetrate plant tissues and establish a symbiotic relationship with their
host plants. The Bacillus spp. strain isolated in this study showed high hydrolytic activity for cellulose
and pectin, as well as proteolytic activity. Similarly, different endophytic strains of Bacillus were
shown to be strong producers of cellulase and pectinase [48]. The extracellular hydrolytic enzymes
produced by endophytes contribute indirectly to plant growth promotion and protection against
pathogens [49,50]. The endophytes can be described as bioproducers for amylases and xylanases based
on their amylolytic and xylanolytic activities. Similarly, bacterial endophytes isolated from mangrove
plants had activities associated with amylases [50]. The diverse enzymatic activities of the isolated
endophytes showed their capability to catalyze different biochemical reactions and their potential
for agricultural and industrial applications. Likewise, Castro et al (2014) isolated endophytic Bacillus

from two Brazilian mangrove species, the isolates displayed extracellular amylase, esterase, lipase,
protease, and endoglucanase activities and thus can be used in industrial applications [50]. Moreover,
theses enzymes could enable endophytes to penetrate plant tissues and build a symbiotic relationship
with their host plant, besides protecting the host from pathogens by hydrolysis of the pathogen cell
wall [10].

Antimicrobial activities of the isolated endophytes were evaluated based on the suppression
of microbial growth caused by the crude extracts. The estimation of antimicrobial activity of crude
extracts is the initial step required for the discovery of new antimicrobial compounds. Selection of
bacterial isolates as inoculants based on their PGP traits, and on their inhibitory effect against
different pathogens, has received attention and has been suggested as an approach to enhance
plant growth and protect plants against diseases [51]. In the current study, the isolated endophytes
showed a significant antagonistic effect against different pathogenic microorganisms. Endophytic
bacteria can indirectly assist plant growth through the production of substances, which inhibit
plant pathogens [52,53]. Endophytes isolated from other medicinal plants have also produced novel
bioactive compounds [49,54]. Hassan [10] isolated six bacterial endophytes including Bacillus cereus

and Bacillus subtilis from the native desert medicinal plant Teucrium polium L., the isolates manifested
variable broad-spectrum activity against Pseudomonas aeruginosa, Salmonella typhimurium, Escherichia coli,
Staphylococcus aureus, Bacillus subtilis, and Candida albicans. Accordingly, suggesting their application as
biocontrol agents [10].

Sun et al. [55] showed that 10 endophytic bacterial strains of Bacillus and Streptomyces

isolated from Polygonum cuspidatum exhibited antagonistic effects against different plant pathogens.
Bacillus licheniformis and Bacillus pumilus endophytic isolates from Platycodon grandiflorum roots
also exhibited a significant antifungal action against Phytophthora capsici, Fusarium oxysporum,
Rhizoctonia solanic, and Pythium ultimum. The endophytic bacterial strain Paenibacillus sp. IIRAC-30 was
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isolated from cassava and suppressed the growth of Rhizoctonia solani [56]. Bacillus amyloliquefaciens

was isolated from the Chinese medicinal plant Scutellaria baicalensis Georgi. A crude extract of this
strain exhibited antagonistic effects against some plant pathogens, food-borne pathogenic and spoilage
microorganisms [53].

The PGP properties of bacteria have been investigated to select bacteria with high potential to
be used as biofertilizers. These tests are critical in light of the fact that they identify bacteria with
higher benefits for plants before testing them in field traits [57]. Ammonia and IAA production, as well
P-solubilization, are among various mechanisms exhibited by bacteria that enhance plant growth [58].
Here, most endophytic bacterial isolates were able to produce different amounts of ammonia. It is
often found that ammonia-producing bacteria can supply ammonia as a nitrogen source for plant
growth [59]. Bacterial endophytes can enhance plant growth through the production of ammonia
through the hydrolysis of urea into ammonia and carbon dioxide [60]. With regard to P-solubilization,
most of the isolated endophytes showed variable capacity to solubilize phosphate. Rodrigues et al. [61]
found that about 47% of bacterial endophytes isolated from sugarcane have low P-solubilizing indices.
At soil with low phosphate supply, inoculation of P-solubilizing endophytic bacteria leading to increase
of pant growth performance.

Indole-3-acetic acid (IAA) is a phytohormone that can be produced by plants and various
microorganisms. This hormone not only enhances plant growth but also contributes in the interaction
between plants and microorganisms [62]. In this study, all endophytic bacterial strains had the
ability to produce IAA in the absence and presence of tryptophan, the precursor for IAA production.
Although most microorganisms utilize tryptophan in IAA synthesis [63,64], the advantage of bacterial
endophytes is that they can produce IAA without tryptophan supplementation. Rodrigues et al. [61]
showed that 57% of bacterial endophytes secreted high IAA concentration of 21.05–139.21 μg mL−1

in 72 h in the presence of 5 mM tryptophan. Endophytic bacterial strains were shown to produce
higher IAA concentrations than rhizospheric strains, suggesting a closer link, and potential symbiosis,
between endophytes and their hosts [12]. Thus, in the current study, a higher capacity to produce
IAA was used to select five bacterial strains to determine their effect on maize growth performance.
Bokhari et al. [65] isolated Bacillus circulans PK3-138 from plants grown in Pakistan desert, reported
the potency of this isolate for IAA production. Similarly, four bacterial endophytes (Sphingomonas sp.,
Bacillus sp., Pantoea sp., and Enterobacterc sp.) isolated from the roots of elephant grass showed valuable
PGP traits including IAA production at a range of 10.50–759.19 mg/L, and ammonia production
capacity. So, these inoculants could be used for increasing crop yield in a sustainable mode [58].

We found that inoculated plants produced more biomass than uninoculated plants. Plant–microbe
interactions are well known to influence nutrient transfer between microorganisms and plants [66].
Therefore, it is possible that plant biomass production varied with different microbial taxa assemblages
in the roots due to their various abilities to supply nutrients to their host. The results showed that
the shoot P concentration was significantly increased in plants inoculated with Fm.3, Fm.4, and Fm.6
compared to the uninoculated plants. P-solubilizing bacteria help plants to access insoluble forms
of phosphate, such as apatite, through excretion of protons and organic acids, mainly gluconic acid,
rendering phosphate available to plants for uptake [11,67]. These bacteria can also produce enzymes
that mineralize organic phosphorus, which also render it available for plants [67]. The capacity of
microorganisms to absorb immobile nutrients such as P from soils and transfer it to their host plants is
one of the main effects of microbial symbiosis; however, microbial capacity for nutrient transfer varies
with different microorganisms [68]. Basically, plant roots can be colonized simultaneously by multiple
microorganisms, which can positively or negatively benefit the host plant [69,70].

Importantly, not only did the isolated endophytic Bacillus and Brevibacillus species display the
highest level of IAA and ammonia production, but they also had various plant growth-promoting
traits. Bacteria that were isolated and characterized in the present study are potential candidates for
plant bioinoculation in agricultural practices, in particular those that inhibited pathogens and harbored
the highest levels of IAA production and of nutrient uptake.
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5. Conclusions

Very few isolates were obtained herein to claim that, bacterial endophytes inhabiting the two
studied medicinal plants, F mollis and A. fragrantissima, mainly belong to Bacillus and Brevibacillus spp.
Bacterial endophytes characterization including extracellular enzymatic activity, antimicrobial actions,
P-solubilization activity, ammonia, and IAA production were performed in terms of their plant
growth-promoting abilities in-vitro and in plants. Five bacterial strains identified as Brevibacillus agri

Af.13, and Af.14, Bacillus sp. Fm3, Bacillus sp. Fm.4, and Bacillus sp. Fm.6 were selected and inoculated
into maize plant to increase their growth performance under normal conditions. These endophytic
bacterial isolates significantly promote plant growth and increase P and N shoot contents of maize
plant. However, in order to demonstrate the beneficial role of these bacterial endophytes in plant
growth promotion of their host plants, particularly under real field conditions, further investigation
of their mechanisms of colonization and competition against other soil microbial communities will
be required.
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Abstract: The preceding climate change demonstrates overwintering of pathogens that lead to
increased incidence of insects and pest attack. Integration of ecological and physiological/molecular
approaches are imperative to encounter pathogen attack in order to enhance crop yield. The present
study aimed to evaluate the effects of two plant growth promoting rhizobacteria (Bacillus endophyticus

and Pseudomonas aeruginosa) on the plant physiology and production of the secondary metabolites
in tomato plants infested with Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae). The surface
sterilized seeds of tomato were inoculated with plant growth promoting rhizobacteria (PGPR) for
3–4 h prior to sowing. Tomato leaves at 6 to 7 branching stage were infested with S. litura at the larval
stage of 2nd instar. Identification of secondary metabolites and phytohormones were made from
tomato leaves using thin-layer chromatography (TLC) and high performance liquid chromatography
(HPLC) and fourier-transform infrared spectroscopy (FTIR). Infestation with S. litura significantly
decreased plant growth and yield. The PGPR inoculations alleviated the adverse effects of insect
infestation on plant growth and fruit yield. An increased level of protein, proline and sugar contents
and enhanced activity of superoxide dismutase (SOD) was noticed in infected tomato plants associated
with PGPR. Moreover, p-kaempferol, rutin, caffeic acid, p-coumaric acid and flavonoid glycoside
were also detected in PGPR inoculated infested plants. The FTIR spectra of the infected leaf samples
pre-treated with PGPR revealed the presence of aldehyde. Additionally, significant amounts of
indole-3-acetic acid (IAA), salicylic acid (SA) and abscisic acid (ABA) were detected in the leaf samples.
From the present results, we conclude that PGPR can promote growth and yield of tomatoes under
attack and help the host plant to combat infestation via modulation in IAA, SA, ABA and other
secondary metabolites.

Keywords: Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae); Solanum lycopersicum L.; secondary
metabolites; plant insect interactions

1. Introduction

Lycopersicon esculentum Mill. (Tomato) is one of the widely used vegetables cultivated all over the
world. It is the important source of vitamin C and vitamin A [1], lycopene (carotenoids), pro-vitamin
A, β-carotene and flavonoids [2]. In the recent years, its yield is significantly reduced by the infestation
of leaf caterpillars.

Leaf caterpillar S. litura (Fabricius) (Lepidoptera: Noctuidae), also known as tropical armyworm,
is among the main pests of cultivated crops that can cause significant damage to tomato crop. To this
date, S. litura has infected about 290 plant species, belonging to 99 families [3,4]. It grows throughout
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the year, and mounts nearly 7 to 8 generations per year. The larvae of S. litura feed initially on plant
leaves and latterly feed on almost every part of the plant. The larvae can cause 12 to 23% damage to
tomatoes in the monsoon and 9.4 to 27.4% in winter [5]. This insect had shown strong resistance to
all conventional and some new chemically synthesized insecticides [6,7]. To combat this notorious
insect attack, one can develop new insect resistant cultivars. The main drawbacks of the new cultivars’
development are time and expenses. Alternatively, the use of plant growth promoting rhizobacteria
having biocontrol properties is a sustainable and eco-friendly approach.

Rhizosphere bacteria form a close association with the roots of plants, they nourish on the soil
nutrients and root-exudates of plants; in return they protect the host against the biotic and abiotic
stresses and help in host growth [8,9]. Plant growth promoting rhizobacteria (PGPR) boost plant
growth directly through the production of phytohormones and indirectly as biocontrol agents [10].
PGPR employs different mechanisms to promote plant growth and control phyto-pathogens. One of
the widely recognized mechanisms is the production of inhibitory allelo-chemicals, the production of
antibiotics, siderophore, lytic enzymes and the induction of systemic resistance (ISR) in host plants
against a broad spectrum of pathogens [11]. Induced systemic resistance (ISR) protects the plant
against a broad range of diseases [12,13], triggered by a wide variety of beneficial microbes [14].

PGPR consortium of S. marcescens, B. amyloliquefaciens, P. putida, P. fluorescens and B. cereus

significantly increased the number of fruit/plant [15]. The three bacterial species viz. B. amyloliquefaciens,

B. subtilis and B. brevis have significantly improved the activity of defense related enzymes in
tomato plants infected with bacterial canker [16]. Several bacterial species (Pseudomonas, Azotobacter,

Azospirillum, Pseudomonas + Azotobacter, Pseudomonas + Azospirillum, Azotobacter + Azospirillum and

Pseudomonas + Azotobacter + Azospirillum) played a key role in nutrient uptake by tomato plants.
Also, the rhizospheric bacteria significantly improved shoot and root dry weights, enhanced and
modulated production of secondary metabolites [17] and induced resistance to various diseases [18].
Pseudomonas aeruginosa is an aerobic, gram-negative rod-shaped bacterium of Pseudomonadaceae [19]
that was reported to have antifungal activity against Fusarium moniliforme [20]. Both Pseudomonas

aeruginosa and Bacillus endophyticus were catalase and oxidase positive, solubilize phosphorus and
produce bacteriocin. These bacterial strains showed significant (p < 0.05) increase in dry matter
production, plant height and root length of maize [21]. They were found positive for the production
of antibiotics [22] and had a protruding impact on plant metabolism and plant defense against
environmental stresses [23,24].

The present investigation was based on the hypothesis that rhizobacteria isolated from stressed
habitats can induce tolerance to plants against environmental stresses in a much better way than those
from normal conditions [25]. The rhizobacteria Bacillus endophyticus strainY5 (Accession no. JQ792035)
and Pseudomonas aeruginosa JYR (Accession no JQ792038) were isolated from the semiarid areas of
Yousaf wala Sahiwal (15% soil moisture) and arid areas of Jhang (9% soil moisture), where maize is
grown as a main crop. Soil sampling was done at the tasseling stage of maize. The role of those two
PGPRs used as bioinoculants was studied on growth and yield of tomato (Solanum lycopersicum L.)
infested with S. litura.

2. Materials and Methods

2.1. Plant Material

The experiment was conducted in the green house of Quaid-i-Azam University, Islamabad. Seeds
of Solanum lycopersicum L. cv. Rio Grande was obtained from the National Agricultural Research Centre
(NARC) Islamabad. Prior to sowing the seeds were surface sterilized with 70% ethanol for 2–3 min,
followed by shaking in 10% clorox for 2–3 min. The seeds were finally washed with autoclaved distilled
water to remove the traces of treated chemicals [13].
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2.2. Preparation of Inocula and Method of Inoculation

Fresh cultures (24 h old) of Bacillus endophyticus and Pseudomonas aeruginosa were used to inoculate
Luria-Bertani (LB) broth, incubated on a rotary shaker for 48 h at 28 ◦C. The cultures were centrifuged
at 3000 rpm for 10 min. Supernatant was discarded, and the pellet containing the bacterial cells was
suspended in the autoclaved distilled water to adjust the optical density (λ= 1) at 660 nm. The inoculum
prepared was found to have 106 cells/mL. Sterilized seeds were soaked in the bacterial inoculum for 3
to 4 h. The seeds soaked in autoclaved distilled water for the same period were treated as a control [5].

2.3. Growing Conditions and the Treatments

Seeds were sown in pots containing autoclaved sand and soil mixed in 1:3 ratio [26]. Pots were
kept in the greenhouse of Quaid-i-Azam University using randomized complete block design with
four replicates per treatment. The growing conditions were: photoperiod 16 h, temp 22–28 ◦C and
humidity 60–80%.

The treatments included: Tomato seeds uninoculated uninfested control (C); Tomato seeds
inoculated with Bacillus endophyticus (T1); Tomato seeds inoculated with Pseudomonas aeruginosa (T2);
plants infested with S. litura (T3); Tomato seeds inoculated with Bacillus endophyticus and latterly
infested the leaves at 6 to 7 branching stage with S. litura (T4); Tomato seeds inoculated with Pseudomonas

aeruginosa and infested the leaves at 6 to 7 branching stage with S. litura (T5).
The tropical armyworm was obtained from the Insectary department, National Agricultural

Research Centre (NARC), Islamabad. The leaves of tomato seedlings at 6 to 7 branching stage were
infested with larvae of S. litura at larval stage of 2nd instar. The larvae were starved for 2 h prior
to infestation.

2.4. Height and Weight of Plants and Weight of Tomato Fruit

At the time of harvesting, four plants were marked from each treatment to measure the average
height (cm) of the plant and their fresh and dry weights were recorded. After 180 days of sowing,
the red ripened fruits were harvested and their fresh weight was measured [27].

2.5. Physiological and Biochemical Attributes of Plants

The physiological and biochemical parameters of leaves were measured after insect infestation.

2.5.1. Leaf Protein Content

Protein content of fresh leaves of tomato plant was estimated following the method of
Lowry et al. [28], using Bovine Serum Albumin (BSA) as a standard. Fresh leaves (0.1 g) were
grinded in 1 mL of phosphate buffer (pH 6.8) and centrifuged for 10 min at 3000 rpm. The supernatant
(0.1 mL) was poured into the test tube and a total volume of 1 mL was made with distilled water.
A mixture of 50 mL of Na2CO3, NaOH and Na-K tartrate and 1mL of CuSO4.5H2O was added.
After shaking for 10 min, 0.1 mL of Folin phenol reagent was added. The absorbance of each sample
was recorded at 650 nm after 30 min incubation. The concentration of protein was determined using
the following formula:

Protein

(
mg

g

)
=

K − value× dilution f actor× absorbance

weight o f sample

K value = 19.6
Dilution factor = 2
Weight of leaf sample = 100 mg
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2.5.2. Chlorophyll and Carotenoids Content

Estimation of chlorophyll contents was made according to the method of Arnon [29]. The tomato
leaves (0.05 g) were grinded in 10 mL dimethyl sulfoxide (DMSO). The tubes were incubated at 65 ◦C
for 4 h and then the optical density of the sample was recorded at 665 nm and 645 nm. The carotenoids
content was determined following the method of Lichtenthaler and Welburn [30].

Chloropyll a

(
mg

g

)
= 1.07(OD663) − 0.09(OD645)

Chloropyll b

(
mg

g

)
= 1.77(OD645) − 0.28(OD663)

Carotenoids

(
mg

g

)
= Absorbance (OD663) × 4

2.5.3. Proline Content of Leaves (μg/g)

Free proline content in tomato plant leaves was estimated following the method of Bates et al. [31].
Fresh plant leaf (0.5 g) was grounded in 3% sulfosalicylic acids and kept overnight at 4 ◦C. The extract
was centrifuged at 3,000 rpm for 10 min. The supernatant was mixed with acidic ninhydrin and boiled
for 1 h. The solution was then cooled and toluene was added. The absorbance of the toluene layer was
recorded at 520 nm against toluene blank. The content of free proline was estimated on fresh weight
basis following the formula:

Proline

(
μg

g

)
=

K − value× dilution f actor× absorbance

lea f weight

Value of K= 17.52
Dilution factor= 2
Weight of leaf sample= 100 mg

2.5.4. Sugar Estimation

The colorimetric determination of total sugar (simple sugar, oligosaccharides and reducing sugar)
was done following the method of Dubois et al. [32]. Fresh tomato leaves (500 mg) were grinded
with 10 mL of distilled water in autoclaved mortar and pestle, centrifuged at 3000 rpm for 5 min.
To the supernatant (100 μL), 1 mL of 80% (w/v) phenol and 5 mL concentrated sulfuric acid was added.
The mixture was heated in a water bath till boiling and then incubated for 4 h at room temperature.
The absorbance of each sample was finally measured at 420 nm.

Sugar

(
mg

g

)
=

K − value× dilution f actor× absorbance

lea f weight

Value of K = 20
Dilution factor = 10
Weight of leaf sample = 500mg

2.5.5. Superoxide Dismutase (SOD) Assay

The SOD activity was estimated following the method of Beauchamp and Fridovich [33].
The activity of Superoxide dismutase was expressed as units/100 g F.W.
Superoxide dismutase was calculated by the following formula:

R4 = R3-R2
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SOD activity = R4/A
R1 = O.D of Reference, R2 = O.D of Blank, R3 = O.D of Sample
A = R1 (50/100)

2.5.6. Determination of Indole acetic acid (IAA), Gibberellic acid (GA) and Abscisic acid (ABA)
Contents

The extraction and purification for above mentioned phytohormones were made following the
method of Kettner and Doerffling [34]. Plant leaves (1g) were grinded in 80% methanol at 4 ◦C with
butylated hydroxytoluene (BHT) used as antioxidant. The extract was centrifuged and the supernatant
was reduced by using a rotary thin film evaporator (RFE). The aqueous phase was partitioned 4 times
at pH 2.5–3 with 1

2 volume of ethyl acetate. The ethyl acetate was evaporated by a rotary thin film
evaporator. The residue was re-dissolved in 1 mL of methanol (100%) and examined on HPLC (LC-8A
Shimadzu, C-R4A Chromatopac; SCL-6B system controller) using UV detector and C-18 column
(39 × 300 mm). The wavelength used for the detection of IAA was 280 nm and for GA was 254 nm.
For ABA, the samples were injected onto a C18 column and eluted at 254 nm with a linear gradient of
methanol (30–70%), containing 0.01% acetic acid, at a flow rate of 0.8 mL min-1 [35].

2.5.7. Determination of Salicylic Acid (SA) Content of Leaves

Enyedi et al. [36] and Seskar et al. [37] method was employed for salicylic acid detection. After
crushing the fresh leaves (1 g) of tomato in 10 mL of 80% methanol at 4 ◦C. The sample was kept for
3 days with subsequent change in methanol after 24 h. The methanol was then evaporated using
RFE and the residue was dissolved again in methanol, filtered and subjected to high-performance
liquid chromatography (HPLC) (Agilent Technologies USA) equipped with S-1121 dual piston solvent
delivery system and S-3210 UV/VIS diode array detector. Detection of SA was done at 280 nm
by co-chromatography with 2-hydroxybenzoic acid as standard. The peak areas were recorded
and calculated with SRI peak simple chromatography data acquisition and integration software
(SRI instruments, Torrance, CA, USA).

2.5.8. Measurement of Shoot and Root Fresh and Dry Weights and Root Area

Shoots of 4 plants per treatment were cut at the base and weighed immediately by using the
electronic balance, to measure the fresh weight of shoot. The chopped shoot was then dried at 70 ◦C
for 72 h and dry weight was measured. The roots of the same plants were washed thoroughly with
running tap water to remove soil debris. The water was absorbed on filter paper and weighed to
measure the fresh weight of the root. The same root samples were used for determination of root dry
weight after drying in the oven till constant weight was obtained [13]. The root area was calculated by
using root law Software, Washington State University [38].

2.6. Thin Layer Chromatography of Methanolic Extract of Tomato Leaves

Leaves of tomato plant were harvested 24 h after infestation (80 DAS); shade dried at room
temperature and grinded to fine powder. Powdered leaves (20 g) was extracted in 400 mL methanol for
72 h.The methanolic extract was dried using rotary evaporator (RFE), the residue (3 mg) was dissolved
in 500 μL methanol and collected in eppendorf tube and stored at −4 ◦C.

Extract was spotted on a TLC plate (20 × 20 cm) coated with silica gel HF (250-350 nm). The mobile
phase used was chloroform: methanol (95:5 v/v). The bands, representing various compounds were
visualized under UV (254 nm and 380 nm) [39]. The Rf value of each band was calculated and
identification of the compound from each band at specific Rf was made from the literature documented.
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2.7. FTIR Spectroscopy

All spectra were obtained with the help of an OMNI-sampler attenuated total reflectance (ATR)
accessory on a Nicolet FTIR spectrophotometer followed by the method of Lu et al. [40] and Liu et al. [41]
with some modifications. Small amount of TLC eluent corresponding to the Rf value of major bands
were placed directly on the germanium piece of the infrared spectrometer with constant pressure
applied and data of infrared absorbance, collected over the wave number ranged from 4000 cm–1 to
675 cm–1 and computerized for analyses by using the Omnic software [42].

2.8. Statistical Analysis of Data

The data was subjected to analysis of variance using Statistix 8.1 software. The differences among
various treatment means were compared using the least significant differences test (LSD) at p ≤ 0.05
probability level (Table S1).

3. Results

3.1. Plant Growth Attributes

The plant spread, which is a measurement of plant width, was significantly (31%) higher in PGPR
treated plants under unstressed condition over control (Figure 1). Insect infestation decreased the plant
spread by 41%, the decrease was ameliorated by the PGPRs and the value was even greater than the
control. The plant height was significantly increased in PGPR inoculated plants (Figure 1). The insect
infestation significantly reduced (p ≤0.05) the height of the plant by 40%, and root area by 50% of the
control (Figure 1). The PGPR inoculated plants alleviated the inhibitory effects of insect infestation on
plant height and root area such that the root area was significantly higher than the control. Both the
shoot and root fresh weights were significantly (44% and 34%) increased in PGPR inoculated plants
(Figures 2 and 3). Infestation with the insect decreased the fresh weights of both the root and shoot,
the shoot fresh weight was more adversely affected. The PGPR inoculation had ameliorated the insect-
induced decrease in the root and shoot fresh weight.

Figure 1. Mean plant height and plant spread (cm) of tomato under control and infested conditions.
Data are means of four replicates along with standard error bars. Different letters on the bar represent
significant differences (p < 0.05) among treatments.
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Figure 2. Root area (cm2) of tomato plant infested with S. litura and under control condition. Data
are means of four replicates along with standard error bars. Different letters are indicating significant
differences (p < 0.05) among treatments.

Figure 3. Fresh weight of shoot and root (g) of tomato plant infested with S. litura and under control
condition. Data are means of four replicates along with standard error bars. Different letters are
indicating significant differences (p < 0.05) among treatments.

C-uninoculated uninfested control, T1-Seeds inoculated with Bacillus endophyticus, T2-Seeds
inoculated with Pseudomonas aeruginosa, T3-Plants infested with S. litura, T4-Seeds inoculated with
Bacillus endophyticus and plants infested with S. litura, T5-Seeds inoculated with Pseudomonas aeruginosa

and plants infested with S. litura.

C-uninoculated uninfested control, T1-Seeds inoculated with Bacillus endophyticus, T2-Seeds
inoculated with Pseudomonas aeruginosa, T3-Plants infested with S. litura, T4-Seeds inoculated with
Bacillus endophyticus and plants infested with S. litura, T5-Seeds inoculated with Pseudomonas aeruginosa

and plants infested with S. litura.

C-uninoculated uninfested control, T1-Seeds inoculated with Bacillus endophyticus, T2-Seeds
inoculated with Pseudomonas aeruginosa, T3-Plants infested with S. litura, T4-Seeds inoculated with
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Bacillus endophyticus and plants infested with S. litura, T5-Seeds inoculated with Pseudomonas aeruginosa

and plants infested with S. litura.

The dry weight of root and shoot was also higher (p ≤0.05) in PGPR inoculated plants (Figure 4).
The root was more responsive and the % increase in root weight was greater. The leaves were almost
eaten by the insect and the shoot weight was significantly decreased to 81% whereas root weight was
decreased by 38% over the control.

Figure 4. Dry weight of leaf, shoot and root (g) of tomato plant infested with S. litura and under
control condition. Data are means of four replicates along with standard error bars. Different letters are
indicating significant differences (p < 0.05) among treatments.

C-uninoculated uninfested control, T1-Seeds inoculated with Bacillus endophyticus, T2-Seeds
inoculated with Pseudomonas aeruginosa, T3-Plants infested with S. litura, T4-Seeds inoculated with
Bacillus endophyticus and plants infested with S. litura, T5-Seeds inoculated with Pseudomonas aeruginosa

and plants infested with S. litura.

3.2. Physiological Parameters

The proline production was lower (p ≤ 0.05) in the untreated control plants (Figure 5).
Under unstressed conditions the PGPR treatments stimulated proline content of leaves by 18%
over control. Similar percent of increase was recorded in plants infested with S. litura. Both the PGPR
inoculated plants infested with S. litura exhibited marked increase in proline content of leaves over
infested plants. The maximum (59%) increase was recorded in the Bacillus endophyticus inoculated
plants infested with S. litura. Chlorophyll a, b and carotenoids followed the similar pattern of response
to PGPR and S. litura infestation (Figure 6). The response of PGPR was higher (p ≤ 0.05) particularly for
carotenoids content. Both the protein and the sugar contents were higher (p ≤ 0.05) in PGPR inoculated
plants (Figure 7) under unstressed conditions. Pseudomonas aeruginosa showed maximum (1.4 fold)
increase in sugar content over infested plants. The infestation with S. litura had increased sugar and
protein contents significantly higher than the control. The inoculated plants receiving insect infestation
exhibited up to 2.25 fold increase in sugar content as compared to that of infested plants.
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Figure 5. Proline content (μg/g) of tomato leaves infested with S. litura and under control condition.
Data are means of four replicates along with standard error bars. Different letters are indicating
significant differences (p < 0.05) among treatments.

Figure 6. Chlorophylls and carotenoids content (mg/g) of tomato leaves infested with S. litura and
under control condition. Data are means of four replicates along with standard error bars. Different
letters are indicating significant differences (p < 0.05) among treatments.
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Figure 7. Sugar and protein content (mg/g) of tomato leaves infested with S. litura and under control
condition. Data are means of four replicates along with standard error bars. Different letters are
indicating significant differences (p < 0.05) among treatments.

The weight of tomato fruit was about 35% greater in plants inoculated with Bacillus endophyticus

while Pseudomonas aeruginosa inoculated plants exhibited 44% increase over control. There was 26%
decrease in the weight of tomato fruit in infested plants (Figure 8). The PGPR inoculated plants
ameliorated the inhibitory effect of the insect and showed up to 78% increase in the fruit weight over
infested plants.

Figure 8. Weight of tomato fruits/plant (g) infested with S. litura and under control condition. Data are
means of four replicates along with standard error bars. Different letters are indicating significant
differences (p < 0.05) among treatments.

The infestation with insects enhanced the SOD activity. The SOD activity was three fold higher
in leaves of plants inoculated with Bacillus endophyticus (T1). Plants inoculated with Pseudomonas

aeruginosa (T2) on infestation further augmented SOD (Figure 9).
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Figure 9. Superoxide dismutase (SOD) activity in tomato leaves infested with S. litura and under
control condition. Data are means of four replicates along with standard error bars. Different letters are
indicating significant differences (p < 0.05) among treatments.

3.3. Phytohormones Contents of Leaves

The data in Figure 10 revealed that uninoculated uninfested control leaves of tomato had traceable
amounts of Salicylic acid. Insect infestation produced very little amounts of SA. Both the PGPR
produced significantly higher amounts of SA in plants, Pseudomonas sp. being more efficient. The SA
was 1.8 folds greater than infested plant leaves. In Pseudomonas inoculated plants, this was further
augmented and significantly higher (3.6 fold) SA was recorded in infested plant leaves pretreated
with Pseudomonas aeruginosa. IAA was not detected in the control and insect infested plants but both
the PGPR produced significant amount of IAA in the leaves of inoculated plant which was further
augmented and up to 449 μg IAA/g leaves was detected in the leaves of plants infested with S. litura

and pretreated with Pseudomonas aeruginosa (Figure 10). Insect infestation increased the GA content of
leaves significantly over control. Several fold increases in GA production were recorded in both the
PGPR inoculated plants: Pseudomonas aeruginosa being most efficient. Both the PGPR inoculated plants
overcame the insect infestation induced decrease in GA content (Figure 10). The ABA content was
significantly lower in the infested plant leaves as compared to control. Bacillus endophyticus inoculation
showed significantly higher ABA production under controlled conditions and the value was several
times greater than control in the inoculated plant infested with S. litura.
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Figure 10. Phytohormone content in the leaves of tomato plants infested with S. litura and under
control condition. (A): Salicylic acid; (B): Indole acetic acid; (C): Gibberellic acid; (D): Abscisic acid.

3.4. Detection of Secondary Metabolites from Extract of Tomato Leaves

Thin layer chromatography of tomato leaf extract showed 29 bands of different colors under
UV light (Table 1). Calculated Rf values of leaf extract were compared with Rf values of standard
compounds ferulic acid (0.72), salicylic acid (0.60), o-coumeric acid (0.74), trans-cinnamic acid (0.74),
caffeic acid (0.85), p-coumaric acid (0.77).

The un-inoculated non infested control plant leaves extract contained caffeic acid (Rf 0.85) and
quercetin (Rf 0.88). This was in contrast to Bacillus endophyticus inoculated plant leaves which exhibited
some unidentified compounds at Rf 0.50 in addition to myricitin (Rf 0.73) o-coumaric (Rf 0.74) whereas,
Pseudomonas aeruginosa inoculated plants showed the presence of flavonoids, ferulic acid, o-coumaric,
kaempferol-7-neoheps-eridiside-glycosides in addition to some unidentified compounds of low polarity.
Infestation with S. litura resulted in the production of caffeic acid and o-coumaric acid in addition
to low and high polarity unidentified compounds. PGPR inoculated plants on infestation produced
salicylic acid, rutin and kaempferol in addition to p-Coumaric acid and some unidentified compounds.
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Table 1. Putative secondary metabolites identified on the basis of the Rf values in the extract of tomato
leaves of different treatments.

Treatments Rf Values Color Compounds

Control
0.85 Red Caffeic acid
0.85 Red Quercitin

T1
0.50 Red Unidentified
0.73 Red Myricitin
0.79 Red o-coumaric acid

T2

0.21 Red Flavonoid-glycoside
0.39 Red Unidentified
0.50 Red Unidentified
0.71 Red Ferulic acid
0.79 Red o-coumaric acid

T3

0.55 Yellow Kampferol-7-neoheps-eridiside
0.14 Red Unidentified
0.41 Red Unidentified
0.84 Red Caffeic acid
0.76 Yellow p-Cumaric acid

T4

0.16 Red Unidentified
0.23 Red Unidentified
0.43 Red Rutin
0.60 Red Salicylic acid
0.82 Red Kaempferol
0.76 Yellow p-Cumaric acid

T5

0.16 Red Unidentified
0.23 Red Unidentified
0.43 Red Rutin
0.60 Red Salicylic acid
0.82 Red Kaempferol
0.77 Yellow p-Cumaric acid

3.5. Fourier Transform Infrared Spectrometry (FTIR) of Tomato Leaves

The data presented in Table 2 revealed that control plant (uninfested and uninoculated) leaves
extract had shown the presence of amines and amides with N-H stretch and bend, aliphatic amines
stretching with C-N, alkenes with C-H bend and alkyl halides with C-Cl stretch. Plants inoculated
with Pseudomonas aeruginosa exhibited an additional bonding indicating the presence of alkynes
(at frequency of 638.51 with –C≡C–H: C–H bend) which were absent in uninoculated un-infested plants.
While extract of plant leaves infested with S. litura exhibited alkanes with C–H stretch. In addition to
amines and amides with N-H stretch, aliphatic amines stretching with C-N, alkenes with C-H bend and
alkyl halides with C-Cl stretching. This was in contrast to plant leaves extract previously inoculated
with Bacillus endophyticus (T4) or Pseudomonas aeruginosa and infested with S. litura (T5) which exhibited
higher frequency of N-H stretch and =C-H bend and additional bonding indicating the presence of
aldehyde and amine with H–C=O: C–H stretch, N–H bend (at frequencies of 2827.91 and 1630.78) as
compared to plant extract infested with S. litura (T5).
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Table 2. Fourier-transform infrared spectroscopy (FTIR) of thin-layer chromatography (TLC) eluent of
tomato leaves under different treatments.

Treat. Frequency Bond Functional Group
Characteristics

of Peak

C

3408.9 N–H- stretch 1◦, 2◦ amines/amides Medium
1632.5 N–H- bend 1◦ amines Medium
1068.3 C–N- stretch aliphatic amines Medium
967.6 =C–H- bend Alkenes Strong
799.5 C–Cl stretch alkyl halides Medium

T1

3412.90 N–H stretch 1◦, 2◦ amines, amides Medium
1633.25 N–H- bend 1◦ amines Medium
1066.14 C–N- stretch aliphatic amines Strong
967.48 =C–H- bend Alkenes Medium
799.21 C–Cl stretch alkyl halides Broad, strong

T2

3410.75 N–H- stretch 1◦, 2◦ amines, amides Medium
1633.24 C–N- stretch aliphatic- amines Strong
1068.66 C–N- stretch aliphatic amines Strong
967.13 =C–H- bend Alkenes Medium
799.17 C–Cl- stretch alkyl halides Broad, strong
638.51 –C≡C–H:C–H- bend Alkynes Broad, strong

T3

3376.84 N–H stretch 1◦, 2◦ amines, amides Medium
2922.79 C–H– stretch Alkanes Medium
1071.40 C–N- stretch aliphatic amines Strong
966.62 =C–H- bend Alkenes Medium
799.60 C–Cl- stretch alkyl halides Broad, strong

T4

3412.33 N–H- stretch 1◦, 2◦ amines, amides Medium
2827.91 H–C=O: C–H- stretch Aldehydes Medium

1630.78 N–H- bend 1◦ amines Medium
1066.63 C–N- stretch aliphatic amines Strong
967.01 =C–H- bend Alkenes Medium
799.50 C–Cl- stretch alkyl halides Broad, strong

T5

3405.01 N–H- stretch 1◦, 2◦ amines, amides Medium
1632.25 N–H- bend 1◦ amines Medium
1066.10 C–N- stretch aliphatic amines Strong
967.23 =C–H- bend Alkenes Medium
799.56 C–Cl- stretch alkyl halides Broad, strong

Values are mean of 4 replications per treatment. Small amount of TLC eluent corresponding to the Rf-value of key
bands were placed directly on the germanium piece of the infrared spectro-meter with persistent pressure and the
infrared absorbance was collected over the wave number ranged from 4000 cm–1 –675 cm–1 and computerized for
analyses by using the Omnic software.

4. Discussion

This paper evaluates the effect of PGPR as a growth promoter as well as a biocontrol agent.
Although the study deals with tomatoes only in one season and also limited by the lack of behavioral
study of the insect.

The growth parameters of tomato were considerably amplified after PGPR inoculation,
under uninfested condition; the Pseudomonas aeruginosa being more effective. Of note, the effectivity
of PGPR were higher under infested conditions and produce higher proline as osmoregulant, more
defense hormone e.g., SA and higher level of growth promoting hormone, e.g., IAA contents and for
inducing antioxidant enzyme, SOD. The PGPR inoculation not only overcame the infestation induced
decrease in root and shoot weight but also increased the root and shoot weight. The PGPR effect
was more pronounced on shoot dry weight. Similar results were reported by Avis et al. [43] and
Babalola [44]. Shannag and Abadneh [45] reported that fresh and dry weight of shoot and root were
decreased by Aphis fabae Scopoli in Faba Bean as compared to its respective control. Yadav et al. [46]
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reported a marked increase in shoot and root dry weight in chickpea treated with PGPR. The increased
weight of tomato fruit was correlated with the number of flowers, branches, plant biomass concomitant
with the osmotic balance and alleviating oxidative stress. Both the PGPR were effective and significantly
enhanced (≥35%) the fruit fresh weight. This increase in fruit fresh weight by the PGPR may be
attributed to the fact that PGPR significantly improves the root growth and plant vigor which lead to
enhanced fruit production. Fabro et al. [47] reported that tomato plants treated with PGPR showed the
highest number of branches when compared to infested control. PGPR has positive effects on tomato
fruit quality attributes, particularly on size and texture [48]. Widnyana [49] reported that inoculation of
tomato plants with Pseudomonas and Bacillus sp. speeded up the plant growth and yield and protection
against plant pathogens. Similar results that PGPR inoculation enhances the plant growth, yield and
fruit weight were also reported by Almaghrabi et al. [50] and Murphy et al. [51].

Results revealed that PGPR alleviated the osmotic imbalance by increasing, proline content in
the insect infested plants. The different PGPR behaved differently, both for proline production and
antioxidant enzymes. It is demonstrated that Pseudomonas aeruginosa combats osmotic stress in infested
plants through increase in sugar content as osmoregulant whereas, Bacillus endophyticus enhances
proline content to combat osmotic imbalance. The osmotic stress is one of the secondary stresses caused
by insect infestation. Proline is revealed to be an osmoregulant that accumulates in plants under a wide
range of stress conditions [52,53]. It is well known that free proline accumulation in vascular plants
demonstrated stresses including pathogen attack [54,55]. The accumulation of cellular osmolytes such
as proline, sugar alcohols, glucosinolates etc. and soluble sugars and the expression of antioxidant
systems help plants in sustaining cellular function, crucial for physiological stability of plants under
stress. Ullah et al. [56] indicated that application of PGPR to plants displayed substantial increase in
proline content as compared to untreated plants. Phenolics are produced by many plant species for
protection against biotic or abiotic stress growth conditions and their accumulation correlates with
antioxidant capacity of plants in a number of species [57,58].

Compatible solutes are used for osmotic adjustment under adverse environmental
conditions [59,60]. The soluble carbohydrates in plants attacked by a fungal pathogen, as well
as proportions of individual sugars, may be variously modified, both by plant regulatory mechanisms
and by pathogen interference. There are several causes for quantitative and qualitative changes of
sugars at the infection site. The level of sugars is reduced by their consumption for both energy and
structural purposes, their uptake by the pathogen, while in autotrophic tissues it happens due to
the inhibition of photosynthesis [61]. The results further demonstrate the PGPR induced changes in
chlorophyll and carotenoids in normal and insect infested plants and the P. aeruginosa being most
effective. Similar results were reported by Wang et al. [62] that PGPR isolates increased chlorophyll
content significantly in tomatoes. Inoculation with Pseudomonas B-25 resulted in greater synthesis of
chlorophyll than the diseased control. Botha et al. [63] showed that Diuraphis noxia feeding caused
decrease in chlorophyll content in Tugela and decreased levels of chlorophyll a upon infestation [64,65].

It was demonstrated that the P. aeruginosa adjust osmotic stress following infestation by stimulation
in antioxidant SOD activity. The PGPR effectively enhanced the SOD activity to scavenge the ROS
and prevent oxidative stress in plant cells. The observed enhancement in PGPR induced SOD activity
in infested plants is a mechanism to combat insect induced oxidative stress. Recently it has been
reported by Sharma and Mathur [66] that PGPR alone and/or in association with fungi significantly
enhanced the antioxidant enzyme activities in Brassica juncea infested with Spodoptera litura that lead to
enhanced immune system against herbivory. Similarly, Zhao et al. [67] reported Aphid resistance in
plants infested with B. tabaci nymphs, associated with enhanced antioxidant activities. They concluded
that this resistance probably acted via interactions with SA-mediated defense responses.

PGPR promoted growth by nutrient acquisition and by producing bioactive compounds [68,69].
They also improve the nutrient uptake in plants by modulating plant hormones level, thereby increasing
root proliferation [70]. However, response of the 2 PGPR differed substantially; Bacillus endophyticus

exhibited lower IAA but higher GA than that of Pseudomonas aeruginosa. PGPR can control plant disease
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directly, through the production of antagonistic compounds, and indirectly, through the elicitation of
a plant defense response [71]. Fernandez-Aunion et al. [72] also reported that PGPR enhances plant
growth by synthesis of bioactive compounds and activating plant defense system.

While the PGPR-elicited ISR has been studied extensively in the model plant Arabidopsis, it is
not well characterized in crop plants. The induction of ISR was investigated by Bacillus cereus strain
BS107 against Xanthomonas axonopodis pv. vesicatoria in pepper leaves. Choudhary and Jobri [73]
demonstrated the induction of ISR elicited by Bacillus spp. against several fungal bacterial and viral
pathogens including root knot nematodes. Yang et al. [74] reported genetic evidence of the priming
effect of a rhizobacterium on the expression of defense genes involved in ISR in pepper. A stronger
negative effect of the PGPR on the performance of leaf folder larvae was noted in rice and found that
combined treatment of PGPR is more effective than individually. Several plant secondary compounds
such as glucosinolates and cyanogenic glycosides yield toxic products after hydrolysis by enzymes
stored and liberated during attack by chewing insects [75,76].

It is demonstrated from the present findings that SA and ABA are both involved in inducing
tolerance to plants, but the mechanism of inducing tolerance against the insect varied among the PGPR
used. For example, Bacillus endophyticus inoculation ameliorated the adverse effects of insect infestation
by significantly increasing SA and ABA many folds higher than infested plants whereas, Pseudomonas

aeruginosa ameliorated the infestation by increasing SA higher than the former strain. Salicylic acid is
the integral part of signal transduction pathways initiating resistance to disease and infection [77–79].
Plant defense in response to microbial attack is controlled by signaling molecules including SA, JA and
ethylene [80]. SA is an important director of pathogen stimulated systemic acquired resistance (SAR),
whereas JA and ET are compulsory for rhizobacteria-mediated induced systemic resistance (ISR) [81].
Branch et al. [82] found that SA is a vital constituent of motioning the induced resistance to root-knot
nematodes [83].

Plant phenolics comprises a wide array of secondary metabolites including flavonoids, Cinnamic
acid, Kaempferol, Coumaric acid as well as salicylic acid synthesized to provide resistance to
plants. Their number, type and concentration increase under insect attack [84] and appear to be
stimulated following PGPR application. Pseudomonas aeruginosa produced both flavonoid glycoside
and kaempferol in addition to coumaric acid whereas, Bacillus endophyticus had only myricitin and lack
kaempferol and coumaric acid but on infestation both produced similar bioactive metabolites in plant.
The chromatographic separation of leaf extract also revealed the presence of bands corresponding to Rf
value of SA as well as phenolic compounds e.g., Kaempferol and coumaric acid thereby demonstrating
the induction of ISR by PGPR in the inoculated plants infested with S. litura. Generally, the role of
phenolic compounds in defence is related to their antibiotic, antinutritional or unpalatable properties.
Besides their involvement in plant- animal or plant-microbe interactions; plant phenolics also play
a key role as antioxidants and stress signaling [85–87]. Hammerschmidt [88] reported that phenolic
metabolites are related to the resistance phenomenon of plants against their enemies.

The FTIR spectrum was used to identify the functional group of the active components based on the
peak value in the region of infrared radiation. Production of alkynes and aldehyde in plants inoculated
with Bacillus endophyticus and Pseudomonas aeruginosa on infestation with S. litura demonstrate the
PGPR induced defense strategy against insects. Similar results reported by Panda and Khush [89]
that chemical derived substances e.g., alkanes, aldehydes, ketones, waxes are involved in host-plant
resistance to insects’ function as a protective layer to save the plant. Whereas, Shavit [90] reported
that inoculation of tomato plants with P. fluorescens WCS417r enhanced the performance of the
phloem feeding insect Bemicia tabaci. Previously, the FTIR has been applied to classify the actual
structure of certain plant secondary metabolites [91]. FTIR is one of the extensively used approaches
to categorize the chemical ingredients and clarify the compounds structures [92]. The FTIR of the
leaves extract revealed the presence of additional peaks of aldehyde in the FTIR of leaves of infested
plants pretreated with PGPR. Chehab et al. [93] reported that aldehydes play a positive role in plant
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defense. Plants defend themselves from pathogens attack by producing secondary metabolites and
proteins [94,95].

5. Conclusions

The Bacillus endophyticus and Pseudomonas aeruginosa can be used to combat oxidative and osmotic
stresses induced by S. litura infestation. Both the PGPRs combat insects induced adverse effects on plant
growth and productivity through the production of phenolics, SA and ABA. Bacillus endophyticus was
more effective in the improved defense strategy induction through the modulation of phytohormones
and secondary metabolites. These PGPR are more effective under uninfested conditions and can be
implicated as bioinoculant to endure the plants to cope better with insect infestation. Since there is
alteration in the functional group and presence of aldehyde predominantly detected in plants treated
with PGPR and infested with the insect armyworm. Further investigations using nuclear magnetic
resonance (NMR) and liquid chromatography-mass spectrometry (LC-MS) are needed to unveil the
secondary metabolites produced in PGPR inoculated plants versus uninoculated insect infested plants.
Finally, an integrated approach of molecular mechanism of PGPR induced defense in plants against
pests and parasites needs thorough investigation.
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Abstract: Conventional weed control practices have generated serious issues related to the
environment and human health. Therefore, there is a demand for the development of alternative
techniques for sustainable agriculture. The present study performed a large-scale screening of
allelopathic bacteria from the rhizosphere of weeds and wheat to obtain biological weed control
inoculants in the cultivation of wheat. Initially, around 400 strains of rhizobacteria were isolated
from the rhizosphere of weeds as well as wheat that grows in areas of chronic weed invasions.
A series of the screen was performed on these strains, including the release of phytotoxic metabolites,
growth inhibition of sensitive Escherichia coli, growth inhibition of indicator plant of lettuce, agar
bioassays on five weeds, and agar bioassay on wheat. Firstly, 22.6% (89 strains) of the total strains
were cyanogenic, and among the cyanogenic strains, 21.3% (19 strains) were inhibitory to the growth
of sensitive E. coli. Then, these 19 strains were tested using lettuce seedling bioassay to show that
eight strains suppressed, nine strains promoted, and two strains remained ineffective on the growth.
These 19 strains were further applied to weeds and wheat on agar bioassays. The results indicated
that dry matter of broad-leaved dock, wild oat, little seed canary grass, and common lambs’ quarter
were reduced by eight strains (23.1–68.1%), seven strains (38.5–80.2%), eight strains (16.5–69.4%), and
three strains (27.5–50.0%), respectively. Five strains suppressed the growth of wheat, nine strains
increased its dry matter (12.8–47.9%), and five remained ineffective. Altogether, the strains that
selectively inhibit weeds, while retaining normal growth of wheat, can offer good opportunities for
the development of biological weed control in the cultivation of wheat.

Keywords: allelopathic bacteria; antimetabolites; biological control; phytotoxic metabolites;
rhizobacteria; weed invasion

1. Introduction

Dramatic increases in food production have been observed in the latter half of the twentieth
century owing to the use of agro-chemicals, mechanization, irrigation, high yielding varieties, and

Agronomy 2020, 10, 1469; doi:10.3390/agronomy10101469 www.mdpi.com/journal/agronomy309



Agronomy 2020, 10, 1469

post-harvest technology. The production of wheat in Pakistan has increased to ~25 m ton from 4.55 m
ton in 1965 [1,2]. The pest attacks continue to incur losses to crop production owing to the diversity of
pests and their resistance to prevailing control practices. The use of pesticides has increased from 15 to
20-fold over the last fifty years [3]. Chemical herbicides have gained importance in crop production in
the face of a shortage of labor and limited application of mechanical control [4]. The mechanical control
is known to contribute to soil erosion and its degradation [5]. Herbicides have led to the emergence
of resistant biotypes of weeds, making the herbicide compounds useless to control these weeds [6].
Hence, the discovery of new compounds with novel modes of action is needed to replace these
herbicides with more effective compounds to control such weeds. The discovery of such compounds,
having herbicidal properties, has reduced over time. Further, the control of one type of weeds with
herbicides has provided space to the proliferation of other weed species, which were less problematic
for crop production in the past [7]. They have caused losses of biodiversity in the environment. It has
deprived the ecosystems of some of their vital functions. Herbicides have aggravated the loss of
biodiversity by killing the susceptible species, restricting the growth of others and the degradation
of natural resources [8]. Poisoning, growth retardation, sterility, and deaths of wildlife owing to
herbicide exposure have been reported by [9]. The residues of herbicides, apart from polluting the
natural resources and destroying life forms, may also accumulate in the edible portions of plants,
which facilitate their entry to the food chain and bodies of humans. It causes poisoning and chronic
diseases in human beings, leading to deaths [10]. Human health disorders caused by herbicides include
disorders of the nervous system, malformation of the embryo, loss of fertility, loss of immunity, kidney
disorders, and liver disorders [11].

Farmers pay only the costs of manufacturing and marketing of herbicides, which provides
economic access to farmers to adopt chemical weed control. The additional costs incurred on
the treatment of human illnesses, degradation of natural resources and environment, and loss of
biodiversity also need to be paid by farmers, society, or governments. Hence, the scenario of economic,
environmental, and biological costs of chemical weed control pushes the researchers towards finding
out safer weed control techniques. The importance of biological control has dramatically increased
in the present situation. It presents a safer, inexpensive, and easier solution to the above-discussed
issues of other control practices. It relies on increasing the strength, population, and activities of the
organisms, resulting in growth reduction of weeds [12].

The past efforts in this area were focused on pathogens causing diseases in weeds [13] and insects
feeding on weeds [14]. The success of insect biocontrol agents is limited by the existence of multiple
hosts of insects in nature, which may cause the emergence of new pests of crops [15]. The pathogens of
weeds used for biocontrol wait for suitable environmental conditions to cause infections and diseases
in weed plants [13]. It may usually lead to delayed disease development, even after the weeds have
caused economic losses of crops. Plant allelochemicals have also been investigated for biological weed
control [16]. Their efficacy for weed control is reduced owing to the soil reactions, biodegradation,
and mobility. It reduces their bioavailability and phytotoxicity on weeds [17]. These limitations of
conventional biological weed control have discouraged researchers of this field, and the popularity of
chemical weed control has increased dramatically.

The low success rate in conventional biological weed control has driven scientists to explore
the characteristics of the rhizosphere inhabiting bacteria of weeds and crops for the development of
novel weed biocontrol techniques. However, researchers have made efforts to explore the type of
rhizobacteria, which produce substances inhibitory to the growth of weeds and are the least explored
candidates for biological weed control. They release their secondary metabolites (phytotoxic in nature)
in the rhizosphere, which is followed by their absorption in weeds. It results in a growth reduction
of these weeds. The nature of this interaction between plants and microorganisms may be termed
as plant-microbe allelopathy, and the bacteria responsible for these interactions may be called as
allelopathic bacteria (AB) [18]. The discovery of host specificity in such microbial interactions with
plants by [19] has opened ways for their potential application in crops for weed control. It reflects
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the properties of non-inhibition or even promotion of growth of crops among these rhizobacteria [20].
Therefore, the present study was conducted to explore such bacteria from the rhizosphere of weeds
and wheat growing in fields facing weed invasions chronically, characterize them for the biological
weed control, and evaluate their effects on the growth of wheat and weeds species of wheat.

2. Materials and Methods

2.1. Isolation of Rhizobacteria

We collected a large pool of samples of wheat and five weeds along with earth ball across the
District of Faisalabad, Punjab, Pakistan. The sampling field was selected based on chronic weed
invasions over the last 5 years. The weed species sampled included field bindweed, little seed canary
grass, common lambs’ quarter, wild oat, and broad-leaved dock. The scientific names of these weeds are
Convolvulus arvensis, Phalaris minor, Chenopodium album, Avena fatua, and Rumex dentatus, respectively.
These samples were transferred to the laboratory in an icebox and stored at 4 ◦C. The rhizosphere
soil of these samples was used for the isolation of rhizobacteria using the dilution plating technique.
A hundred microliters of each of the serial dilutions (10−1–10−8) were spread on the sterilized King’s
B agar media in Petri plates aseptically. This media was prepared by adding 1.5-g K2HPO4, 10 mL
glycerol, 20 gm proteose peptone, 1.5 gm MgSO4.7H2O, and 20-g agar and making up the volume
of one liter with distilled water following King et al. [21]. The growth of rhizobacterial colonies was
obtained after 48 h of incubation of these plates at 28 ± 1 ◦C. The fast-growing colonies were picked
and transferred to other Petri plates containing sterilized King’s B agar media. These colonies were,
hence, purified after some streaking. In this way, 393 strains were purified and preserved at −20 ◦C in
40% glycerol.

2.2. Cyanide Production Assay on Strains of Rhizobacteria

The method given by Bakker and Schipper [22] was followed for the qualitative determination
of the production of hydrogen cyanide (HCN) by the isolated strains of rhizobacteria. The pieces of
filter paper to the sizes of Petri plates were made, autoclaved for sterilization, and soaked in a 1%
solution of picric acid for 12 h. These soaked filter papers were dried aseptically. Glycine amended
media was prepared by adding 0.35 gm K2HPO4, 2.5 mL glycerol, 5 gm proteose peptone, 0.35 gm
MgSO4·7H2O, 5 gm glycine, and 20-g agar and making up the volume to one liter with distilled water.
It gave out quarter strength media with glycine amendment. It was autoclaved and poured in Petri
plates. The fresh culture of the strains was used to make a layer on the surface of the media and placing
the picric acid-soaked paper on the inner side of the Petri plate lid. The paper was fastened with the
help of a 10% solution of Na2CO3. The plates were closed and tightened with parafilm to avoid the
leakage of gas. The plates were incubated at 28 ◦C and periodically observed for a change in the color
of filter paper. The turning of color to brown indicated the production of HCN, while the intensity of
brown color indicated the level of its production (Figure 1).

Figure 1. Pictorial view of cyanide production by rhizobacteria.
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2.3. Antimetabolite Assay on E. coli

The bacterial production of toxic metabolites in extracellular spaces can be tested in a simple test
based on the growth retardation of sensitive bacteria, E. coli [23]. All the strains (393) were tested for
HCN production, while this assay was performed on only those strains that produced HCN to any
level in step 1. These were 89 strains. Strain K12 of E. coli was cultured on LB agar media and placed
in an incubator at 28 ◦C. After 2 days, the gentle rubbing of the surface and mixing with sterilized
0.01 M MgSO4 solution formed the culture suspension of E. coli. The population of cells of bacteria
in the suspension was maintained at 108 cells mL−1 through the measurement of optical density at
600 nm and the addition of 0.01 M MgSO4 to get the value around 0.55–0.6. A layer of the harvested
cell suspension was made on the Petri plates containing sterilized media (King’s B). The culture of
strains of cyanogenic rhizobacteria was spot inoculated at 3 points of equal distance on the plates
pre-inoculated with E. coli. The plates were placed in an incubator at <40 ◦C. The production and
release of toxic substances by the strains were evident from the zone of clearing around the spot of
inoculation of strain. It indicated that the extracellular release of toxic compounds by the strains killed
the growth of E. coli around its growth. The diameters of the zone of the clearing were recorded.

2.4. Antimetabolite Assay on Lettuce (Lectuca sativa L.) Seedlings

Nineteen strains restricted the growth of E. coli in the previous test. These strains were tested
on the seedlings of lettuce as lettuce is considered sensitive to any type of phytotoxic substances and,
hence, can be used as an indicator plant [24]. The fresh culture of the selected strains was prepared in
Petri plates on KB media. This culture was suspended with the help of a sterilized buffer solution of
MgSO4 (0.01 M) by shaking gently. The suspension was collected in test tubes, and the cell population
was maintained using optical density measurement at 600 nm with a value of 0.33. It established the
population at 106 cells mL−1.

The seeds of lettuce were disinfected on their surface in a parallel activity. The surface disinfection
process comprised of seed dipping in ethanol for a moment, followed by the treatment with sodium
hypochlorite (5%) for three minutes and complete rinsing of the seed with autoclaved water [25].
These seeds were allowed to germinate in the growth chamber.

Water agar was used as a medium for the growth of lettuce seedlings, where agar was added into
the water at the rate of 1%. It was sterilized and poured in large-sized Petri plates, having a diameter
of 15 cm. Seeds with good germination were picked up and transferred to the surface of these plates
aseptically. Twenty germinating seeds of lettuce were placed on each plate.

Thirty microliters of the bacterial cell suspension were dispensed to each seed for inoculation.
Three Petri plates were prepared for each strain in the same way. The control plates were treated with
30 μL buffer (0.01 M MgSO4) per seed. The plates were placed at ambient temperature in the dark for
4 days. Then, the seedlings were removed from the plates and blotted. The measurements of masses
and lengths of roots and shoots were done. The data were analyzed statistically to determine the
significant differences [26].

2.5. Antimetabolite Assay on Weeds Using Presumed Allelopathic Bacteria

The strains of rhizobacteria obtained after the above-mentioned steps of the screening process
were now called as presumed allelopathic bacteria. These strains were, now, used for testing on weeds.
We selected four weeds of wheat for this assay i.e., wild oat, broad-leaved dock, common lambs’
quarter, and little seed canary grass. These weeds cause maximum economic losses in the wheat crop
in Pakistan. Nineteen strains were used to conduct this study in an experimental set up similar to
the one used for bioassay on lettuce seedlings in Section 2.4. The culture of each strain was prepared
in King’s B broth. The culture was centrifuged to get the supernatant and form the bacterial pellets.
These pellets were mixed in a sterilized buffer (0.01 M MgSO4) to adjust the optical density value of
0.55 at 600 nm. It gave out the bacterial cell population at 108 cells mL−1.
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Water agar was prepared by adding 10 g of agar in 1 L distilled water and sterilizing in an
autoclave at 121 ◦C and 15 PSI pressure for 20 min. The water agar was poured on large-sized Petri
plates. It served as a medium for the growth of seedlings (Figure 2).
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Figure 2. Flow chart of isolation and large-scale screening of allelopathic bacteria for the biocontrol of
wheat-associated weeds.

The seeds of the selected weeds were surface disinfected by washing with ethanol (70%)
momentarily, followed by washing with sodium hypochlorite (5%) and rinsing of seeds in plenty of
sterilized water [25]. These seeds were placed in the growth chamber for germination.

Twenty germinated seeds were placed inside each prepared Petri plates aseptically. The culture
suspension of each strain was applied at the rate of 30 μL per seed. For the control treatment, the
sterilized buffer (0.01 M MgSO4) was applied at the same rate. The plates were placed at ambient
temperature in the dark. Each treatment in the experiment was replicated four times. After 7 days, the
seedlings were uprooted from the water agar plates and blotted. These seedlings were measured for
the lengths and weights of roots and shoots. The data were analyzed statistically to determine the
significant differences following Steel et al. [26].

2.6. Antimetabolite Assay on Wheat Using Presumed Allelopathic Bacteria

The same nineteen strains were also tested for their effects on the growth of seedlings of wheat in
a similar agar bioassay (Figure 3). The culture suspension of the strains was prepared following the
same method as above. The large-sized Petri plates containing water agar were prepared as in previous
bioassays. The surface of seeds of wheat was disinfected following Abd-Alla et al. [25]. Then, the seeds
were placed for germination. The germinated seeds were placed on the already prepared Petri plates
aseptically. The culture suspension of each strain was dispensed at the rate of 30 μL per seed. For the
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control treatment, the sterilized buffer (0.01 M MgSO4) was dispensed to each seed at the rate of 30 μL.
Each treatment was replicated four times. The seedlings were uprooted after five days and blotted.
The data of lengths and weights of roots and shoots were taken and analyzed statistically to determine
the significant differences following Steel et al. [26]. These analyses were carried out using Statistix

8.1 software. All the data were first subjected to analysis of variance (ANOVA) test in this software,
followed by multiple comparisons of means using the linear model. The least significant difference
(LSD) test was then applied to determine the significant difference among treatments at p < 0.05.

Figure 3. Cyanogenic rhizobacteria of weeds and wheat-producing metabolites against E. coli in the
antimetabolite assay.

2.7. Cluster Analysis for the Screening of Biological Weed Control Agents

Cluster analysis was carried out for the grouping of strains applied in antimetabolite assays on
weeds and wheat. The strains were categorized as non-selective biological weed control agents (the
strains that reduced the growth of all the tested weeds and wheat), selective (the strains that reduced
the growth of some of the tested plants and also wheat), selective (the strains that reduced the growth of
some of the weeds but not wheat), and selective (the strains that reduced the growth of one more weed
but promoted the growth of wheat). Five most efficient strains of allelopathic bacteria obtained from
this study were identified through 16s rDNA sequencing as Pseudomonas strain T42 as Pseudomonas

putida, strains L9 and 7O0 as P. fluorescens, strain O010 as P. aeruginosa, and strain W9 as P. alcaligenes.

3. Results

The present study explored the rhizosphere of wheat and five weeds of wheat in search of
allelopathic bacteria for the development of biological weed control agents. The selected weeds cause
huge economic losses to the production of wheat in Pakistan annually [27]. These weed species were
wild oat, common lambs’ quarter, little seed canary grass, broad-leaved dock, and field bindweed.
The job was carried out by the isolation of a large number of strains of rhizobacteria (393) from the
weeds and wheat growing in areas of high weed invasion. Multiple bioassays were conducted on
these strains to evaluate if they produced some phytotoxic substances, whether the release of such
substances resulted in growth suppression of weeds, and if they were selective to inhibit the growth of
weeds but not crop. The screening process of rhizobacteria to find out allelopathic bacteria from the
rhizosphere of weeds and wheat is shown in the form of a flow chart (Figure 2).
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3.1. Isolation of Rhizobacteria

We isolated 78 strains from the rhizosphere of wild oat, 81 from the broad-leaved dock, 78 from
common lambs’ quarter, 46 from field bindweed, 38 from little seed canary grass, and 72 from wheat.
The total number of strains was 393. Multiple screening tests were conducted on these strains to
characterize weed suppressive allelopathic bacteria.

3.2. Production of HCN by Rhizobacteria

The proportion of strains producing cyanide to various levels is shown in Table 1. We got 89
strains, which could produce cyanide to any level. Among these, 33 strains produced a low amount of
cyanide, 25 medium, 20 high, and 11 very high, depending upon the intensity of change of color of
picrate-treated filter paper inside the Petri plates and the time taken to change the color. The proportion
of cyanogenic strains in the rhizosphere of the broad-leaved dock was calculated to be 41.0%, that of
wild oat was 19.8%, of little seed canary grass was 7.7%, of common lambs’ quarter was 23.7%, of field
bindweed was 17.4%, and that of wheat was 25.0%. However, the majority of strains (77.6%) did not
produce HCN in this study. These counted to 304 in number out of 393. The pictorial view of this
assay is given in (Figure 1).

Table 1. The proportion of cyanogenic rhizobacteria in the rhizosphere of wheat and its associated
weeds. The cyanide production by the strains was indicated after 48, 36, 24, and 12 h of incubation for
low, medium, high, and very high cyanide production activity, respectively.

Category

Rhizosphere of

Total
StrainsWheat

Broad-Leaved
Dock

Wild Oat
Little Seed

Canary Grass
Field

Bindweed

Common
Lambs’
Quarter

Non-cyanogenic
strains

54 46 65 72 38 29 304

Low cyanide
activity strains

8 3 8 5 3 6 33

Medium cyanide
activity strains

6 12 3 0 2 2 25

High cyanide
activity strains

2 14 0 1 2 1 20

Very high cyanide
activity strains

2 3 5 0 1 0 11

Total strains 72 78 81 78 46 38 393

3.3. Antimetabolite Assay on E. coli

Clearing zones were produced around the inoculation spot of some strains, while the growth of
most of the strains was mixed with the growth of E. coli, i.e., mutualistic strains. The clearing zones
indicated the killing of E. coli, which occurred with nineteen strains. The diameter of these clearing or
halo zones indicated the level of inhibition of growth of E. coli (Figure 3). Strain 7O0 produced the
maximum diameter of the halo zone, which was followed by strains W9, O010, T42, W28, T12, T23,
and L9. The average diameter of zones produced by these strains was measured to be 1.3 ± 0.08, 1.23
± 0.13, 1.21 ± 0.08, 1.01 ± 0.10, 0.96 ± 0.09, 0.88 ± 0.06, 0.82 ± 0.06, and 0.72 ± 0.07 cm, respectively.
The remaining strains showed positive interaction with the growth of E. coli.

3.4. Antimetabolite Assay on Lettuce Seedlings

Results indicated that the strains imparted mixed effects on the growth of lettuce seedlings (Table 2).
Five of the application strains significantly reduced the dry matter, root length, and shoot length of
lettuce seedlings from 18.8 to 38.9%, 19.7 to 36.3%, and 17.3 to 24.3%, respectively. These strains were
T18, T12, W9, W28, and O010. The strains L6 and T31 caused a significant reduction in root length only.
However, the strain T38 caused a significant reduction in the length of root and shoot. There were
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seven strains, which increased the dry matter, root length, and shoot length of lettuce seedlings from
15.7 to 41.5%, 16.7 to 61.4%, and 26.2 to 43.4%, respectively. These strains were T23, T42, T19, 2O0, T24,
L9, and 7O0. The strains B11 and ESO-8 increased the shoot length only. The other strains remained
ineffective on the growth of seedlings of lettuce.

Table 2. The effect of cyanogenic E. coli inhibiting rhizobacteria on lettuce seedlings in agar bioassay.
Values sharing the same letter(s) in a column do not differ significantly from each other at p < 0.05.
Values in a column indicate mean ± standard error.

Treatments Root Length (cm) Shoot Length (cm) Dry Matter (mg)

Control 5.08 ± 0.14 d,e 4.01 ± 0.13 f,g 51.49 ± 0.006 f,g

T12 4.07 ± 0.16 g,h 3.19 ± 0.10 i 38.94 ± 0.006 i,j

T18 3.79 ± 0.16 h,i 3.32 ± 0.09 i 41.81 ± 0.006 h,i,j

T19 7.1 ± 0.13 b 5.39 ± 0.03 b,c 67.13 ± 0.006 a,b

T23 6.08 ± 0.12 c 5.22 ± 0.13 c 61.7 ± 0.010 b,c,d

T24 5.92 ± 0.27 c 5.07 ± 0.15 c 59.57 ± 0.007 c,d,e

T31 4.36 ± 0.20 f,g 3.68 ± 0.12 g,h 44.2 ± 0.007 h,i

T38 4.06 ± 0.16 g,h 3.37 ± 0.08 h,i 42.07 ± 0.007 hij

T42 6.35 ± 0.22 c 4.63 ± 0.15 d 58.42 ± 0.007 d,e

T75 4.8 ± 0.26 e,f 4.02 ± 0.15 f 50.7 ± 0.003 f,g

2O0 6.19 ± 0.20 c 5.16 ± 0.14 c 65.26 ± 0.007 b,c

7O0 8.19 ± 0.17 a 5.76 ± 0.11 a 72.19 ± 0.006 a

O010 3.4 ± 0.14 i,j 3.18 ± 0.09 i 39.78 ± 0.006 hij

ESO-8 5.37 ± 0.20 d 4.43 ± 0.17 d 55.0 ± 0.003 e,f

ESO-11 5.03 ± 0.25 d,e 4.06 ± 0.11 e,f 52.0 ± 0.007 f,g

L6 4.48 ± 0.13 f,g 3.79 ± 0.11 f,g 45.79 ± 0.003 g,h

L9 8.01 ± 0.19 a 5.73 ± 0.05 a,b 72.88 ± 0.007 a

B11 5.26 ± 0.11 d,e 4.38 ± 0.18 d,e 54.53 ± 0.006 e,f

W9 3.34 ± 0.12 i,j 3.11 ± 0.08 i 35.99 ± 0.003 j

W28 3.231 ± 0.19 j 3.04 ± 0.14 i 38.08 ± 0.003 i,j

LSD 0.517 0.345 6.42

3.5. Antimetabolite Assay on Broad-Leaved Dock

The effects of the applied strains on the growth of the seedling of the broad-leaved dock were
mixed, i.e., inhibiting, promoting, and neutral (Table 3). The dry matter, root length, and germination
rate of the broad-leaved dock were significantly reduced by eight of the applied strains from 23.1 to
68.1%, 23.9 to 61.8%, and 26.7 to 64.4% than control, respectively. These strains were T42, O010, L9,
T38, 7O0, ESO-11, W9, and W28. The strain T19 caused a reduction in root length and germination
rate only. The strain T31 caused a significant increase in root length and germination rate of the dock.
The other strains remained ineffective on the growth of the seedlings of the dock.

3.6. Antimetabolite Assay on Wild Oat

Seven strains significantly reduced the dry matter, root length, and germination rate of wild oat
from 38.5 to 80.2%, 19.4 to 60.2%, and 25.4 to 70.9%, respectively (Table 3). These strains were 2O0,
ESO-8, O010, T42, W28, W9, and 7O0. The strains T18, T12, ESO-11, and T75 significantly inhibited the
germination rate from 14.5 to 25.4% but no other parameters. The strain T24 only reduced the root
length of wild oat. The root length and germination rate of the weed were significantly increased by
strain T19 up to 13.3 and 14.5%, respectively. The other strains remained ineffective on the growth of
the seedlings of wild oat.

3.7. Antimetabolite Assay on Little Seed Canary Grass

Eight of the nineteen applied strains caused a significant reduction in dry matter, root length,
and germination rate of little seed canary grass from 16.5 to 69.4%, 24.2 to 63.6%, and 20 to 52.7%,

316



Agronomy 2020, 10, 1469

respectively (Table 4). These eight strains were T75, 7O0, T42, ESO-11, O010, W9, L9, and W28.
The strains T18 and T12 reduced only the root length (10.5–20%) and germination rate (18.2–25.4%).
The strain 2O0 significantly reduced the dry matter (21.2%) and root length (10.8%) of the weed.
However, the strain T19 significantly increased the dry matter (23.5%) and root length (10.4%) of the
weed. Other strains remained ineffective on the growth of the seedlings of this weed. The pictorial
view of the assay is available in (Figure 4).

Table 3. The effect of presumed allelopathic bacteria on the germination and seedling growth of
broad-leaved dock and wild oat in agar bioassay. Values sharing the same letter(s) in a column do not
differ significantly from each other at p < 0.05. Values in a column indicate mean ± standard error.

Treatment

Broad-Leaved Dock Wild Oat

Germination
Rate (%)

Root Length
(cm)

Dry Matter (g)
Germination

Rate (%)
Root Length

(cm)
Dry Matter (g)

Control 75.0 ± 0.58 b,c 3.52 ± 0.13 b 0.307 ± 0.014 a,b,c 73.3 ± 0.33 b,c 6.0 ± 0.16 b,c,d 0.32 ± 0.03 b,c,d

T12 73.4 ± 0.88 b,c 3.48 ± 0.12 b 0.29 ± 0.035 a,b,c,d 62.7 ± 0.88 d,e,f 5.6 ± 0.17 c,d,e 0.29 ± 0.02 b,c,d

T18 80.0 ± 1.00 a,b 3.5 ± 0.10 b 0.303 ± 0.026 a,b,c 58.7 ± 0.67 f,g 5.52 ± 0.24 d,e 0.28 ± 0.02 c,d

T19 63.4 ± 0.67 d,e 2.98 ± 0.18 c,d 0.247 ± 0.013 c,d,e 84.0 ± 0.58 a 6.79 ± 0.13 a 0.41 ± 0.03 a

T23 68.3 ± 0.33 c,d 3.33 ± 0.11 b,c 0.277 ± 0.018 b,c,d 66.7 ± 0.33 c,d,e 6.16 ± 0.16 b 0.30 ± 0.02 b,c,d

T24 71.6 ± 0.33 b,c,d 3.46 ± 0.11 b 0.297 ± 0.023 a,b,cd 68.0 ± 0.58 c,d 5.28 ± 0.14 e,f 0.29 ± 0.02 b,c,d

T31 86.6 ± 0.33 a 4.1 ± 0.23 a 0.353 ± 0.014 a 73.3 ± 0.33 b,c 5.75 ± 0.15 b,c,d,e 0.32 ± 0.02 b,c,d

T38 55.0 ± 0.58 e,f 2.68 ± 0.28 d,e 0.233 ± 0.017 d,e,f 77.3 ± 0.33 a,b 5.96 ± 0.08 b,c,d 0.33 ± 0.02 b,c

T42 33.3 ± 0.67 i,j 1.73 ± 0.29 h,i 0.13 ± 0.020 h,i 32.0 ± 0.58 k 2.74 ± 0.18 j 0.11 ± 0.01 h,i

T75 70.0 ± 1.00 c,d 3.33 ± 0.06 b,c 0.28 ± 0.036 b,c,d 60.0 ± 1.00 e,f,g 5.88 ± 0.33 b,c,d 0.28 ± 0.02 b,c,d

2O0 73.4 ± 0.33 b,c 3.61 ± 0.14 b 0.303 ± 0.022 a,b,c 54.7 ± 0.88 g,h 4.55 ± 0.18 g 0.20 ± 0.01 e,f

7O0 41.7 ± 0.33 h,i 1.96 ± 0.06 g,h 0.17 ± 0.023 f,g,h 49.3 ± 0.67 h,i 3.77 ± 0.22 h,i 0.16 ± 0.003 f,g,h

O010 51.6 ± 0.33 f,g 2.17 ± 0.10 f,g 0.203 ± 0.027 e,f,g 45.3 ± 0.67 i,j 3.6 ± 0.19 i 0.15 ± 0.03 f,g,h

ESO-8 73.4 ± 0.67 b,c 3.41 ± 0.21 b 0.29 ± 0.026 a,c,d 60.0 ± 0.58 e,f,g 4.83 ± 0.18 f,g 0.20 ± 0.01 f,g

ESO-11 48.4 ± 1.20 f,g,h 2.53 ± 0.06 e,f 0.203 ± 0.018 e,f,g 54.7 ± 0.88 g,h 5.56 ± 0.29 d,e 0.26 ± 0.02 d,e

L6 56.6 ± 0.67 e,f 2.77 ± 0.08 d,e 0.24 ± 0.020 c,d,e 82.7 ± 0.33 a 6.13 ± 0.17 b,c 0.35 0.03 a,b

L9 41.6 ± 0.67 h,i 1.88 ± 0.10 g,h 0.157 ± 0.022 g,h,i 21.3 ± 0.33 l 2.39 ± 0.23 j 0.63 ± 0.01 i

B11 76.6 ± 0.67 b,c 3.65 ± 0.11 b 0.317 ± 0.033 a,b 70.7 ± 0.33 b,c 6.0 ± 0.19 b–d 0.32 ± 0.02 b,c,d

W9 26.6 ± 0.67 j 1.34 ± 0.12 i 0.097 ± 0.018 i 41.3 ± 0.33 j 3.42 ± 0.13 i 0.13 ± 0.03 g,h

W28 43.4 ± 0.88 g,h 1.41 ± 0.08 i 0.14 ± 0.029 g,h,i 44.0 ± 1.16 i,j 4.3 ± 0.13 g,h 0.17 ± 0.02 f,g,h

LSD 9.8205 0.429 0.068 7.32 0.545 0.0642

Table 4. The effect of presumed allelopathic bacteria on the germination and seedling growth of little
seed canary grass and common lambs’ quarter. Values sharing the same letter(s) in a column do not
differ significantly from each other at p < 0.05. Values in a column indicate mean ± standard error.

Treatments
Little Seed Canary Grass Common Lambs’ Quarter

Germination Rate
(%)

Root Length
(cm)

Dry Matter (g)
Germination

Rate (%)
Root Length

(cm)
Dry Matter (g)

Control 73.3 ± 1.20 a,b 4.59 ± 0.22 b,c 0.283 ± 0.026 b,c 63.3 ± 1.00 c,d,e 2.87 ± 0.19 b,c,d,e 0.27 ± 0.01 a,b,c

T12 54.7 ± 1.45 d,e,f,g 4.11 ± 0.06 d,e 0.287 ± 0.024 b,c 61.0 ± 0.67 c,d,e 2.57 ± 0.12 d,e,f,g 0.25 ± 0.02 b,c,d

T18 60.0 ± 1.53 c,d,e,f 3.68 ± 0.08 e,f 0.267 ± 0.026 b,c,d 61.5 ± 0.88 c,d,e 2.29 ± 0.11 f,g,h 0.24 ± 0.01 b,c,d

T19 81.3 ± 0.67 a 5.07 ± 0.11 a 0.35 ± 0.021 a 63.2 ± 1.00 c,d,e 2.50 ± 0.17 e,f,g,h 0.27 ± 0.01 a,b,c

T23 66.7 ± 0.33 b,c 4.64 ± 0.15 a,b 0.26 ± 0.015 b,c,d 58.7 ± 1.45 c,d,e 2.73 ± 0.11 c,d,e,f 0.25 ± 0.02 b,c,d

T24 68.0 ± 0 b,c 4.28 ± 0.16 b,c,d 0.237 ± 0.013 c,d,e 66.7 ± 1.00 b,c 3.14 ± 0.22 a,b,c 0.29 ± 0.01 a,b

T31 74.7 ± 0.33 a,b 4.32 ± 0.08 b,c,d 0.287 ± 0.014 b,c 57.7 ± 0.33 d,e,f 2.9 ± 0.22 b,c,d,e 0.28 ± 0.06 a,b

T38 74.7 ± 0.67 a,b 4.58 ± 0.11 b,c 0.277 ± 0.024 b,c 57.2 ± 0.33 d,e,f 2.61 ± 0.28 d,e,f 0.24 ± 0.03 b,c,d

T42 54.7 ± 0.88 d,e,f,g 2.89 ± 0.10 g,h 0.153 ± 0.017 g,h,i 65.7 ± 0.67 b,c,d 3.04 ± 0.19 a,b,c,d 0.24 ± 0.04 b,c,d

T75 53.3 ± 1.67 e,f,g,h 2.34 ± 0.09 i 0.175 ± 0.005 f,g,h 47.7 ± 0.67 g 2.04 ± 0.17 h,i 0.19 ± 0.02 d,e,f

2O0 64.0 ± 1.00 b,c,d,e 4.1 ± 0.24 d,e 0.223 ± 0.007 d,e,f 75.6 ± 0.33 a 3.51 ± 0.09 a 0.32 ± 0.01 a

7O0 42.7 ± 0.67 h,i 2.37 ± 0.18 i 0.100 ± 0.006 j 55.7 ± 0.33 e,f,g 2.90 ± 0.17 b,c,d,e 0.24 ± 0.01 b,c,d,e

O010 34.7 ± 0.67 i 1.8 ± 0.19 j 0.087 ± 0.019 j 63.3 ± 0.58 c,d,e 2.93 ± 0.11 b,c,d,e 0.24 ± 0.02 b,c,d

ESO-8 65.3 ± 0.88 b,c,d 4.16 ± 0.21 c,d 0.237 ± 0.012 c,d,e 64.3 ± 0.67 b,c,d 2.93 ± 0.27 b,c,d,e 0.28 ± 0.02 a,b,c

ESO-11 48.0 ± 1.53 g,h 3.48 ± 0.08 f 0.237 ± 0.022 c,d,e 49.0 ± 0.67 g 1.69 ± 0.14 i,j 0.17 ± 0.02 e,f

L6 80.0 ± 0.58 a 4.57 ± 0.11 b,c 0.293 ± 0.013 b 72.3 ± 0.88 a,b 3.32 ± 0.25 a,b 0.30 ± 0.01 a,b

L9 49.3 ± 0.67 f,g,h 2.54 ± 0.20 h,i 0.123 ± 0.007 i,j 63.3 ± 1.53 c,d,e 2.69 ± 0.12 c,d,e,f 0.27 ± 0.04 a,b,c

B11 74.7 ± 0.67 a,b 4.52 ± 0.11 b,c,d 0.257 ± 0.012 b,c,d 49.0 ± 0.88 g 2.09 ± 0.11 g,h,i 0.21 ± 0.01 c,d,e

W9 58.7 ± 0.33 c,d,e,f,g 3.26 ± 0.27 f,g 0.197 ± 0.032 e,f,g 59.0 ± 0.67 c,d,e 2.98 ± 0.29 b,c,d,e 0.26 ± 0.03 a,b,c,d

W28 49.3 ± 1.77 f,g,h 1.67 ± 0.09 j 0.137 ± 0.003 h,i,j 50.0 ± 1.16 f,g 1.29 ± 0.13 j 0.13 ± 0.02 f

LSD 11.432 0.445 0.0507 8.127 0.524 0.073
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Figure 4. The pictorial view of seedlings of little seed canary grass growing on water agar in
agar bioassay.

3.8. Antimetabolite Assay on Common Lambs’ Quarter

The present study reported a decrease in dry matter, root length, and germination rate of common
lambs’ quarter by three of the applied strains from 27.5 to 50.0%, 29.0 to 55.0%, and 21.0 to 24.6%,
respectively (Table 4). These strains were W28, ESO-11, and T75. The strain B11 caused a reduction in
root length (27.3%) and germination rate (22.8%) only. The strain T18 caused a reduction in root length
only, which was 20.3% lesser than the control. However, a significant increase in root length (13.0%)
and germination rate (19.3%) was observed with the inoculation of strain 2O0. The strain L6 increased
the germination rate of the weed by 14%. The other strains remained ineffective on the growth of the
seedlings of this weed.

3.9. Antimetabolite Assay on Wheat

There were three strains in the whole lot, which significantly reduced the dry matter, shoot length,
root length, and germination rate of wheat from 23.4 to 34%, 21.0 to 38.5%, 27.2 to 52.8%, and 8.3 to
10.4%, respectively (Figure 5, Table 5). These three strains were ESO-11, W28, and T18. Two strains (T75
and T12) reduced the dry matter (23.4 and 26.6%), root length (24.8 and 50.1%), and shoot length (18.9
and 35.5%) of the crop. However, there were six strains, which significantly increased the dry matter,
shoot length, root length, and germination rate of wheat from 24.5 to 47.9%, 14.6 to 29.7%, 19.4 to 37.7%,
and 12.5 to 18.8%, respectively. These strains were T23, 7O0, 2O0, L9, T24, and T19. The strains L6,
O010, and B11 caused an increment in dry matter of the crop up to 13.8, 12.8, and 27.7% than control,
respectively. The strains T38 and T31 caused a significant increase in shoot length of the crop up to 18.9
and 18.7% than control, respectively. The strain T42, however, increased the germination rate of the
crop up to 8.3%. The other strains remained ineffective on the growth of the seedlings of wheat.

Figure 5. The pictorial view of seedlings of wheat growing on water agar in agar bioassay.
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Table 5. The effect of presumed allelopathic bacteria on the germination and seedling growth of wheat.
Values sharing the same letter(s) in a column do not differ significantly from each other at p < 0.05.
Values in a column indicate mean ± standard error.

Treatments Germination Rate (%) Root Length (cm) Shoot Length (cm) Dry Matter (g)

Control 80.0 ± 0.58 d,e 6.60 ± 0.50 c,d,e 8.58 ± 0.22 c,d 0.313 ± 0.018 f,g

T12 75.0 ± 0.58 e,f 4.97 ± 0.08 f 6.96 ± 0.27 e 0.233 ± 0.003 h

T18 73.35 ± 0.33 f 4.81 ± 0.10 f 6.78 ± 0.16 e 0.240 ± 0.015 h

T19 93.4 ± 0.33 a 8.22 ± 0.15 b 9.83 ± 0.37 b 0.407 ± 0.012 c

T23 90.0 ± 0.58 a,b 8.13 ± 0.14 b 10.13 ± 0.34 b 0.390 ± 0.006 c,d

T24 90.0 ± 0 a,b 7.92 ± 0.13 b 10.05 ± 0.21 b 0.400 ± 0.015 c

T31 80.0 ± 0.58 d,e 6.47 ± 0.23 d,e 10.19 ± 0.20 b 0.300 ± 0.020 g

T38 80.0 ± 0.58 d,e 6.67 ± 0.27 c,d,e 10.21 ± 0.17 b 0.310 ± 0.015 f,g

T42 86.5 ± 0.33 b,c 7.15 ± 0.25 c 9.097 ± 0.38 c 0.343 ± 0.012 e,f

T75 75.0 ± 0 e,f 3.3 ± 0.17 g 5.53 ± 0.10 f 0.230 ± 0.012 h

2O0 93.4 ± 0.33 a 7.89 ± 0.26 b 10.03 ± 0.18 b 0.413 ± 0.003 b,c

7O0 93.4 ± 0.33 a 9.09 ± 0.21 a 11.13 ± 0.25 a 0.450 ± 0.010 a,b

O010 85 ± 0 b–d 7.17 ± 0.15 c 8.69 ± 0.19 c,d 0.353 ± 0.003 d,e

ESO-8 81.5 ± 0.67 c,d 6.53 ± 0.17 c–e 8.52 ± 0.16 c,d 0.347 ± 0.014 e,f

ESO-11 73.4 ± 0.67 f 3.38 ± 0.33 g 5.56 ± 0.15 f 0.220 ± 0.006 h

L6 83.4 ± 0.33 c,d 6.41 ± 0.29 e 8.6 ± 0.14 c,d 0.357 ± 0.019 d,e

L9 95 ± 0 a 9.09 ± 0.12 a 11.13 ± 0.20 a 0.463 ± 0.020 a

B11 83.4 ± 0.67 c,d 6.32 ± 0.23 e 8.42 ± 0.17 d 0.400 ± 0.006 c

W9 81.7 ± 0.67 c,d 7.14 ± 0.31 c,d 8.62 ± 0.38 c,d 0.337 ± 0.014 e,f,g

W28 71.6 ± 0.67 f 3.12 ± 0.26 g 5.28 ± 0.17 f 0.207 ± 0.014 h

LSD 6.565 0.682 0.673 0.0376

3.10. Cluster Analysis

The cluster analysis was performed to categorize the tested strains of this study based on the
objectives of this study (Table 6). All the strains were categorized into four groups: the first group
of two strains (W28 and ESO-11) comprised of non-selective strains, which reduced the growth of
seedlings of all the tested plants; the second group of three strains (T75, T18, and T12) comprised of
selective strains, which reduced the growth of little seed canary grass, wild oat, common lambs’ quarter,
and wheat but not of the broad-leaved dock; the third group of three strains (W9, ESO-8, and T38)
comprised of selective strains, which reduced the growth of seedlings of wild oat, broad-leaved dock,
and little seed canary grass but not of wheat and common lambs’ quarter; and the fourth group of nine
strains (T24, 2O0, O010, L9, B11, T19, T42, 7O0, and L6) comprised of selective strains, which reduced
the growth of seedlings of little seed canary grass, broad-leaved dock, and wild oat but increased the
growth of seedlings of wheat. The remaining two strains of this study (T23 and T31) did not suppress
the growth of any weed or wheat.
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Table 6. Cluster analysis for the selection of bioherbicidal agents based on the response of rhizobacteria
in wheat and its associated weeds in agar bioassays. Candidate strains for biological weed control in
wheat are indicated in bold.

Category of
Strains

Strain
Effects on Weeds and Wheat

Inhibition Promotion No Effect

Non-selective
ESO-11

All the tested weeds and wheat – –
W28

Selective and
inhibitory to wheat

T12
Wheat, wild oat, and little seed

canary grass
–

Broad-leaved dock
and common

lambs’ quarter

T18 Wheat, wild oat, little seed canary
grass, and common lambs’ quarter

– Broad-leaved dock
T75

Selective and
non-inhibitory to

wheat

T38 Broad-leaved dock –

Wheat, wild oat,
little seed canary

grass, and common
lambs’ quarter

ESO-8 Wild oat –

Wheat, little seed
canary grass,

broad-leaved dock,
and common

lambs’ quarter

W9
Wild oat, little seed canary grass,

and broad-leaved dock
–

Wheat and
common lambs’

quarter

Selective and
promotory to

wheat

T19 Broad-leaved dock
Wheat, wild oat,
and little seed
canary grass

Common lambs’
quarter

T24 Wild oat Wheat

Little seed canary
grass, broad-leaved
dock, and common

lambs’ quarter

T42

Wild oat, little seed canary grass,
and broad-leaved dock Wheat

Common lambs’
quarter

7O0

O010

L9

2O0
Wild oat and little seed canary

grass

Wheat and
common lambs’

quarter
Broad-leaved dock

L6 Broad-leaved dock
Wheat, wild oat,

and common
lambs’ quarter

Little seed canary
grass

B11 Common lambs’ quarter Wheat
Wild oat, little seed
canary grass, and

broad-leaved dock

–

T23 – Wheat

Wild oat, little seed
canary grass,

broad-leaved dock,
and common

lambs’ quarter

T31 – Broad-leaved dock

Wheat, wild oat,
little seed canary

grass, and common
lambs’ quarter

4. Discussion

The study of diverse forms of soil-inhabiting microorganisms and their activities may be helpful
in resolving many agricultural, environmental, and ecological issues created by unsustainable farming
practices. The invasion of weeds in crops reduces their yields, and farmers adopt unsustainable and
unhealthy practices to reduce the losses of their crops. The harmful impacts of tillage and chemicals
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have been established. Therefore, the present study explored an alternative, inexpensive, sustainable,
and environmentally and ecologically safe technique for weed control in crops. It was aimed at finding
out the natural mechanisms of rhizobacteria, which function to limit the growth of weeds, alleviate
the biotic stress of weeds on crops, and produce a vigorous crop stand. Strengthening such natural
processes through augmentation, inoculation, or other processes is required for the development of
biological weed control in crops. This may help us to resolve the above-mentioned issues created by
conventional control practices [11].

The rhizosphere inhabiting bacteria, which release phytotoxic metabolites in the rhizosphere and
result in germination/growth reduction of weeds, are called allelopathic bacteria [18]. The present
study is the pioneering work executed in Pakistan, which is aimed at searching such rhizobacteria
with their novel characteristics to develop biological weed control. The probability of the existence of
such bacteria has been speculated in the rhizosphere of weeds and crops, which are growing together
over many years or where the weed invasions occur more frequently [28]. Therefore, we collected the
samples of weeds and wheat from areas/fields across the District of Faisalabad, Pakistan, where the
weed invasions were more frequent. The findings of this work support the above-mentioned finding
of Schippers et al. [28]. They also reported that growth inhibitory rhizobacteria grew, strengthened,
and increased their activities in the agricultural crops, where a single crop is grown year after year.
It resulted in the reduction of yields of crops. They reported the increase in cyanogenic bacteria and
cyanide production in the rhizosphere of potatoes when this crop was continuously grown over a field
for 3 years. Their findings increased the importance of crop rotation.

We isolated 393 strains of rhizobacteria from the rhizosphere of five weeds and wheat in this study.
These strains were passed through a comprehensive screening process based on the production of
phytotoxic metabolites in vitro, suppression of indicator bacteria and plants, in vivo suppression of
weeds, and their effects on wheat crops. The protocols followed for these purposes obtained support
from the findings of Bakker and Schipper [22], Kremer and Souissi [29], and Kremer [24]. The first test
conducted on these strains was the qualitative production of HCN. It was considered a major substance
responsible for the growth inhibition of some plants by Kremer and Souissi [29]. This study obtained
22.6% of strains (89) to have produced cyanide at various levels. The distribution of cyanogenic strains
in different weeds and wheat was also variable. This was synonymous with the findings of Kremer
and Souissi [29]. The proportion of cyanogenic strains in their study (32%) was, however, higher than
in our study. This difference might be due to differences in agro-ecological conditions and prevalent
agricultural practices. Zeller et al. [19] found that the sensitivity of different weeds and crops to cyanide
was variable, and the cyanogenic bacteria might cause suppression of some weeds without imparting
harmful effects on the accompanying crop in certain cases. They applied various levels of cyanide
to five weeds and wheat and reported that this characteristic of rhizobacteria might be used for the
selective suppression of three seeds (C. jacea, G. mollugo, and H. murinum), invading the wheat crop
without disturbing the growth of wheat.

The cyanogenic strains of our study were further tested for the production of toxic metabolites
using the indicator of sensitive bacteria (E. coli strain K12). The relevance of this assay for the screening
of rhizobacteria weed control agents was reported by Kremer et al. [30]. We got 21.3% of the cyanogenic
strains to suppress the growth of sensitive bacteria. As all the cyanogenic strains did not suppress the
growth of sensitive bacteria in this study, one may speculate that the strains inhibiting the growth of
bacteria may also have possessed the characteristics of production of some other toxic compounds
along with cyanide. This assay indicated that the strains inhibiting the growth of sensitive bacteria
might be producing multiple growth inhibitory compounds, collectively termed as antimetabolites,
and could be more suitable for testing on weeds and wheat in the next screening studies.

Nineteen strains, obtained from the above screening procedures, were tested on sensitive plant
species, i.e., lettuce. The effects of these strains on the growth of the seedlings of lettuce were variable.
Some strains inhibited, some promoted, and others remained ineffective. Hence, all the strains
inhibiting the growth of E. coli did not inhibit the growth of lettuce in our study. This finding agreed
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with Kremer et al. [30]. Kremer and Kennedy [31] also reported the growth reduction of lettuce
by such rhizobacteria. As the strains tested on lettuce were all cyanogenic in nature, Zermane et
al. [32] also reported mixed effects of cyanogenic rhizobacteria on lettuce. The non-inhibition of lettuce
by some strains may be due to the non-host interactions, where these strains needed to grow with
their host in order to express their characteristics [33]. There also exist differences in the metabolic
functions of E. coli and lettuce, the former being a prokaryote, and the latter being a eukaryotic plant
species. There may also be the difference of compounds, causing antibiosis against bacteria and plants.
The results obtained in our study reflected the release of diverse types of metabolites and their functions
by these strains, which affected the growth of bacteria and plants. For similar reasons, we tested all the
above-mentioned strains on weeds and wheat in the further screening process. This decision in our
study has grounds in Souissi and Kremer [34]. They reported the reduction in the growth of weeds by
those strains of rhizobacteria, which did not reduce the growth of lettuce. In other words, the growth
reduction of lettuce and weeds by rhizobacteria could not be correlated in their study.

Stability or consistency in the characteristics of strains of our study may be evident from the above
studies. It increased our reliance on these strains for further studies regarding their effects on weeds
and wheat. We found all type of effects of the strains on weeds and wheat, i.e., there were strains
inhibitory to all the weeds and wheat, suppressive to one or more weeds and wheat, suppressive to one
or more weeds but not to wheat, and suppressive to one or more weeds but promoted the growth of
wheat. This array of responses by the strains of allelopathic bacteria has multiple applications if further
studies on their characterization and response under natural conditions are carried out. These may be
developed for application to control weeds and strengthen crop in poor agricultural systems (selective
strains) and control weeds in non-agricultural systems (non-selective strains). The reasons for selectivity
may be a difference of tolerance to toxic metabolites in weeds and crop, release of toxic metabolites by
these strains only in the rhizosphere of their host plants, the difference in availability of substrates
required for the production of toxic metabolites in the rhizosphere of weeds and wheat, a difference
of survival, colonization, and establishment in the rhizosphere of weeds and wheat, and difference
of mechanisms in the rhizosphere of host and non-host plants [19,20,35]. The findings of our study
became more evident when the strains were further characterized by the production of indole-3-acetic
acid, exopolysaccharides, siderophores, catalases, chitinases, oxidases, and P solubilization. The most
prominent strains were identified as pseudomonads. The effects of the five most efficient strains on
weeds and wheat were tested under axenic conditions in Abbas et al. [36]. The strains inhibiting one or
more weeds and promoting wheat may be more successful for weed control under natural conditions.
These may strengthen the weak crop plants, increase their competitive ability, and, hence, increase the
scale of weed control by allelopathic bacteria. The non-selective strains inhibitory to wheat may be
tested for their effects on other crops to explore opportunities for their application in other cropping
systems. The efforts on augmentation of effects of allelopathic bacteria under natural conditions may
be helpful to realize the dream of biological weed control. The strains of allelopathic bacteria obtained
from this study can be further tested for their effects on weeds and wheat under field conditions.
Further efforts may be required to improve their efficiency of weed control under natural conditions.
Application methods of allelopathic bacteria may also be needed to be optimized. This will produce a
bioherbicide for the control of weeds in an environmentally friendly and sustainable manner.

5. Conclusions

The rhizosphere of five weeds and wheat, growing in areas of high weed invasion, was explored
for the allelopathic bacteria. A large collection of strains of rhizobacteria was passed through a
comprehensive screening process for this purpose. We got 22.6% strains cyanogenic in nature, 21.3%
of which (19 strains) inhibited the growth of sensitive bacteria. These strains were applied to lettuce,
which showed mixed effects. These strains were later tested on four weeds and wheat. We got strains
inhibitory to all these weeds (eight for the broad-leaved dock, seven for wild oat, eight for little seed
canary grass, and three for common lambs’ quarter). They reduced the dry matter of these weeds from
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23.1 to 68.1%, 38.5 to 80.2%, 16.5 to 69.4%, and 27.5 to 50.0%, respectively. Only five of these strains
were inhibitory to wheat; the others either remained neutral (five strains) or improved the growth of
wheat (nine strains). These strains offer opportunities for the development of biological weed control.
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Abstract: Climate change has already affected food security in many parts of the world, and this
situation will worsen if nothing is done to combat it. Unfortunately, agriculture is a meaningful driver
of climate change, through greenhouse gas emissions from nitrogen-based fertilizer, methane from
animals and animal manure, as well as deforestation to obtain more land for agriculture. Therefore,
the global agricultural sector should minimize greenhouse gas emissions in order to slow climate
change. The objective of this review is to point out the various ways plant growth promoting
microorganisms (PGPM) can be used to enhance crop production amidst climate change challenges,
and effects of climate change on more conventional challenges, such as: weeds, pests, pathogens,
salinity, drought, etc. Current knowledge regarding microbial inoculant technology is discussed. Pros
and cons of single inoculants, microbial consortia and microbial compounds are discussed. A range of
microbes and microbe derived compounds that have been reported to enhance plant growth amidst a
range of biotic and abiotic stresses, and microbe-based products that are already on the market as
agroinputs, are a focus. This review will provide the reader with a clearer understanding of current
trends in microbial inoculants and how they can be used to enhance crop production amidst climate
change challenges.

Keywords: plant growth promoting microorganisms; climate change; abiotic stress; biotic stress

1. Introduction

The world is at a point where we can no longer prevent all of the effects of climate change (because
some of it is already here), but can only slow its further progress. The purpose of this paper is therefore
to give the reader an understanding of why plant growth promoting organisms, or their products,
are relevant, amidst climate change challenges, by showing how they can be used to mitigate the
effects of climate change on crop production. The paper also highlights the various ways in which
this approach can be used, and the role that inoculant formulation plays in maintaining the efficacy,
durability and handling of microbial inoculants. The major drivers of climate change are human
driven [1–3]. Burning of fossil fuels for energy, agriculture and industrialisation all contribute to
emission of greenhouse gases (GHGs), such as: methane, carbon dioxide and nitrous oxide (N2O).
Agriculture is a major contributor to greenhouse gas emissions [4,5], especially through the use of N
based fertilizers, methane emissions from animals and animal manure, deforestation to acquire more
land for crop production, etc. According to the intergovernmental panel on climate change (IPCC)
report on GHG emissions, energy consumption contributes about 35%, agriculture, forestry and related
land use 24%, industry 21% and transport 14% [6]. The greenhouse gases then trap heat radiating
from the earth’s surface, causing global warming. Unfortunately, climate change also adversely affects
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agriculture [6,7], especially because, along with increases in global temperature, comes the increased
prevalence of biotic and abiotic stresses that are detrimental to agriculture production, such as: pests,
pathogens, nutrient deficiencies, salinity and weather extremes [1,8–10], some of which may encourage
the further use of chemicals to correct, while there is little that can be done about others such as
high temperatures and floods. Unmanaged, such factors affect plant growth and render arable land
unproductive. This puts us in a challenging situation, especially because world population is growing
so that there is a need to increase food production [5], both through increasing yield per unit area and
reclaiming more land for crop production [11]. Therefore, while we strive hard to hold greenhouse gas
emissions to ‘bearable’ levels, there is also a need for sustainable approaches that will ensure increased
food production in the face of climate change. The use of agrochemicals has boosted crop productivity
and contributed to food security, especially in developed countries. However, shortcomings related to
their improper and continuous use, such as: increased greenhouse gas emissions (which is a major
contributor to global warming), surface and ground water contamination, residual contamination of
crop harvest, which poses health concerns to both humans and animals, as well as high costs related to
their use. These circumstances have created a need for a more ecofriendly and sustainable approach
for enhancing crop productivity in the face of climate change [11–13].

Several approaches have been suggested; the use of plant growth promoting microorganisms
and compounds that they produce is perhaps the most promising [14]. The holobiont refers to plants
and their associated microbes, which probably coexisted since the colonization of land by the first
terrestrial plants [15–17]. This association is referred to as the holobiont [18], and it is dynamic, with the
plant asserting a great influence on the nature of phytomicrobiome, especially in its rhizosphere [19],
which is mainly attributed to the composition of their root exudates. The rhizosphere, endosphere
and phyllosphere may be comprised of pathogenic, neutral and beneficial microbes, in relation to the
plant [18,20]. Microbes that exert beneficial effects on the plant are termed plant growth promoting
microorganisms (PGPM). These microbes may inhabit the rhizosphere, rhizoplane, phyllosphere,
endosphere, etc. [19] For decades, PGPM such as rhizobia, mycorrhizae and plant growth promoting
bacteria (PGPR, first defined by Kloepper and Schroth, in 1978) have been reported to enhance
plant growth under stressed and non-stressed conditions. The use of microbial inoculants is an old
practice [21] that has recently gained more prominence during the last three decades. Much research
has been done on rhizobia, and currently a lot is being done on plant growth promoting rhizobacteria
and PGPR derived compounds. The ability of microbes to suppress plant pathogens, as well as mitigate
the effect of abiotic stress on plants, has been investigated by many researchers, and the findings
are promising.

Although they occur naturally in the rhizosphere, and plant tissue, PGPM populations are often
insufficient to induce desired effects, hence, it is recommendable to isolate them from their natural
environments and multiply their populations before reintroduction into the soil or onto the plant as
microbial inoculants [14]. Products in the form of microbe-produced compounds are currently gaining
popularity among researchers, although they are less well known among farmers, in comparison to
microbial cell inoculants, packaged as either single microbial strains or consortia, which have been
commercialised for quite some time [21,22]. Microbe based inoculants are generally from the bacteria
(such as Bacillus and Rhizobia) and fungi (especially Trichordema) subgroups [19,22,23], although
some groups of archea have also been reported to enhance plant growth. Microbially produced
compounds, such as lipochitooligosaccharides (LCO), as plant growth enhancers, on the other hand,
are only gaining attention recently, which may explain their lesser availability on the agro-input market.
Figure 1 below summarizes some of the mechanisms PGPM employ to mitigate the effects of biotic
and abiotic stress on plants, which are later discussed in detail.

326



Agronomy 2020, 10, 1179

Figure 1. Mechanisms employed by plant growth promoting microorganisms (PGPM) to mitigate
effects of biotic and abiotic stress on plants.

2. PGPM as Enhancers of Soil Fertility

For proper growth and development, plants need enough supply of essential macro (Nitrogen,
Phosphorus, Potasium, Magnesium, Calcium, etc.) and micro (iron, manganese, boron, zinc,
molybdenum, copper) nutrients. N, P and K are the most limiting as far as plant growth is concerned.
Unfortunately, with climate change comes abiotic stresses like high temperature, drought and salinity,
which influence the biogeochemical transformation of nutrients like P, K, and N, making them
either available or less available for plant uptake [24–26]. While the lack of bioavailable macro and
microelements is natural in the soil, it could be worsened by climate change. Nitrogen, phosphorus
and potassium as the most plant growth limiting elements and their biogeochemical cycle, are affected
by temperature and rainfall amongst other abiotic factors, which happen to be affected by climate
change. Processes like decomposition, mineralisation, immobilisation, etc. are largely influenced by
temperature and rainfall. Processes like soil erosion should also be noted, which is majorly due to run
off and wind affect soil fertility as the nutrient rich topsoil is washed away.

Alkalinity affects the availability of Fe, Cu, Zn and Mn, while very low pH is associated with Al
toxicity. Processes such as mineralization and nitrogen fixation are affected by moisture, temperature
and pH, because they are driven by soil microorganisms like rhizobia, nitrifying bacteria, etc.,
and enzymes [24,26], which are also affected by abiotic stress. A study by DaMatta et al. [27] showed
a decrease in leaf N content of Coffea canephora due to water stress. For PGPM technology to be
relevant, amidst climate change, it is paramount that stress tolerant strains are identified and used.
At the same time, the availability of these nutrients is essential, because they play a key role in
minimizing the effects of other abiotic stresses like drought, salinity and high temperature on crops.
The roles N, P, K, Ca, Mg and Fe play in the mitigation of abiotic stress have been reported by many
researchers [27–33]. For instance, N and P have been reported to minimize the effects of drought
stress [24–26,34,35]. K plays a major role in drought stress as well, since it is involved in the opening and
closing of the stomata. Agricultural soils have been degraded due to continuous and intense cropping.
Agricultural practices like continuous cropping, especially monocropping of non-leguminous crops,
without application of fertiliser, is one way of depleting soils of nutrients [36]. This is a common practice
of many smallholder farmers, especially in sub-Saharan Africa, due to the inaccessibility and cost of
fertiliser [37]. Climate change is only further degrading the situation, because factors such as high
temperatures, drought, flooding, salinity, extreme pH, etc. may cause changes in the physiochemical
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properties of essential soil nutrients such as N, Fe, P and K, thereby limiting their mobility and/or
affect their availability for plant uptake, while enhancing the accumulation of toxic elements such
as aluminum (Al3+). The role of stress tolerant beneficial microbes in maintaining/increasing crop
production amidst climate change challenges cannot be ignored. In order to reclaim land that has been
abandoned due to inadequate nutrients for crop growth, considering the financial and environmental
costs related to synthetic fertilisers, stress tolerant plant growth promoting organisms can be a cheaper
and sustainable approach. With the need to reclaim more land for crop production, emphasis on
enhancing soil fertility is inevitable, because nutrients can enhance plant tolerance to abiotic stress.
Therefore, there is a need to address the issue using more sustainable approaches. With limited
alternatives, and research output so far, microbial inoculants are a promising approach to enhance
soil fertility, particularly in conjunction with the various challenges associated with climate change.
Microbial inoculants may be defined as formulations comprised of microorganisms, such as bacteria
and fungi, as the active ingredients, which once applied on plants, can enhance their growth [19,22,38].
They may also enhance plant quality through the increased concentration of essential nutrients such as
proteins [14], and valuable metabolites such as flavonoids, phenolics, alkaloids and carotenoids [23].
Microbial inoculants may also enhance soil biodiversity and properties such as soil structure [22].
As biofertilizers, microbial inoculants enhance the availability and uptake of essential plant nutrients,
such as: nitrogen, phosphorus, iron, zinc, and potassium [11–13], which, if lacking or available in
inadequate quantities, could limit plant growth.

2.1. Nitrogen Fixation

Some free-living and symbiotic bacteria fix atmospheric dinitrogen into plant usable forms,
initially ammonium, through biological nitrogen fixation. Symbionts such as Rhizobia, Bradyrhizobium,
Sinorhizobium, Frankia, Actinobacteria and Bukholderia form specialized structures called nodules on their
host plants, where they obtain nourishment and shelter, and in turn, fix nitrogen [38,39]. The process is
referred to as symbiotic nitrogen fixation and it occurs in both legumes and non-leguminous plants,
although that of legumes is the most studied. Communication in the form of molecular signals
from both the microbe and host plant, as well as a complex of enzymes (e.g., nitrogenase) and genes
(nif and/or symbiotic genes), are involved in the process of nitrogen fixation. On the other hand,
free-living nitrogen fixing bacteria such as Azotobacter do not need to occupy plant tissue to fix nitrogen.
Because of its high energy requirement, plants tend to prefer applied N fertilizer to biological nitrogen
fixation (BNF), hence, for effectiveness, synthetic N should not be used along with biological nitrogen
fixing organisms, because the plant may suppress the nitrogen fixing symbiosis. Where a starter
dose of synthetic N is necessary, it should be applied cautiously, because high N supply can have
an inhibitory effect on nodulation (nodule dry weight and number of nodules) and nitrogenase
activity [24,40,41]. Arbuscular mycorrhizal fungi, through their hyphae, can enhance the acquisition of
soil N by the plant [42], although there are wide variabilities as to the degree of this, whose causes
are not yet known [22]. The efficiency and effectiveness of nitrogen fixing bacteria varies among and
within plant species, and, in the agricultural context, are largely limited to members of the fabaceae
family. Other crops can benefit from the symbiosis by including legumes in crop rotation regimes.
There is also a need for more research on how to extend such modifications to non-leguminous plants.
Approaches such as genetic engineering to enable non-legume nitrogen fixation and enhance effective
communication with N fixing microorganisms can be further researched. Although genetic engineering
is questionable, especially its ecological impact, some of the questions are likely from a lack of adequate
information on the technology. Extensive research to address most of the questions can be very helpful.

2.2. Phosphate Mobilisation and Solubilisation

Although phosphorus is an abundant element in most soils, it frequently occurs in forms
unavailable for plant use. The application of external sources of P fertiliser, such as single super
phosphate, diammonium phosphate, etc., can help meet plants’ P requirements, but this too may be
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immobilised shortly after application, making it largely unavailable for plant uptake [43]. mobilization
(chemical solubilization and mineralization), which results in plant available forms of the respective
nutrients and solubilization, which is a more general term and does not necessarily result in readily
plant available forms. For instance, the solubilization of organic P does not necessarily mean that
the P is already plant available, as it may still be bound in unavailable organic forms (e.g., phytates).
PGPM may enhance soil phosphorus availability for plant uptake through solubilisation and/or
mobilisation of inorganic phosphorus. A PGPM may possess both or either mechanisms. The terms,
phosphorus solubilisation and phosphorus mobilisation are often used synonymously by many
researchers, although they are not necessarily the same thing. P solubilisation is the broader term,
which may entail P mobilisation. Goldstein and Krishnaraj [44] described phosphate solubilising
microorganisms as those that convert sparing soluble organic or mineral P, into soluble orthophosphate,
in a way that significantly increases P availability to a specific plant or plant population within the
microorganism’s native soil ecosystem. The same author defined phosphate mobilising microorganisms
as those that convert sparingly soluble organic or mineral P, into soluble orthophosphate P, in a way
that significantly contributes to pool of available orthophosphate (Pi) in the native soil ecosystem.
Phosphorus solubilising bacteria, such as: Pseudomonas, Bacillus, Burkholderia and Rhizobium, and some
fungal species solubilise inorganic phosphates from sparingly soluble forms such as: tricalcium
phosphate, dicalcium phosphate and aluminum phosphate, to forms such as hydrogen phosphate
(HPO4

−2), or dihydrogen phosphate (H2PO4
−1), which plants can utilise [37,42–46] through the

production of low molecular weight organic acid anions, such as gluconate, lactate, glycolate and
oxalate. Phosphorus mobilisers, on the other hand, produce enzymes (such as phosphatase, phytase
and phosphonoacetate hydrolase) that chelate cations, bind phosphates and dephosphorylate organic
phosphates [22,24]. Dephosphorylation is catalyzed by hydrolase enzymes such as phosphonoacetate,
which some PGPM can produce. For instance, ectomycorrhiza and ericoid mycorrhizal fungi produce
extracellular acid phosphatases and phytases, which catalyse the mineralisation of P from organic
complexes in the soil [42,47]. Other fungal species, such as Aspergillus niger, also produce organic acids
which aid the process of P solubilisation [48,49]. Through the possession of hyphae, some mycorrhizae
such as arbuscular mycorrhizae can deliver up to 80% of the phosphorus taken up by the host
plant [27,40].

2.3. Sequestering of Iron

Some PGPM, like Pseudomonas fluorescens and Rhizobia meliloti, sequester iron through the
production of siderophores, which can be grouped into four, namely: hydroxamates, catecholates,
carboxylates and pyoverdines [50]. Currently, about 500 siderophores have been reported by researchers.
Although plants cannot absorb Fe3+, siderophores have a high affinity for Fe3+, which results in
an iron-siderophore complex that is then absorbed by plants [51], into their tissues, hence, aiding
plants in meeting their iron requirements [14,17,43,52]. In 2013, study findings of Radzki et al. [53]
showed an increase in iron content at 12 weeks for iron deficient tomato plants, following inoculation
of siderophore producing bacteria, evidence that microbial siderophores can be a source of iron for
plants. A study by Sharma and Johri [54] also showed an increase in maize plant growth following
inoculation with siderophore producing PGPR. The uptake of Fe-microbial siderophore complexes
by strategy II plants, via ligand exchange, between ferrated microbes and a phyto siderophore, was
also reported by Yehuda et al. [55] It should also be noted that some plant species can also produce
siderophores which bind Fe3+, to form a complex that can be taken up by the plant with the aid of
ligands. Production of siderophores is also a benefit in the context of biocontrol in a sense that potential
plant pathogens, especially fungal pathogens, are outcompeted for iron sources, which may lead to
their death, or ineffectiveness.
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2.4. Potassium Solubilisation

Microbes such as: Arthrobacter sp. Bacillus edaphicus, Bacillus circulans and Bacillus mucilaginosus

convert sparingly soluble and mineral potassium to soluble forms available for plant use [56]. Through
the release of H+ and organic anions, such as citrate, malate and oxalate, arbuscular mycorrhiza can
also increase the solubility of mineral K [57], thereby increasing the availability of potassium anions for
plant uptake, although the increase in K+ availability is sometimes related to the increase in phosphorus
availability [22,58].

Some PGPR can also directly influence plant growth through the production of phytohormones
such as auxins and gibberellins, which enhance plant growth when plant phytohormones are at
suboptimal concentrations [37]. They may also produce enzymes which regulate hormone concentration
in plant tissue. For instance, some plant growth promoting microorganisms can produce an enzyme,
ACC deaminase, which breaks down ACC, a precursor of ethylene, into an alpha keto butyrate and
ammonium, hence lowering ethylene concentration in plant tissues [56,59–62]. With more research
and proper manipulation, PGPM, with the ability to enhance plant growth, may not necessarily fully
replace chemical fertilizer, but lower their use, directly and indirectly, through increasing the plants’
nutrient uptake efficiency from applied chemical fertilizers [63]. Manipulations such as developing an
effective consortium of microbes that are able to make available key elements in the soil would greatly
reduce the need to use chemical fertilizers. For instance, rhizobial species require iron for good growth,
and in their nitrogenase complex, hence co-inoculation of rhizobia and siderophore producing PGPM
could enhance nodulation and nitrogen fixation [64]. Use of biofertilizers can lower the need to burn
fossil fuels for fertilizer production, and the associated contribution to greenhouse gas emissions.

3. PGPM and Control of Plant Pests and Diseases

With global warming comes new species of pests, weeds and pathogens currently prevalent in
warmer environments. The use of chemicals to suppress such plant growth inhibitors is effective but
with negative outcomes related to improper use, cost, and increasing evolution of tolerance to the
chemical. The antagonist properties of biocontrols against such plant growth suppressors have been
reported by many researchers, and the results are promising. A diversity of PGPM with biocontrol
properties has been identified by researchers, conferring benefits to a variety of crop species [65–73].
Berendsen [74] showed that plants, when exposed to pathogen attack, can recruit specific plant growth
promoting microbes with biocontrol activity, against the pathogen in question. It is believed that
manipulating plant recruited PGPM for inoculant production could be more effective in controlling
targeted pathogens, than PGPM isolated from places with no pathogen attack. Biocontrols have
the potential to minimise the use of industrially manufactured chemicals in agricultural production.
This would mean a decline in burning of fossil fuels, and hence a reduction in greenhouse gas emissions.
This is because some pesticides are synthesized in laboratories using hydrocarbons like petroleum,
which is a fossil fuel. Reduction in their use can mean a reduction in burning fossil fuels, hence less CO2

emission to the atmosphere. It would also reduce effects on non-targeted members in the ecosystems,
which are sometimes affected by chemical use.

Biocontrols may act directly to inhibit growth of biotic agents through hyper parasitism and
production of bioactive substances, such as: antibiotics, hydrogen cyanide and phenazines [73],
or indirectly through competition for nutrients and active sites on plants, as well as inducing the plant’s
systemic resistance against the harmful biotic factor [22,38]. Siderophore producing PGPM tend to
outcompete other microorganisms for iron sources, which causes inefficiencies in terms of pathogen
activities, especially for fungal pathogens, which eventually leads to their death [64]. Induced systemic
resistance is triggered by microbe associated molecular patterns (MAMPS), such as lipopolysaccharides,
that plants recognise and respond to by turning on their defence systems [75]. Since MAMPS differ
among PGPM, it is believed that microbial consortia made up of more than one microbe may induce
stronger systemic resistance than single strains [72], although further research needs to be done for
a clearer understanding of this potential. PGPM can not only mitigate crop, but also suppress crop
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pests, such as spidermites [76], moths [77], aphids [78], nematodes [67,79], leaffolder pest [80] and
cutworms [81], which greatly contribute to losses incurred in crop production, right from planting
to harvesting and storage, if not managed well. PGPR control pests through mechanisms such as
production of volatile compounds, such as compounds such as β-ocimene and β-caryophyllene [76],
that attract natural enemies of the pest in question. For example, a study by Pangesti et al. [77] showed
an increase in the concentration of parasitoid Microplitis mediator, a natural predator of Mamestra brassicae

following the inoculation of Arabidopsis thaliana roots with the rhizobacterium Pseudomonas fluorescens

WCS417r. Other mechanisms through which PGPM mitigate the effects of pests include, increased
activity of antioxidant enzymes and increased content of proteins and phenolics in plants, etc. In other
cases, the biocontrol agent may not have an effect on the biotic antagonist, but will enhance plant yield
in the presence of the antagonist [78]. This particular strategy seems very useful, especially in cases
where biotic stress factors such as weeds and pests become resistant or unresponsive to other control
strategies. It may also enhance/preserve species diversity, hence maintaining ecosystem functionality.

Some PGPM are efficient against pathogens as single strains, while others perform better as a
consortium. Details of single strains vs. consortia are discussed later in this review. Table 1 lists PGPM
with potential biocontrol activities against the pathogens of various crop species. With the increasing
campaign against the use of chemicals, as a means of combating climate change, such strains are a
promising substitute for chemicals that are currently prevalent in agricultural production. Currently,
the global biocontrol market is approximately 2 billion USD [79], and is expected to grow further.
More research on existing microbial species or microbe-produced compounds with biocontrol properties
is still desirable, as is the identification of new ones.

Table 1. Biocontrol species against biotic stressors of different crop species.

PGPM Biotic Stress Host Plant Reference

Bacillus amyloliquefaciens LY-1 Peronophythora litchii
Litchi (Litchi chinensis

Sonn.)
[71]

Burkholderia cepacia Fusarium oxysporum Solanum tuberosum [65]

Pseudomonas fluorescens Fusarium graminearum
Triticum aestivum(wheat)

cv. Tabuki
[66]

Pseudomonas fluorescens CHAO
Gaeumannomyces graminis

var. tritici
Triticum sp. [64]

Pseudomonas fluorescens CHAO Thielaviopsis basicola Nicotiana tabacum [64]

Bacillus spp. Heterodera glycines Glycine max. [82]

Serratia proteamaculans Meloidogyne incognita Solanum lycopersicum L. [72]

Bacillus aryabhattai A08 Meloidogyne incognita Solanum lycopersicum L. [83]

Serratia plymuthica HRO-C48 Botrytis cinerea _ [84]

Serratia plymuthica strain C-1,
Chromobacterium sp. strain C-61 and

Lysobacter enzymogenes strain C-3 consortium
Phytophthora capsici Cupsicum spp. [85]

Paenibacillus sp. 300 + Streptomyces sp. 385,
Oxysporum f. sp.

Cucumerinum
Cucumis sativus [86]

Pseudomonas fluorescens WCS 358
Fusarium oxysporum f sp.

Raphani
Raphanus sativus [87]

Pseudomonas fluorescens Macrophomina phseolina Coleus forskohlii Briq. [68]

Pseudomonas aeruginosa 7NSK2 Pythium splendens Lycopersicon esculentum [88]

Pseudomonas fluorescens Pythium spp. Triticum sp. [64]

Pseudomonas fluorescens Pythium ultimum Gossypium sp. [64]

Bradyrhizobium japonicum NCIM 2746
Rhizopus sp. and,

Fusarium sp.
Glycine max L. [89]

Paenibacillus lentimorbus B30488 Scelerotium rolfsii Solunum lycopersicum L. [69]
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Table 1. Cont.

PGPM Biotic Stress Host Plant Reference

Pseudomonas putida UW4 Agrobacterium tumefaciens Solanum lycopersicum [90]

Burkholderia phytofirmans PsJN Agrobacterium tumefaciens Solanum lycopersicum [90]

Bacillus cereus PX35, Bacillus subtilis SM21
and Serrati asp. XY2

Meloidogyne incognito S. lycopersicum [91]

Pseudomonas fluorescens strain S35 Phytophthora infestans Solanum tuberosum [73]

Pseudomonas frederiksbergensis strain 49 and
Pseudomonas fluorescens strain 19 consortium

Phytophthora infestans Solanum tuberosum [73]

Pseudomonas putida strain R32 Phytophthora infestans Solanum tuberosum [73]

Pseudomonas chlororaphis spp. strain R47 Phytophthora infestans Solanum tuberosum [73]

Pseudomonas spp. strain S49 Phytophthora infestans Solanum tuberosum [73]

Bacillus and Pseudomonas spp. consortium
Fusarium oxysporum U3
and Alternaria sp. U10

Nicotiana attenuata [92]

Chaetomium sp. C72 and Oidodendron sp. Oi3
consortium

Fusarium oxysporum U3
and Alternaria sp. U10

Nicotiana attenuata [92]

Pseudomonas chlororaphis R47 Phytophthora infestans Solanum tuberosum [69,93]

Pseudomonas fluorescens strain LBUM 636 Phytophthora infestans Solanum tuberosum [94]

Agrobacterium radiobacter var radiobacter Crown gall Solunum lycopersicon [95]

Tricoderma koningiopsis Th003 WP Fusarium oxysporum Physalis peruviana [67]

Trichoderma harzianum Tr6 + Pseudomonas sp.
Ps14

Fusarium oxysporum f. sp.
radicis cucumerinum

Cucumis sativus [96]

Pseudomonas sp. Ps14 Botrytis cinerea Arabidopsis thaliana [96]

Trichoderma harzianum Tr6 Botrytis cinerea Arabidopsis thaliana [96]

Pseudomonas putida Spodoptera litura Solanum lycopersicum L. [96]

Pseudomnas flourescences Pf1, Bacillus subtilis
Bs and Trichoderma viridae Tv consortium

Lasiodiplodia theobromae Polianthes tuberosa L. [97]

Pseudomonas sp. 23S Clavibacter michiganensis Solanum lycopersicum L. [98]

Peanibacillus lentimorbus B-30488 cucumber mosaic virus
Nicotiana tabacum cv

White burley
[99]

Serratia liquefaciens MG1 Alternaria alternate Solanum lycopersicum [100]

Xanthomonas sp. WCS2014-23,
Stenotrophomonas sp. WCS2014-113 and

Microbacterium sp. WCS2014-259

Hyaloperonospora
arabidopsidis

Arabidopsis thaliana [74]

Lactobacillus plantarum SLG17 and Bacillus
amyloliquefaciens FLN13

Fusarium spp. Triticum durum [101]

Fusarium oxysporum strain Fo162 Aphis gossypii Glover Cucurbita pepo [102]

Rhizobium etli strain G12 Aphis gossypii Glover Cucurbita pepo [102]

Bacillus subtilis strain BEB-DN Bemisia tabaci Solanum lycopersicum [103]

Bacillus amyloliquefaciens (SN13) Rhizoctonia solani Rice (Oryza sativa) [104]

Pseudomonas fluorescens Migula strains Pf1
and AH1

Desmia funeralis Oryza sativa [80]

Pseudomonas putida and Rothia sp. Spodoptera litura Solanum lycopersicum [81]

4. PGPM and Abiotic Stress

With climate change, the occurrence of extreme abiotic stresses, such as floods, salinity,
high temperature and drought are expected to increase [3,8–10,105]. In fact, much of this is already
being experienced in some parts of the world. Winters are becoming warmer in some regions; rainfall is
becoming scarcer and more erratic, causing droughts and desertification [1,2,104] in other regions.
With less rainfall, salinity is more likely to occur, either through irrigation or natural causes [106–111].
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All these factors affect crop production, and their management inputs are sufficiently costly that many
farmers may not be able to afford them. Factors such as high temperatures can generally not be managed
under field conditions. Therefore, there is the need for a strategy that is ecofriendly and manageable by
the majority of crop producers. PGPM have been reported to mitigate effects of abiotic stress on plants,
hence, allowing the plant to grow and yield relatively well under stress conditions [112–115]. Various
researchers have reported the ability of a wide range of PGPM to enhance plant growth, in the presence
of abiotic stressors, such as salinity [116,117], drought [114,118,119], heavy metals and acidity. In fact,
the ability of some PGPMs to enhance plant growth is only triggered in the presence of stress [118].
They employ mechanisms such as the production of ROS scavenging compounds, possession of
ACC deaminase (an enzyme that lowers ethylene concentration in plants exposed to stress), and the
production of exopolysaccharides and osmolytes. For example, Akhtar et al. [120] observed an increase
in the antioxidant activity of catalase (CAT) in the roots of drought stressed maize plants treated with
Bacillus licheniformis (FMCH001). Treated plants also exhibited a higher dry weight and higher water
use efficiency. Yang et al. [121] also reported the increased activity of catalase and dehydroascobate
reductase enzymes in salinity stressed Quinoa plants treated with an endophytic bacterium known as
Burkholderia Phytofirmans PsJN, compared to the untreated plants. The former also exhibited a higher
shoot biomass, grain weight and grain yield compared to the latter. Some rhizobia spp. produce
the compound rhizobitoxine, which inhibits the activity of ACC synthetase, hence lowering ethylene
activity that would otherwise inhibit nitrogen fixation. A PGPM may possess one or more of these
mechanisms, all of which act to help a plant thrive under stress conditions. Like plants, PGPM can also
be affected by abiotic stress, such as salinity, high temperature and drought, which can lower their
efficacy in promoting plant growth, or even death of the microbe, in cases of prolonged exposure to
extremes of such conditions [122]. Therefore, it is essential that the strains chosen for use are tolerant
to the abiotic stress, whose effect in plants they tend to mitigate. Strains isolated from areas affected by
abiotic stress may have an edge over those isolated under normal conditions, although this may not
always be the case. The use of microbial consortia may be helpful, especially in areas where more than
one factor inhibits crop growth (which is almost always the case under field conditions). However,
more research needs to be conducted, for the better deployment of PGPM technology. The exploitation
of such microbes has a definite potential to maintain crop production amidst increasing abiotic stresses
that are rendering some currently arable land unfit for crop production. Table 2, below, shows some
PGPM strains that have been discovered and characterized by researchers, with the potential to mitigate
the effects of abiotic stress on a range of plant species.

Table 2. Examples of PGPM that enable plants to withstand abiotic stress.

PGPM Abiotic Stress Host Plant Reference

Pseudomonas putida MTCC5279 Drought chickpea (Cicer arietinum) [114]

Pseudomonas fluorescens REN1 Flooding Rice (Oryza sativa) [123]

Variovorax paradoxus 5C-2, Salinity Peas [115]

Bacillus amyloliquefaciens SQR9 salinity Maize [112]

Dietzia natronolimnaea Salinity Wheat (Triticum aestivum) [116]

Serratia nematodiphila Low temperature pepper (Capsicum annum) [124]

Burkholderia phytofirmans PsJN Low temperature grapevine (Vitis vinifera) [125]

Pseudomonas vancouverensis Low temperature
Tomato (Solanum

lycopersicum)
[113]

Pseudomonas sp. S1 drought Capsicum annum [118]
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Table 2. Cont.

PGPM Abiotic Stress Host Plant Reference

Pseudomonas sp. S1 drought Vitis vinifera [118]

Achromobacter xylosoxidans Flooding stress Ocimumsanctum [126]

Pseudomonas sp. 54RB + Rhizobium sp.
Thal-8

Salinity Zea mays cv. Agaiti 2002 [127]

Pseudomonas putida KT2440,
Sphingomonas sp. OF178, Azospirillum

brasilense Sp7 and Acinetobacter sp.
EMM02) consortium

drought Zea mays [119]

Achromobacter xylosoxidans salinity Catharanthus roseus [128]

Burkholdera cepacia SE4 salinity Cucumis sativus L. [124]

Pseudomonas putida (W2) salinity Triticum aestivum L. [56]

Pseudomonas fluorescens (W17) salinity Triticum aestivum L. [56]

Kocuria flava AB402 Arsenic toxicity Oryza sativum [129]

Bacillus vietnamensis AB403 Arsenic toxicity Oryza sativum [129]

Trichoderma spp. strain, M-35 Arsenic toxicity Cicer arietinum [130]

Burkholderia cepacia and Penicillium
chrysogenum consortium

waste motor oil toxicity Sorghum bicolor [131]

Bacillus safensis High temperature Triticum aestivum L. [132]

Pseudomonas aeruginosa Zn-induced oxidative stress Triticum aestivum L. [133]

Bacillus licheniformis
(FMCH001)

oxidative stress
Drought

Zea mays L. cv. Ronaldinho [120]

Burkholderia phytofirmans PsJN Salinity Chenopodium quinoa Willd [121]

5. Commercialisation of Microbial Inoculants

Making PGPM technology available for farmers is key to ensuring their adaptation as agricultural
inputs. Commercialisation of promising strains is one way of making promising strains accessible by
farmers. Although various strains that possess desirable properties under laboratory and greenhouse
conditions may be isolated, developing a commercial product, effective under field conditions, is not
an easy task, especially because numerous factors determine the efficiency of introduced species.
Characteristics such as: possession of multiple mechanisms of enhancing plant growth, ability to
compete favorably and establish populations in the rhizosphere, persistence in the rhizosphere over
seasons, and ability to be cultured in artificial environments [15,61,89] are desired for potential PGPM
strains. However, many plant and soil factors, such as plant species, soil temperature, composition
and prevalence of native microbes, soil pH, etc., may work together against a strain which is otherwise
excellent under controlled environment conditions. Even before introduction into the field, factors
such as formulation play a major part concerning a product’s efficacy. For instance, solid inoculant
formulations are desired for their longer shelf life, however, the process of drying microbes often
results in lower microbial cell counts, hence lowering their competitiveness, since number contributes
greatly to their ability to compete with native microbes [134]. Exposing a potential PGPM to some
level of stress before formulation may increase its survival rates during formulation and after field
application [134]. Before introducing a potential PGPM inoculant into the market, a series of events,
such as greenhouse and field trials, characterization, toxicology profiling, etc. occur, most of which are
intended to increase strain survival and efficacy in the field.
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Formulation of Microbial Inoculants for Commercial Purposes and Their Mode of Application

Microbial inoculants are usually a combination of microbial cells and/or their parts/compounds
and a nonliving carrier that may be in form of a liquid or solid material [15,24,38]. Microbial cells may
be either active or dormant; in the latter case, they have to be activated before or after inoculation [15].
They may also be pure cultures (single strains) or a combination of microbial strains (microbial
consortia) [15,38]. Formulation is a major contributor to the variation in performance of inoculants
observed in farmers’ fields and at research stations. Formulation can shield the microbe from adverse
environmental conditions, increase their shelf life and also supply their nutritional requirements,
hence enhancing their chances of survival in the field [23,134]. Normally, a group of microbes are
isolated from their natural habitat (soil or plant tissue), tested for their ability to promote plant growth
under a range of conditions, and the superior strains are selected for commercialisation purposes.
The strains are multiplied and formulated under controlled environment conditions, after which the
efficiency of the inoculant is evaluated under field conditions [23]. The method of formulation ought
to consider the target crop, target market and mode of application, the latter because the type of
formulation often dictates the mode of application of the inoculant. For instance, solid formulations are
mainly applied through seed dressing, or broadcasting onto the field, while liquid formulations have a
wide range of application methods [15,24,38]. Liquid carriers are mostly water and/or organic solvents
(other than microbial media), such as glycerol and carboxymethyl cellulose that are added to increase
properties such as stickiness and dispersal abilities [23]. There are several types of solid carriers,
such as clay, vermiculite, peat and charcoal [15]. Care should be taken, when selecting microbial
carriers, to ensure they have no negative impact on the environment or the microbe itself [15,38].
Although they are easy to handle and work with, liquid carriers may require specialised storage
conditions (cool conditions that necessitate a cooling mechanism) for a long shelf life [23], which makes
their marketing and use in developing countries difficult, due to limited and unstable power supply
on most farms. Solid formulations, on the other hand, are bulky and may require larger storage
facilities, when compared to liquids. However, materials such as peat have an outstanding reputation
as inoculant carriers, and are successfully used in both North and South America [23]. The formulation
method opted for should ensure the affordability of the final product by the target market, since
a very expensive product is likely to meaningfully increase production costs, which is undesirable.
For instance, sterile carriers are preferred over nonsterile carriers [23], however the former are costlier
than the latter, which may make them unaffordable to many farmers across the globe. The formulation
method should also ensure the compatibility of the inoculant with agronomic practices, such as weed
control methods, irrigation, etc.

Once a formulated product exhibits positive responses, in field and greenhouse trials, it is put on
the market for accessibility by farmers. While the isolation and characterisation of microbial strains
from their natural habitats is largely done by academic research institutions, the production of microbial
inoculants for commercial purposes is dominated by registered companies, which obtain patents and
rights over specific inoculants. Table 3 below shows such microbial based products on the market as
plant growth stimulants.
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Table 3. Examples of microbial inoculants currently available on the market, and their producing companies.

Inoculant Country Producer Use Reference

Bacillus megaterium Sri Lanka BioPowerLanka
Phosphorus

solubilisation
[135]

Pseudomonas striata, B. Polymyxa and
B.megaterium consortium

India AgriLife
Phosphorus

solubilisation
[135]

Acidithiobacillus ferrooxidans India AgriLife Iron mobilization [135]

Trichoderma and Bradyrhizobium spp.
(Excalibre-SA) consortium

USA ABM®
N fixation

Growth stimulation
[18]

BIODOZ®

(B. japonicum)
Denmark Novozymes Nitrogen fixation [134]

Cell-Tech®

(B.japonicum)
Belgium Monsanto (Bayer) Nitrogen fixation [134]

Nitragin®

S. meliloti
Belgium

Monsanto BioAgTM

(Bayer)
Nitrogen fixation [134]

Cedomon®

Pseudomonas chlororaphis
Sweden BioAgriAB Biopesticide [134]

SheathguardTM

Pseudomonas fluorescens
India AgriLife Biopesticide [134]

Galltrol® -A
Agrobacterium radiobacter

USA AgBioChem Biopesticide [134]

HISTICK®

Bradyrhizobium japonicum
Germany BASF SE Nitrogen fixation [135]

Bacillus + Pseudomonas + Lactobacillus +
Saccharomyces spp.

Canada EVL Inc Biostimulant

Xen Tari
(Bacillus thuringiensis)

USA Valent USA Biopesticide [136]

VOTIVO FS seed treatment (Bacillus firmus) USA Bayer Biopesticide [136]

VectoLex FG (Bacillus sphaericus) USA Valent Biosciences Biopesticide [136]

Venerate XC (Burkholderia rinojensis) USA
Marrone Bio
Innovations

Biopesticide [136]

Zequanox (Pseudomonas fluorescens) USA
Marrone Bio
Innovations

Biopesticide [136]

BotaniGard ES/WP, Mycotrol (Beauveria
bassiana)

USA Lam International Biopesticide [136]

Naturalis L (Beauveria bassiana) USA Troy BioSciences Biopesticide [136]

BioCeres WP (Beauveria bassiana) USA BioSafe Biopesticide [136]

Met-52 EC and Met-52 G (Metarhizium
brunneum (anisopliae s.L.)

USA Novozymes Biopesticide [136]

MeloCon WG (Purpureocillium lilacinum) USA Bayer Biopesticide [136]

Cyd-X, Cyd-X HP (Cydia pomonella (CpGV) USA Certis USA Biopesticide [136]

FruitGuard (Plodia interpunctella GV USA Agrivir Biopesticide [136]

Serenade (Bacillus subtilis QST 713) Agraquest Biocontrol [79]

Bacillus firmus I-1582 WP5 (B. firmus
I-1582)

Bayer Crop Science Biocontrol [79]

Cedomon (Pseudomonas chlororaphis
MA342)

Bioagri [79]

Proradix (Pseudomonas sp. DSMZ 13134)
Sourcon–Padena
Germany, Itary

Biocontrol [79]

Novodor (B. thuringiensis ssp. tenebrionis
NB 176)

USA Valent Bioscience Biocontrol [79]
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6. Limitations to Global Use of Microbial Inoculants

Although microbial inoculants are viewed as the most viable hope, with regard to sustainable
agriculture in the face of climate change, their use and adoption globally are still wanting, due to a range
of reasons, that vary between developed and developing countries. Adaptation to use of microbial
inoculants is developing at a relatively faster pace [24] in the developed world than in developing
areas, such as Africa, where their use is restricted by limited availability of resources and knowledge,
among other factors. In the developed world, microbial use is slowed largely by inconsistencies in
enhancing plant growth, in which case crop producers opt for chemicals, which generally provide
stable results. There are many cases where the excellent performance of an inoculant observed during
pre-commercialisation trials does not translate to efficiency on farmers’ fields. Even when it does,
sometimes the results are not consistent, which frustrates the farmers. Some of these inconsistences
may be attributed to biotic and abiotic soil factors and plant factors which directly or indirectly affect
the introduced microorganism(s) [23]. For instance, some inoculants are cultivar and species specific,
in that applying them outside the target species will yield no results. Soil factors such as salinity and
temperature are dynamic and affect the survival and effectiveness of the applied microbial strains.
This implies that soil conditions should always be favorable for the introduced microbe, otherwise
inconsistencies are bound to prevail. Therefore, there is a need to sensitise farmers regarding the proper
use of microbial products to minimise such inconsistencies. Unless sensitisation is properly conducted,
we cannot rule out inappropriate practices such as farmers applying rhizobial inoculants together with
high doses of nitrogen fertilizer, expecting better results than the inoculant or fertilizer used alone.
In fact, nitrogen fertilizer will inhibit biological nitrogen fixation. Similarly, applying a biocontrol
to a soil or plant that lacks the pathogen it can antagonise/suppress may not yield results. It is also
important to understand the status of the soil/plant as the application of microbial inoculants may
inhibit plant growth where the soil/plant already contains optimal concentrations of the compound
that the microbe produces to enhance plant growth. For instance, application of IAA producing
PGPM on plants with an already optimal concentration of IAA may yield negative effects on the
plant, due to excess IAA [43]. Understanding soil conditions will also guide the farmer regarding how
often to apply the inoculant. Some require seasonal, annual or even twice in a season application,
while after some time, application may not be necessary, especially where the microbe establishes
reasonable populations in the soil. Successful microbial inoculants employ mechanisms that give
them a competitive advantage over the native strains. For instance, rhizobia and mycorrhizal fungi
have a signaling system with their host plants, which gives them an advantage over their competitors.
Introduced microbes may also outcompete native microbes through the production of antimicrobials,
which may kill or deter other microbes, as well as the production of siderophores that give them a
competitive advantage over other microbes for iron resources in the soil, hence proliferating better,
especially in iron limited soils [14]. Nevertheless, it is important to increase the competitive advantage
of introduced microbes, by ensuring high microbial concentrations in the inoculant and use of adequate
formulations [18]. With approaches such as metagenomics, the microbial population of the target
environment can be studied, and potential PGPM studied for their ability to out compete the latter
in field, greenhouse and laboratory conditions. However, this may not be an easy task, given that
microbial populations in crop production fields may differ meaningfully due to a wide range of factors.
Location and plant specific nature of some phytomicrobiome elements for inoculant production should
also be prioritised, since such microbes, to a great extent, are more adapted to the environment and/or
plant conditions, which may increase their chances of survival and persistence in the soil. The idea
of using microbial consortia may also work to our benefit, as will be discussed below. This does not,
however, disqualify single strain inoculants; their advantages are also discussed below.

In less developed countries, especially in sub-Saharan Africa, reasons for low adoption also
vary between large- and small-scale farmers. For large-scale farmers, such as those in Zimbabwe,
South Africa and Kenya, the ineffectiveness of many microbe-based products in the field contributes
meaningfully to the low adoption of microbial inoculants [137,138]. For small scale farmers, costs and
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inadequate knowledge of such products are the major drivers. These two factors, especially costs,
also limit the use of other agricultural inputs, such as high-quality seed. Exceptions can be made for a
smaller group of small scale farmers, whose farms’ researchers run experiments/field trials, because
then, they can obtain access to the inputs from researchers largely free of charge, otherwise, they mostly
depend on crop rotations (which are sometimes not properly done) and animal manures, while others
just grow their preferred crops year in year out. The lack of knowledge can be attributed to the large
gap between research and extension. Researchers achieve good findings, but due to poor funding
and poor dissemination techniques, this knowledge never reaches the farmer [138]. Publications do
not help much, because many small-scale farmers are illiterate, and even those who can read have
limited access to technologies such as smart phones, computers and the internet. It should be noted
that many small-scale farmers are also low-income earners, who struggle to meet their basic needs.
In countries where governments are not directly involved in the distribution of agricultural inputs,
dealers may not be willing to extend products to people who they well know cannot afford them,
which leads to unavailability of and/or inaccessibility of the products by the farmers. In such cases,
intervention strategies should definitely be at least a bit different and more vigorous. First and foremost,
the knowledge of existence of PGPM technology needs to be spread to these largely small scale farmers.
Projects like N2 Africa have done a good job in trying to spread the BNF technology, although more
effort is still needed. Extension officers should be updated on new findings and products, and be
properly facilitated to extend this knowledge to the farmers. Governments may consider subsidizing
products and getting directly involved in their distribution to the farmers. Promiscuous soybean
varieties are already a good strategy of eliminating the need for inoculation. It would be better to
develop strategies that enable the use of farm-based PGPM inoculants, as many farmers have limited
access to agro-input markets, in part due to poor transport networks. Locally made cooling facilities
such as charcoal based refrigerators and unglazed clay pots may also be helpful. However, the former
would be a contradictory measure, given that it would encourage deforestation. The whole sensitisation
process should involve all stakeholders, such as governments, extension officers, agricultural schools,
and private companies that contract small scale farmers to grow crops for them for use as raw materials.
The latter, especially, provide the farmer with chemicals such as pesticides and fertilizers; therefore,
their involvement cannot be ignored.

7. Microbial Consortia

In order to address issues associated with the use of single strains as inoculants, microbial consortia
have gained popularity. This may be relevant, especially now that the prevalence of both biotic and
abiotic stresses due to climate change are likely to increase. Microbial consortia technology involves
the use of more than one microbial species in a single inoculant product. The microbes may have
the same or different modes of action [18,70,89], and may be from different phyla, genera or even
other groupings, for example, a combination of bacterial and fungal strains. Microbial consortia may
have an advantage over single strains when the species synergistically interact and confer benefits to
each other [70,71,89,117]. For instance, one strain may breakdown a substrate, unavailable to other
species, converting it into forms that the other members of the consortium can utilise as a source of
nutrients [14], or produce exopolysaccharides which offer protection against stress to all members of
the consortium [134], produce compounds which are signals that activate plant growth promotion
capability of other members of the consortium, through the production of plant growth stimulating
compounds, that they would otherwise not produce, for instance, in pure culture. In cases where
microbes with the same mode of action are used, members may have varying tolerance to different
biotic and abiotic stresses, which enhances survival of at least a member that will confer intended
benefits to the plant. In the case of different modes of action, these complement each other and
confer a more effective benefit to the plant. It could also be that some members of the consortium are
simply helpers of the strains meant to benefit the plant. Such helper strains, for instance mycorrhiza
helper bacteria, should facilitate the target strain in plant colonisation, conferring benefits to the plant.
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Researchers have reported inefficient strains that became efficient in a consortium. For example,
Santhanam et al. [89] observed that the inclusion of two bacterial strains with insignificant effects on
mortality of sudden wilt pathogens in tobacco, in a consortium with three other bacteria improved
resistance of plants to the same pathogen, in comparison to the consortium of 3 used alone. Mycorrhizal
fungi, in association with a helper bacterium, may have better established mycelia and plant root
colonisation, if the bacterium produces substances that directly enhance the germination of fungal
spores, or indirectly enhance the establishment of mycorrhiza through the production of antimicrobials
that reduce competition from other microbes or minor pathogens [14].

Because of the interaction advantage, some microbes perform better in microbial consortia than
when applied individually [70,89]. However, the reverse is true for some PGPM species, as reported by
other researchers [70,92,100]. Therefore, the role that single strain inoculants play cannot be written off
easily, especially because microbial consortia also have their shortcomings. Coming up with effective
compatible combinations in which all members actively benefit the plant can be challenging, practically
given that some members of the consortium may produce compounds lethal to other members [133].
Even if the produced compounds do not go to the extreme of killing other members, they may cause a
shutdown of their plant growth promoting system, or interfere with their growth, as de Vrieze et al. [70]
observed in a consortium of five Pseudomonas strains. In such cases, it is probable that only a subset of
the consortium members will actively benefit the plant, the rest being “dormant” or dead. Difficulties
concerning the formulation of microbial consortia may also be associated with the variations in optimal
growth conditions. For more than one species, or even genus, creating conditions that will favour all
members while retaining their ability to promote plant growth may not be easy. Finally, manufacturing
consortia can be challenging, as very small changes at the outset can result in very different levels of
consortium members in the final product, resulting in product inconsistencies.

8. Microbial Compounds as “Inoculants”

The use of microbial compounds as “inoculants” is slowly gaining popularity after successful
trials [139–145]. To be a true inoculant, the material must contain living cells that colonize the plant.
In this case, the technology may be the product of microbial growth and may be more valuable as a
result of climate change were biotic and abiotic factors may lower or completely halt the effectiveness
of microbial cell based inoculants. This practice involves the separation of cell free supernatant from
microbial cells, and the subsequent separation and purification of the compound from the cell-free
supernatant, mainly through high pressure liquid chromatography (HPLC). The pure compound
is then tested for its ability to promote plant growth under greenhouse and field conditions, prior
to commercialisation. Before commercialisation, other tests, such as the effect of the compound on
non-target organisms and humans, as well as checks regarding legal regulations, are usually carried
out. The effect of the compound on non-target organisms such as plants, humans and animals ought to
be substantially understood too, as with studying the residual effects of the compound (how much of
it remains in the edible parts of the plant, and in the soil, following application). Therefore, before any
compound can be commercialised, its ability to be purified, and produced on a large scale, should be
verified [143]. The compound should be identified and characterised based on its physiological and
biological properties.

The efficacy and type of microbial bioactive compounds produced are influenced by microbial
species and conditions to which the PGPM is exposed. Slight alterations in growth conditions may result
in different compounds, produced at different levels, and with varying degrees of efficacy. For instance,
varying the pH, a Pseudomonas species culture caused it to produce different phenazine compounds with
varying efficacy against Fusarium oxysporum f. sp. radicis-lycopersici [143]. Sometimes, the PGPM has
to be exposed to stressful conditions before it will produce bioactive compounds, as such compounds
may only be produced to enhance the survival of the microorganism under stressful conditions.
Therefore, it is important to have an adequate understanding of the conditions under which a certain
PGPM will produce plant growth stimulating compounds.
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So far, not many (compared to microbial strains) bioactive compounds have been identified
for use in crop production. The Smith laboratory at McGill University has thuricin17 and
lipochitooligosaccharide (LCO). Thuricin 17 is a bacteriocin secreted by Bacillus thuringiensis,
a non-symbiotic endophytic bacterium. The compound is known to have anti-microbial properties,
which gives Bacillus thuringiensis a competitive advantage over other bacteria of the same grouping [140].
After a series of experiments, thuricin 17 was discovered to have growth promoting properties for
tomato, soybean, canola, arabidopsis, and rapeseed and switch grass [117,140–142,144,145]. More trials
are on-going, and the technology has yet to be commercialised. Lipo-chitooligosaccharide, on the other
hand, is produced by rhizobia, as a signal to its host plants [139]. Formerly extensively studied for its role
in the nodulation process, the compound is currently patented and being marketed by Novozymes as a
plant growth stimulant, where its effects are greatest under abiotic stress conditions. Other compounds
such as phenazine-1-carboxylic acid (PCA) have also been commercialised [143,146–153]. Table 4 shows
the various compounds with potential use as agro-inputs. Some of them are already commercialised.

Table 4. Microbial compounds of agricultural importance.

Compound
Producing
Microbe

Function Comment Reference

LCO
Bradyrhizobium

japonicum
Biostimulant

Stimulates plant growth under
stressed and non stressed conditions.

[117,146]

Thuricin17
Bacillus

thuringiensis
Biostimulant

Enhances growth of different crops eg
Soybean in stressed and non stressed

conditions
[141,142]

Anisomycin Streptomyces sp. herbicide Effective against Digitaria spp. [149]

Phenazine-1-carboxyamide
(PCN)

Pseudomonas spp. biocontrol

It is effective against; Fusarium
oxysporum f. sp. Radicis-lycopersici,

Xanthomonas oryzae pv. Oryzae,
Rhizoctonia solani, Botrytis cinerea

[143,148,149,151]

Phenazine-1-carboxylic
acid (PCA)

Pseudomonas spp. biocontrol

It is effective against Fusarium
oxysp.orum f. sp.Radicis-lycopersici,

Colletotrichum orbiculare,
Gaeumannomyces graminis var.

tritici, Phytophthora
capsici

[143,146,149,152,
153]

Pyocyanin (PYO) Pseudomonas spp. biocontrol
Effective against: Sclerotium rolfsii,

Macrophomina phaseolina
[154–156]

Pyrrolnitrin
Burkholderia

pyrrocinia 2327
biocontrol

It has antifungal properties against;
Ralstonia solani, Phytophthora

capsici, and Fusarium oxysporum
[157,158]

Phencomycin
Burkholderia glumae

411gr-6
biocontrol

Effective against; Alternaria
brassicicola, Aspergillus oryzae,

Cladosporium cucumerinum,
Colletotrichum gloeosporioides

[159]

Ornibactin
Burkholderia

contaminans MS14
biocontrol

Siderophore with biocontrol activity
against Erwinia amylovora, Ralstonia
solanacearum, Pseudomonas syringae

B301, Clavibacter michiganensis
subsp. michiganensis

[160]

Iturin A2 Bacillus subtilis B47 biocontrol
Effective against fungi; Bipolaris

maydis
[161]

Mycosubtilin Bacillus subtilis biocontrol
Has anti fungal properties, effective

against; Bremia lactucae
[162]

Herboxidiene
Streptomyces sp.

A7847
herbecide Effective on a number of weed sp. [163]

Phosphinothricin
Streptomyces
hygroscopicus

herbecide
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Table 4. Cont.

Compound
Producing
Microbe

Function Comment Reference

Cyanobacterin Scytonema hofmanni herbecide
Effective on cynobacteria, algae and

higher plants
[164]

Avermectin
Streptomyces

avermitilis
Insectide

nematocide

Effective against Spider mites, Citrus
red mite, horn worms, army worms,

etc.
[165]

9. Microbial Cells or Microbial Compounds?

Given the current understanding, a question would be, what should a crop producer adopt, given
a choice between the microbial cells and microbial compound based products. The answer to such a
question cannot be as definite as that specific factors may call for either of the two, or even the use
of both simultaneously. Before one reaches the level of farmer preferences, soil and environmental
factors as well as economic implications, intended use and handling may be major considerations.
For instance, in the reclamation of areas heavily affected by abiotic stress, use of microbial cells may
not be a good idea, if they are not able to survive some harsh conditions. Even if they did, the efficacy
of their plant growth promotion capacity may be greatly affected. Compounds, on the other hand,
are less affected by such abiotic stresses, and hence have a greater chance of being successful under
such conditions. The use of compounds or both compound(s) and microbial cells may be desirable,
especially when an abiotic stress such as drought interrupts signaling between plant and PGPM. In such
a case, external application of the signal may rectify the disruption. Prudent et al. [142] observed a 17%
increase in soybean biomass under drought conditions following co-inoculation with Bradyrhizobium

japonicum and thuricin17, compared to inoculation with the rhizobial cells alone. The use of microbial
compounds may also be a better choice in cases where the microbe is a facultative pathogen, such
as Agrobacterium spp. [92]. In such cases, the pathogen effect of the microbe on plants is minimised.
Application of microbial compounds may also benefit a wider range of crop species compared to
microbial cells, given that many microbes can be at least somewhat species specific. A case would be
that of lipochitooligosaccharides (LCOs), which can be utilised to enhance growth of legumes and
non-leguminous crops [148], under stressed and non-stressed conditions [115,137], but to a greater
extent, under stress conditions. For instance, LCOs enhanced fruit and flower production in tomato
(Lycopersicon esculentum) plants [148], and stimulated the growth of soybean and corn plants [139].
The compound was also reported to enhance the germination of soybean seeds subjected to high
NaCl concentrations [117] and canola [145]. Such benefits from LCO would not be provided to
these crops had Bradyrhizobium japonicum been applied. Compounds are also less bulky and less
costly, in most cases requiring small doses to be efficient. This relieves crop producers of storage and
transportation concerns.

However, there are scenarios where the use of microbial cells is inevitable. For instance, the role
that rhizobia play in nitrogen fixation, or mycorrhizae in P mobilisation and acquisition by plant
roots could not be fulfilled by microbial compounds. Nitrogen fixing bacteria cannot be substituted
by compounds in areas were N is limiting. Microbial cells have the potential to establish microbial
populations in the rhizosphere, which may eliminate the need for further inoculation, a characteristic
most farmers would desire, since it not only has positive financial implications, but also saves labour.
Based on this, it is safe to assume that marketing companies would opt for compounds, since they
guarantee continuous sales. However, the long and laborious process of isolating and purifying
microbial compounds may also contribute to their scarcity and willingness of some researchers and
companies to take that route.

10. Way Forward and Recommendations

With climate change conditions increasing, and the desperate need to come up with sustainable
approaches of enhancing crop productivity to meet the food demand of the growing population,
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microbes are a prominent source of hope. However, a great deal still needs to be done to bridge the gap
between their use in developed and developing countries. More research should be done to address
issues of inconsistencies observed on crop producers’ fields, following the use of microbial inoculants.
It is obvious that single strains and consortia, or microbial cells and microbial compounds are issues
that need to be evaluated on a case-by-case basis. Therefore, a better suggestion would be that more
research be done to provide consumers with options that can address their unique needs, while being
economically viable.

11. Conclusions

Lowering the effects of climate change on crop production, through reducing greenhouse gas
emissions, is one of the major focuses of researchers in recent times. With proper manipulation,
plant growth promoting microorganisms and compounds, they produce have potential to enhance
growth and yield of plants exposed to biotic and biotic stress(es). This can complement other strategies,
such as conservation farming and breeding for stress tolerant crop cultivars, to create an integrated
approach of enhancing crop production in the face of climate change. Given that the prevalence of
stress is predicted to increase with climate change, more research is needed to come up with better and
more effective alternatives of utilising PGPM technology; not only to enhance plant growth, but also to
reduce greenhouse gas emissions from the agricultural sector, which is a meaningful contributor.
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Abstract: Plant growth regulators (PGRs) are described in the literature as having a significant role
in securing crop management of modern agriculture in conditions of abiotic and biotic stressors. A
joint field experiment was carried out to assess the role of seaweed-based extracts in pear trees and to
test the “less for more” theory, which consists of getting more and better agricultural produce using
fewer innovative inputs. The trials took place on two production seasons (from March till September
2018–2019) and the selected case study was on a pear orchard (Pyrus communis L. cv. Abate Fètel) in
Emilia Romagna (Italy) by Fondazione Navarra and Timac Agro Italia S.p.A. Results demonstrate
that, depending on the yearly climate conditions, it was possible to substantially reduce the primary
nutrients by 35–46% and total fertilisation units applied by 13% and significantly improve quantitative
and qualitative production indicators (average weight of fruits (5%) and total yield (19–55%)). Results
also confirm a positive correlation between plant growth regulators and agronomic efficiency of pears
which increased between five and nine times compared to the conventional nutrition programme.
These outcomes constitute scientific evidence for decision making in farm management.

Keywords: pear trees; PGR; sustainable development; crop nutrition; fertiliser; Timac Agro Italia

1. Introduction

For decades, plant nutrition has been under scrutiny for concerns about negative externalities
generated by the use of fertilisers in agriculture, which emerged in the late 1960s [1]. Since then,
a clear correlation has been found between plant nutrition, the eutrophication of surface water,
the accumulation of nitrate in water bodies and energy consumption. Even more recently, global
studies have warned about unprecedented nitrate contamination of water [2], which is creating direct
irreversible damage to natural ecosystems and human health [3]. Further, the most universal form of
deteriorated water quality in the world in recent decades is freshwater eutrophication from phosphorus
loss [4,5].

Looking at the glass half-full, the importance of fertilisers in agriculture has been extensively
documented in the literature for over 150 years of research and experiments. The relevance of plant
nutrition is fundamental for (i) normal growth and reproduction of crops [6], (ii) average crop yield
increase [7] and (iii) improving soil fertility [8]. However, the fertilising rates have reached the optimum
in the developed world, and the new direction is to reduce them. This has been one of the European
Green Deal recommendations, for example, as expressed by the “farm to fork” strategy (The Farm
to Fork (F2F) Strategy is at the heart of the European Green Deal set out in 2019 to make Europe
the first climate-neutral continent by 2050. The strategy comprehensively addresses the challenges
of sustainable food systems and recognises the inextricable links between healthy people, healthy
societies and a healthy planet.) with a target of diminishing nutrient losses by at least 50% and reducing
fertiliser use by at least 20% by 2030 [9].
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The focus of scientific innovation is currently on crop biostimulants to activate natural plant
processes, which, according to the documented literature, improve nutrient uptake and efficiency, crop
quality and yield and build plant tolerance to abiotic and biotic stressors [10–12]. A statutory definition of
biostimulants was provided in 2018 by the primary agricultural and food policy tool of the United States
federal government (Farm Bill: https://www.congress.gov/115/bills/hr2/BILLS-115hr2enr.pdf). This
definition is consistent with the one currently proposed by the European Bio-stimulant Industry Council
(EBIC) (http://www.bio-stimulants.eu/) and in line with the definition under review by the European
Union in the context of revising the existing EU regulation (EC) No. 2019/1009 relating to fertilisers
(https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=OJ:L:2019:170:FULL&from=EN).

The definition sums up the scientific aspects raised in the literature and describes a plant
biostimulant as “a substance or micro-organism that, when applied to seeds, plants, or the rhizosphere,
stimulates natural processes to enhance or benefit nutrient uptake, nutrient efficiency, tolerance to
abiotic stress, or crop quality and yield”.

Nevertheless, du Jardin [13] identified in a review study seven categories of biostimulants: (i)
humic and fulvic acids, (ii) protein hydrolysates and other N-containing compounds, (iii) seaweed
extracts and botanicals, (iv) chitosan and other biopolymers, (v) inorganic compounds, (vi) beneficial
fungi and (vii) beneficial bacteria. This emerging field of research is very promising and represents one
of the fundamental management aspects of agro-systems to reach sustainable agriculture that is more
resilient to climate change and able to feed the increasing population [14].

Therefore, the literature still needs to explore different research aspects related to the biostimulant
categories and their use in agriculture to answer evolving enquiries that arise with the technological
advances in this field. Recently, algae have proved to contain natural active compounds with
biostimulation and/or bioregulation effects [15], e.g., phytohormones, hormone-like substances,
vitamins, antibiotics, amino acids, and primary, secondary and micro-nutrients.

Even though several forms of applying algal constituents have been reported in the literature, algal
extracts from seaweed have proved to be the most efficient in terms of growth enhancement and stress
tolerance [16–18]. Indeed, Mutale-joan et al. [16] have tested 15 different Crude Bio-Extracts (CBEs)
obtained from acid hydrolysis of microalgae on tomato plant growth, chlorophyll content, nutrient
uptake and metabolite profile. The authors have recorded positive effects on plant development,
particularly, significant root and shoot length improvement and increased nutrients uptake. Further,
Shukla et al. [17] have reviewed the ability of Ascophyllum Nodosum Extracts (ANE) to improve
plant growth and agricultural productivity and have confirmed the plant growth promotion, the
improvement of root/microbe interactions and nutrient use efficiency in plants and enhancement of
plant tolerance to abiotic and/or biotic stresses. Finally, Michalak et al. [18] have successfully tested
different seaweed extracts to enhance carotenoid and chlorophyll content in plant shoots and develop
root thickness and above-ground biomass.

In this context, this paper proposes to explore the category of seaweed extracts produced by Timac
Agro Italia, the Italian holding of the French multinational Groupe Roullier, a world leader in the field
of plant nutrition, with the largest private research centre in Europe dedicated to plant physiology
and nutrition and investing in these technologies. The selection of the trial crop also has significance,
because pears are one of the major fruits of temperate climates, grown in almost all four corners of
the world, reaching a total harvested area of 1.5 million hectares in 2018 and over 23.5 million tons of
production according to FAOSTAT [19] (Figure 1). The tree belongs to two species: the common pear
cultivated mainly in Europe, the Near East, America and Australia and known as the European pear
(Pyrus communis L.) given its European descendants and the Nashi or Oriental pear (Pyrus pyrifolia)
widely grown in Asia.
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Figure 1. Harvested area of pear (top) and total production (bottom) in the top 3 countries and
the world.

2. Materials and Methods

The experiment was carried out in Emilia Romagna (Italy) at an Abate Fetel orchard for the
relevance of this cultivar in Italy, which happens to be the main producer of pears in Europe [20],
the third producer in the world in terms of area harvest and the second after China in terms of
total production.

There are over 3000 identified pear cultivars worldwide [21], and in Italy, Abate Fetel (also known
as Abbé Fetel) and 3 others (Conference, Beurrè Bosc, Doyenne du Comice) are the major cultivars
commercially grown, providing more than 70% of the total annual production [22]. Further, the
selection of Emilia Romagna has local importance, given that this region, in terms of fruit trees, is the
first ranked in harvest area, production and the average size of farms (Table 1).
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Table 1. Top 5 regions in fruit production and farm size in Italy.

Region
Area Harvested Number of Farms

(ha) (%) (N) (%)

Emilia Romagna (EMR) 67,454.3 15.9 18,355 7.8
Campania (CAM) 58,836.7 13.9 32,133 13.6

Sicily (SIC) 54,295.5 12.8 36,055 15.3
Piedmont (PIE) 43,673.3 10.3 20,168 8.5

Lazio (LAZ) 36,318.8 8.6 15,323 6.5
Sum of top 5 regions 260,578.5 61.4 122,034 51.7

Other regions 163,725 38.6 114,206 48.3
Total Italian fruit farms 424,303.5 100 236,240 100

Average Italian fruit farm size 1.8 ha

Average fruit farm size in EMR 3.7 ha

Farm size
Area Harvested Number of Farms

(ha) (%) (N) (%)
Small (<10 ha) 222,270.4 52.4 201,324 85.2

Medium (10–50 ha) 150,171.9 35.4 30,674 13.0
Large (>50 ha) 51,861.5 12.2 4242 1.8

Total Italian fruit farms 424,303.8 100 236,240 100
Source: Istat [23]

2.1. Case Study

The experiment took place at the experimental field of the Navarra Foundation, a reference of
agricultural knowledge for the Navarra agricultural technical institute and farmers of the north-east
of Italy, given its contribution to the development of the region’s agri-food sector through research,
experiments, innovation and knowledge transfer.

The experimental field has a total area of ≈2.5 ha, similar to the average size of fruit tree farms in
the area, and is located in Ferrara (Table 2), characterised by a warm and temperate climate classified as
Cfa by the Köppen-Geiger system. The historic precipitation and temperature measured at a weather
station in Ferrara (Table 2) between 1961 and 1990 revealed a yearly average temperature of 13.1 ◦C
and rainfall of around 689.5 mm [24], with considerable rain at high temperatures in the driest months
(Figure 2).

The trials took place over two consecutive seasons in 2018–2019 on a V-shaped orchard system
planted in 2005 using 3.8 m spacing between rows and variable in-row spacing of 0.5 m, with a tree
density of 5263 trees per hectare. The orchard was evenly irrigated with a drip system without any
variation between the rows and was covered with black anti-hail netting.

The soil structure is silty clay loam according to the classification system of the United States
Department of Agriculture (USDA) and silt clay according to the International Soil Sciences Society
(ISSS). The general composition of the soil is about 60% silt, 30% clay and 10% sand; it presents
low compaction risk, high fertility indicators (organic matter 2.21%, C/N = 8.87) and a high content
of available nutrients, given that the field is experimental with continuous trials carried out yearly.
Soil tests were carried out before and during the experiment to guide the definitions of annual
fertilisation programmes.

Table 2. Geospatial coordinates of experimental field and weather station of reference.

Location Latitude Longitude Altitude

Experimental field 44.857 N 11.653 E 5 m
Weather station 44.861 N 11.656 E 4 m

Source: [24,25].
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Figure 2. Historic average of precipitation and temperature in Ferrara (1961–1990) (after [24]).

The fertilisation programme was divided into 3 treatments: control, grown without any fertilisation;
conventional treatment (CF), representing empirical nutritional treatment (primary, secondary and
micro-nutrients and organic matter of animal or vegetable origin) conceived from the available products
in the region (to simulate a conventional nutritional programme); and Timac Agro treatment (TIMAC),
corresponding to a programme based on integrating conventional nutrients (primary, secondary and
micro-nutrients and organic matter of animal or vegetable origin) with cutting-edge technologies
created to reduce the environmental burden of fertilisers, increase the profit of farms and improve their
well-being. The total fertilisation units per hectare for each treatment are reported in Table 3, which
shows a great difference in the quantity of fertiliser applied in the 2 years. This difference is mainly
due to the general climate conditions during the year, which considerably determines the quality and
quantity of agricultural yield.

Table 3. Fertilisation units (FU) applied per treatment and hectare in 2018 and 2019 seasons.

Type Element
2018 FU ha−1 2019 FU ha−1

CF TIMAC TIMAC/CF CF TIMAC TIMAC/CF

Primary Nutrients

Nitrogen (N) 205.1 141.3 68.9% 174.9 120.7 69.0%
Phosphorus (P2O5) 184.4 79.0 42.8% 103.1 77.6 75.3%

Potassium (K2O) 292.7 145.1 49.6% 246.0 140.8 57.2%
Total Primary

Nutrients
682.2 365.4 53.6% 524 339.1 64.7%

Secondary
Nutrients

Calcium (CaO) 42.5 46.4 109.2% 4.8 43.2 900.0%
Magnesium (MgO) 21.6 24.1 111.6% 3.0 35.8 1193.3%

Sulphur (SO3) 109 200.2 183.7% 49.5 197.6 399.2%
Total Secondary

Nutrients
173.1 270.7 156.4% 57.3 276.6 482.7%

Micro-Nutrients

Boron (B) 0.45 0.88 197.5% 0 1.45 –
Copper (Cu) 0.43 0.06 13.9% 0 0.05 –

Iron (Fe) 5.83 3.90 66.9% 2.25 1.50 66.7%
Manganese (Mn) 0.24 0 – 0.03 0.07 233.3%

Molybdenum (Mo) 0.01 0.04 655.7% 0 0.30 –
Zinc (Zn) 0.31 0.10 32.3% 0.02 0.11 550.0%

Total
Micro-Nutrients

7.26 4.98 68.6% 2.30 3.48 151.3%

OM
Total Organic

Matter
43.8 44.4 101.3% 48.7 41.2 106.1%
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A supplement of complexed seaweed-based extracts was added to the TIMAC treatment (58 L ha−1)
in different growth stages and concentrations (Table 4) of three technologies: Fertiactyl®, NMX®,
Seactiv®. These technologies are registered in the European Patent Office (EPO) under the numbers
EP0609168, EP1147706 and EP0855375, respectively. The species involved in the extraction are
Lithothamnion corallioides, Lithothamnion glaciale, Lithothamnion tophiforme and Phymatolithon calcareum

and the general composition of the technologies are as follows:

Table 4. Quantity of seaweed-based technologies applied in Timac Agro treatment (TIMAC) treatment
and corresponding growth stage.

Technology Quantity (L ha−1) Growth Stage

Fertiactyl® 8
Vegetative growthNMX® 3

Seactiv® 3
NMX® 6

Fruit set
Seactiv® 6
Seactiv® 3 Post-harvest

Fertiactyl®: based on organic substrates acids whose fulvic and humic acids have been mobilized
through the formation of soluble inorganic salts, phenolic and polyphenolic acids and zeatin;

NMX®: based on precursor, inhibitor and simulating enzymes (e.g., precursor compound of
cyclic AMP; inhibitor compound of the enzymes of the Phosphodiesterases, stimulating compound of
the enzymes of the Adenyl-Cyclase, etc.), mixed with mineral fertilisers and plant growth regulators
(PGRs) (e.g., auxins, cytokinins, gibberellins, n-ethanolamines, polyamines, sugars, etc.);

Seactiv®: based on adenine derivatives to help, as foliar treatment agent, the migration and
distribution within plants of nitrogenous nutrients and/or micro-nutrients.

The concentration in the different stages did not vary between 2018 and 2019.

2.2. Statistical Analysis

The experimental design was a randomised block design to minimise the effects of systematic
errors. This design consisted of dividing the experimental block into 3 fertilisation treatments randomly
selected within the block, with 2 replicates of 5 trees for each treatment. In total, 60 trees were used for
data collection (all performed manually) and statistical analysis to determine whether mean scores
differed significantly across the treatments. The measurements performed were divided into 3 pillars
as follows:

Total harvest (t ha−1);
Average fruit weight (g);

Flower density = FBT = Number of Floral Buds per Tree (1)

Fruit density = NFT = Number of Fruits per Tree (2)

Fruit set = FS = (NFT/FBT) × 100 (3)

Agronomic efficiency AE
(
kg kg−1

)
= Yieldfertilised

(
kg ha−1

)
−Yieldnot fertilised

(
kg ha−1

)
/N Applied

(
kg ha−1

) (4)

The collected field data were statistically examined, separately for each year, using analysis
of variance (one-way ANOVA) with statistical probability (p − value ≤ 0.05) and Tukey’s honestly
significant difference (HSD) test, which is a single-step multiple comparison procedure to find
significantly different means. An excel spreadsheet has been used for this purpose.
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The assumptions of both tests are essentially the same and they are three: normality (experimental
errors of the data are normally distributed), homogeneity (equal variances between treatments) and
independence (each sample is randomly selected and independent).

3. Results

Plants within a population often vary in the numbers of open flowers and fruits. The correlation
between these two indicators is calculated by the fruit set, a ratio defined as the transition from flower
to young fruit. These quantitative indicators in the development process of any plant are correlated to
the rate of pollination [26] and determine the final yield quantities (or total harvest).

Field data for two consecutive years demonstrated an increase in all quantitative indicators under
the TIMAC treatment compared to the conventional treatment and the control, which generated the
highest harvest for TIMAC treatment. The literature has mentioned different abiotic and biotic stressors
which could lead to flower drop in the early season [27]. In this experiment, the difference between
the two years of trials is substantial and can be explained by the yearly climate variability in Italy.
Indeed, 2019 was a dry winter with many clear-sky mornings generating diamond dust and leading
to frost flowers, this generated a lower flower density trend in 2019 compared to 2018. Yet, TIMAC
treatment has participated in avoiding further damage with higher flower density compared to the
other treatment.

Even though the numerical difference is considerable, statistical significance is present only
between the control and TIMAC treatments. Complete statistical results are listed in a final table
(Table 5).

Table 5. Statistical results of selected indicators.

Indicator Treatment
First Year, 2018 Second Year, 2019

Mean Std Dev. Variance Mean Std Dev. Variance

Flower
Density

Control 223.5 a 25.4 681.1 61.0 a 33.9 1211.0
CF 219.4 a 28.7 865.8 53.1 a 28.3 844.6

TIMAC 223.6 a 27.7 807.6 74.0 a 36.3 1384.2

Fruit Density
Control 38.2 a 10.5 115.4 11.1 a 6.1 39.8

CF 42.4 a,b 18.1 343.2 13.9 a 9.4 93.7
TIMAC 50.4 b 17.1 308.4 25.1 b 11.4 136.2

Fruit Set
Control 17.4 a 5.3 29.4 25.2 a 22.9 551.6

CF 20.1 a 10.2 109.5 30.1 a 17.7 328.1
TIMAC 22.3 a 6.2 40.9 37.9 a 18.7 368.0

Fruit Weight
Control 238.9 a 29.0 882.9 225.2 a 25.5 684.6

CF 237.1 a 31.8 1064.4 228.6 a 24.7 643.9
TIMAC 242.7 a 24.5 633.8 230.6 a 30.1 952.4

Total Harvest
Control 47.5 a 13.1 180.7 13.5 a 8.1 69.7

CF 51.6 a,b 19.8 413.5 16.1 a 9.9 104.0
TIMAC 63.3 b 19.1 384.6 29.8 b 12.7 169.3
a,b Letters indicate statistically significant means of different indicators.

However, high plant fertility would negatively affect the quality of the harvest, which, in
conventional agriculture, would require flower removal intervention to boost the quality [28–30].
The role of plant regulators has been limited mainly to this growth stage of plants to control fruit
set [31] and simultaneously boost the quantity and quality of yield [32].

While the average fruit weight of different pear cultivars can vary according to the genetic
characteristics [33], within the same variety, fruit fresh weight is considered to be one of the most
important quality indicators [34] determining the market value of the harvest. The effect of climate
variability between 2018 and 2019, which initially generated a reduction in fruit density, led to a drop
in the total harvest; however, the yield gap between the two treatments (CF vs. TIMAC) confirms the
role of plant growth regulators (PGRs) in reducing crop response to abiotic stress. Further, fruit quality

357



Agronomy 2020, 10, 1433

did not undergo any variation. Figure 3 shows the qualitative and quantitative improvement of yield
in the TIMAC treatment compared to the control and CF.

Figure 3. Improvement of fruit weight (top) and total harvest (bottom) under TIMAC treatment.

The outcomes of this experiment confirm the results of An et al. [31], showing a positive correlation
between phytohormones application (auxin and ethylene) and fruit quantity and quality, and Bons and
Kaur [32], who reviewed the effects of different PGRs on fruit set. The review included the impacts of
6-Benzyladenine (BA), 6-Benzylaminopurine (BAP), Gibberellic acid (GA3) and Naphthalene acetic
acid (NAA).

Nutrient agronomic efficiency measures the technical performance of a crop and is calculated
based on the yield difference between fertilised and unfertilised treatments, divided by the fertiliser
units applied. Specifically, AE estimates productivity improvement gained by the use of nutrient input.
Initially, it was used to evaluate nitrogen performance [35,36] and to improve the environmental and
economic performance of agriculture, then it was extended to include the performance of phosphorus
nutrition [37] to have a broader meaning and use agronomic efficiency correlated inputs for agro-system
performance as an indicator of a transition to sustainable agriculture [38].

In this study, we calculated nitrogen, phosphorus and total nutrient efficiency for conventional
fertilisation and TIMAC treatments (Table 6). The results show that the efficiency of the TIMAC
treatment varied from 5.18 to 9.37 times higher than the conventional treatment (CF).
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Table 6. Nutrient agronomic efficiency of different treatments during experimental years.

Year Treatment AE(N) AE(P2O5) AE(Total)

2018
CF 20.1 22.3 4.8

TIMAC 112.1 200.4 24.7
TIMAC/CF 5.58 8.98 5.18

2019
CF 14.4 24.4 4.3

TIMAC 134.9 209.8 26.3
TIMAC/CF 9.37 8.59 6.10

4. Discussion

The results over two consecutive years of experiments show the role of PGRs in increasing
crop tolerance to abiotic stress and improving physiological activities such as nutrient uptake and
assimilation, reducing the total fertilisation units (FU) to around 13% (≈35.6 FU), which is an
encouraging outcome towards the reduction of fertilisers according to the European Farm-to-Fork
Strategy. Extrapolating this result to the total area of pears cultivated worldwide (≈1.4 million
ha), this means saving a minimum of 49.8 million fertilisation units annually, without considering
overfertilisation still practised in many countries around the world.

The results also reveal a substantial reduction in P2O5 use (over 45%), which is a significant result
impacting the AE of phosphorus, and global efforts to reduce and/or substitute the use of phosphate
rock, a mineral fundamental for food security, is expected to end in a short time [39,40]. The agronomic
efficiency was higher in the second experimental, which presented higher abiotic stress due to climate
conditions, affecting total yield. This confirms studies describing the important role of biostimulants
as abiotic stress alleviators [41,42].

The field experiment confirmed the reviewed literature in Bons and Kaur [32], which assessed the
positive correlation between plant growth regulators and the quality and quantity of harvests, as the
TIMAC treatment improved both the quality and quantity of pears. Therefore, these results disproved
the results of Dicenta et al. [43], which did not show a correlation between fruit set and total harvest.

There is not a consensus in the scientific community on one process to explain this because the
mechanisms underlining seaweed extract-induced stimulation are still not completely revealed, though,
several factors can be attributed to their activity. Literature has demonstrated that components within
seaweed extracts may modulate innate pathways for the biosynthesis of phytohormones in plants [44].
It is also proved that marine bioactive substances (IPA extracts) enhance nutrient flux in [45] and
increase endogenous antioxidant activity in plants [46]. Furthermore, the presence of phytohormones
in seaweed extracts, as regulators of various cellular processes and responses, is presumably another
factor that may have improved metabolic activity of crops [47] leading to better nutrition and yields.

Some questions that the research has raised and some future recommendations are mainly related
to the importance of a balanced nutrition programme for sustainable management of crops. This
can be defined by Liebig’s law of the minimum, which is a fundamental principle in plant nutrition.
This research partially demonstrates the importance of this law to the overall agronomic efficiency of
crops (AE was not assessed in this study). Furthermore, it is recommended to follow the framework
suggested by El Chami et al. [14], who proposed a methodology to reached sustainable agro-systems
based on a life cycle study [48]; future studies will be intensified and address these questions, and will
implement that methodology towards fulfilling the European Farm-to-Fork Strategy and the United
Nations Sustainable Development Goals.

5. Conclusions

In conclusion, the experiment has confirmed the role of PGRs in reducing the total fertilisation
units by 13% while improving the harvest between 19 and 55% and the quality of the fruit by about 5%.
This improvement has positively affected the agronomic efficiency from five to nine times compared
to the conventional nutrition programme. PGRs are, indeed, the precursors of a new agricultural
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revolution which will transform the sector to sustainably face the present and future challenges of
humanity. Thus, trials will continue to explore all aspects raised in the discussion to add applicable
high-impact scientific evidence about the agronomic performance of PGRs.
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Abstract: The current world of climate change, global warming and a constantly changing environment
have made life very stressful for living entities, which has driven the evolution of biochemical processes
to cope with stressed environmental and ecological conditions. As climate change conditions continue
to develop, we anticipate more frequent occurrences of abiotic stresses such as drought, high
temperature and salinity. Living plants, which are sessile beings, are more exposed to environmental
extremes. However, plants are equipped with biosynthetic machinery operating to supply thousands
of bio-compounds required for maintaining internal homeostasis. In addition to chemical coordination
within a plant, these compounds have the potential to assist plants in tolerating, resisting and escaping
biotic and abiotic stresses generated by the external environment. Among certain biosynthates,
flavonoids are an important example of these stress mitigators. Flavonoids are secondary metabolites
and biostimulants; they play a key role in plant growth by inducing resistance against certain biotic
and abiotic stresses. In addition, the function of flavonoids as signal compounds to communicate with
rhizosphere microbes is indispensable. In this review, the significance of flavonoids as biostimulants,
stress mitigators, mediators of allelopathy and signaling compounds is discussed. The chemical
nature and biosynthetic pathway of flavonoid production are also highlighted.

Keywords: flavonoids; biotic and abiotic stress; symbiosis; signaling; rhizobium; AMF;
salinity; allelopathy

1. Introduction

Climate change is the most serious threat to current human culture. Escalating global food
demand and ever-increasing global warming put humanity in jeopardy. According to ongoing global
temperature analysis carried out by NASA’s Goddard Institute for Space Studies (GISS) scientists, the
average global temperature has increased by about 1 ◦C since 1880 [1], and it is estimated that every
2 ◦C rise in global temperature will cause on hundred million human deaths and bring millions of
species to the brink of extinction [2]. After fossil fuel burning for energy generation, agriculture is
the second-largest contributor to climate change through the emission of greenhouse gases (GHGs)
including carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) [3]. Commercial fertilizers
are very convenient, easy to handle and a rapid source of soil nutrient recharge, however, the toxic
and residual effects of synthetic chemicals have altered thinking around this. It is estimated that
reductions in mineral fertilizer use could lead to a 20% reduction in GHG emissions [4]. As the
world warms, there is an immediate need to adjust what have become inadequate and inappropriate
policies. There is an urgency to develop ecofriendly land practices and more sustainable agriculture.
The implementation of biobased products, for example, ushering in the use of organic farming,
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biofertilizers and biocontrol techniques, will be a progressive step towards sustainable global food
security. In this review, we focused on a specific type of biostimulant, flavonoids, and their role
in sustainable agriculture. Flavonoids are examples of a versatile set of low molecular weight
secondary metabolites with a polyphenolic structure, involved in plant physiological functions, often
demonstrating protective effects against biotic and abiotic stresses including UV-B radiation [5], salt
stress [6] and drought [7], at least in part by detoxifying the Reactive Oxygen Species (ROS) produced
under stress conditions in plants [8,9]. Flavonoids also play a crucial role in plant–microbe associations,
predominantly plant–rhizobia and arbuscular mycorrhizal symbioses [10]. Certain flavonoids act as
signaling compounds triggering nodule induction by inducing transcription of nod genes in rhizobia,
the first step in legume–rhizobia symbiotic relationships [11]. In addition, some flavonoids act to
combat certain pests and pathogens [12]. Some classes of flavonoids act as color pigments, producing
specific hues in leaves and flower petals, helping plants attract pollinators [13]. Moreover, flavonoids
have indirect effects on nutrient supply and availability by enhancing mycorrhizal symbioses and
colonization of the rhizosphere by beneficial microorganisms [14].

2. Biosynthesis and Classification of Flavonoids

The biosynthesis of distinct flavonoid-based compounds is the result of condensation of one
molecule of 4-coumaroyl-CoA (6-carbon) and three molecules of malonyl-CoA, carried out by the
enzyme chalcone synthase (CHS). The two major precursors originate from two different pathways
of cellular metabolism: the acetate pathway and shikimate pathway providing ring A and ring B,
respectively, with chain linkages forming ring C. Ring A is generated from malonyl-CoA synthesized by
carboxylation of acetyl-CoA via the acetate pathway, however, ring B along with the linking chain (ring C)
is synthesized from coumaroyl-CoA via the shikimate pathway (Figure 1). Coumaroyl-CoA is generated
directly from the amino acid phenylalanine by three enzymatic reactions of the phenylpropanoid
pathway [15].

The condensation of these aromatic rings by these pathways results in the synthesis of chalcone
which will then form flavanone after isomerase-catalyzed cyclization. The later compounds undergo
further modifications such as hydroxylation, glycosylation or methylation resulting in the enormous
range of flavonoid colors we see today.

Flavonoids are the largest family of natural products; more than nine thousands of these phenolic
substances have been found in various plants [16]. Flavonoids have a basic structure containing three
phenolic rings, namely A (6 carbon) and B (6-carbon) linked with the central C (3-carbon) ring; C6-C3-C6

which can produce several derivatives and sub-class compounds with distinct substitutions in the basic
structure [17]. The major subgroups of flavonoids are; flavonols, flavones, flavanones, flavanonols,
flavanols, anthocyanins, isoflavonoids and chalcones [18]. However, based on the attachment of
the B ring to the C ring, flavonoids have been classified into three major subgroups: Flavonoids
(2-phenylbenzopyrans): The B ring is attached on 2-position of ring C), Isoflavonoids (3-benzopyrans):
The B ring is attached on 3-position of ring C) and Neoflavonoids (4-benzopyrans: unlike isoflavonoids;
the B ring is attached at 4-position of C ring) [19].
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Figure 1. Biosynthesis of flavonoids.

2.1. Flavonols

Flavonols are the most abundant flavonoids in plants. The most studied subclasses of flavonols
are the quercetins, kaempferols, myricetins and fisetins; distinctions in the structures of each subclass
are shown in Figure 2. The substitution patterns in quercetins and kaempferols are 3,5,7,3′,4′-OH
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and 3,5,7,4′-OH, respectively. These are very often found in plants as glycosides. The major dietary
sources of flavonols are fruits and vegetables, predominantly onions, but also including the apple,
strawberry, lettuce and other leafy vegetables. In addition, black and green tea and red wine are also
rich sources of flavonols. In general, soft fruits, leaves of medicinal plants and green leafy vegetables
have greater levels of flavonoids than other vegetable and fruit plants [20]. However, cooking may
lower the concentration of flavonols in vegetables such as tomato and onion [21].

Figure 2. Flavonols: chemical structures, types and substitution positions in the basic skeleton.

2.2. Flavones

Flavones are one of the major subgroups of flavonoids. Fruits and vegetables including parsley,
carrot, pepper, celery, olive oil, and peppermint are the main dietary sources of flavones [22]. Chrysin,
apigenin, rutin (glycoside) and luteolin are the most studied subclasses of flavones. Substitution
patterns in the basic structure of flavones are 5,7-OH (chrysin), 5,7,4′-OH (apigenin), and 5,7,3′,4′-OH
(luteolin) [23] (Figure 3).

Figure 3. Flavones: chemical structure, types and substitution positions in the basic skeleton.

2.3. Flavanones

Flavanones are different from flavones through their possession of a single bond between C2
and C3 of the C ring. Flavanones are most abundant in solid tissues of citrus fruits such as orange
lemon and grape. The most studied types of flavanones are hesperidin and naringenin (Figure 4) The
hydroxylation and substitution patterns in flavanone are 5,7,4′-OH (naringenin) and 5,3′-OH, 4′OMe,
7-rutinose (hesperidin) [23].
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Figure 4. Flavonones: chemical structures, types and substitution positions in the basic skeleton.

2.4. Isoflavonoids

Isoflavonoids, with a B ring attached at 3-position of the C ring, are structurally different from
other flavonoid classes. Isoflavonoids are found to be very helpful in microbial signaling and nodule
induction in legume–rhizobia symbioses. Common examples of isoflavonoids are aglycone and
glycosides of genistein and daidzein. The main natural sources of isoflavonoids are legumes such as
soybean, as they are reported to exude these as signaling compounds to communicate with microbial
symbionts [24]. The subclasses of isoflavonoids are shown in Figure 5.

Figure 5. Isoflavonoids: chemical structure, types and substitution positions in the basic skeleton.

2.5. Anthocyanidins

Anthocyanidins are responsible for the coloration of many fruits and vegetables. The red and
blue colors in apple, grape and berries are due to anthocyanin or anthocyanin glycoside pigments [25].
The color depends on the structure of the compound which, usually changes due to hydroxylation and
methylation at specific positions of the A and B rings [18]. Unlike other flavonoids, except flavanols, it
carries no ketone group at the 4-position of C ring. Some of the anthocyanidin subclasses are shown in
Figure 6.

Figure 6. Anthocyanidins: chemical structures, types and substitution positions in the basic skeleton.

2.6. Flavanols

Flavanols have a missing ketone group at the 4-position of the heterocyclic ring C, like
anthocyanidins. The major sources of flavanols are grape (seed, pulp, stem and skin), berries,
tea, wine, apple, pear and peach [26,27]. The most common examples of flavanols are (+)-catechin and
(–)-epicatechin (Figure 7).
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Figure 7. Flavanols: chemical structure, types and substitution positions in the basic skeleton.

2.7. Chalcones

Chalcone is the only class with an open ring; it serves as a precursor for various flavonoid classes.
The missing C ring in the structure makes it quite different from other flavonoids. The major dietary
sources of chalcones are apple, hops or beer [28], berries, tomato and certain wheats [18]. The most
studied chalcone is chalco naringenin (Figure 8).

Figure 8. Chalcones: chemical structure, types and substitution positions in the basic skeleton.

3. Role of Flavonoids in Plant Growth and Crop Yield

Plant growth and production are directly associated with soil productivity. In agronomic terms, it
refers to the ability of soil to produce a certain yield of agricultural crops. However, the ability of soil is
determined by numerous factors including soil physicochemical properties and management-related
factors. Generally, it is the measure of inputs versus outputs, which in agronomic situations are related
to water and nutrient supply (inputs) versus crop yield (output) [29]. In addition to these factors, the
phytomicrobiome is becoming recognized as a key pillar and a major contributor to crop production.
The soil is home to vast numbers of microbial species including free-living, symbionts, host-specific
and non-host specific which could be either beneficial or harmful to plant growth and productivity.
It is estimated that 1 g of soil contains 1 billion bacterial cells with 10,000 distinct genomes [30,31].
These microbial entities in phytomicrobial associations aid plants in their growth in both stressed
and unstressed conditions, by a range of mechanisms. In the phytomicrobiome, associated entities
trade for their benefits by aiding one another; microbes get reduced carbon-rich food materials exuded
from plant roots and in turn, microbes aid plants in nutrient acquisition, disease resistance and stress
mitigation by direct and indirect means. The contribution of the phytomicrobiome in relation to crop
yield and production has been demonstrated by numerous studies [32–34]. However, this productive
association is the result of crosstalk between trading partners, which is carried out by a complex
signal cascade in the rhizosphere. In phytomicrobial associations, signaling is a key activity, and
any interruption in signal transmission may disturb and/or reduce the interaction and efficacy of
the symbionts.

Plants are equipped with biosynthetic machinery operating to supply thousands of bio-compounds
that are required to perform vital functions. There is an array of compounds exuded from plant
roots including sugars, amino acids, organic acids, phenolics, enzymes and growth regulators. These
secretions serve as a source of carbon for many microorganisms associated with the plant root
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system. Besides providing a carbon-rich environment, plants generate chemical signals: a mode of
communication with microbes in the rhizosphere to initiate colonization and other specific activities for
mutual benefit [35,36]. The changing environment and anthropogenic global warming, and demand
for sustainable agriculture for future security, have increased the significance of the phytomicrobiome
in agricultural practices. Research on this area is becoming more prevalent in the agricultural scientific
literature, and scientists are working to better understand plant–microbial associations and signaling to
increase their efficacy in order to obtain substantial yield enhancements. In this review, we considered
publications highlighting plant-microbial association in relation to signal compounds: flavonoids
affecting plant growth and their production. Flavonoids have direct and indirect positive impacts
on plant growth and development. The production of specific flavonoids and their accumulation
in certain plant tissues following external or internal stimulation is largely unexplained. However,
flavonoids are very effective in certain plant–microbe interactions in the rhizosphere and can have
effects in combating biotic and abiotic stresses [37]. The roles of flavonoids, flavonoid subclasses and
substitution patterns are extensively demonstrated in Table 1.

Table 1. Flavonoid subclasses, dietary sources, major functions in plants and structural substitutions in
the basic skeleton.

Compound
Flavonoid

Class
Structure

Substitution
Food Sources Role in Plants References

1 Quercetin Flavonols 3,5,7,3′,4′-OH
Onions, apples,

berries
Antioxidant,
Allelopathic

[38,39]

2 Kaempferol Flavonols 3,5,7,4′-OH

Tea, broccoli,
cabbage, beans,

tomato, strawberries
and grapes

Antioxidant,
antibacterial, insect

repellent, abiotic
stress mitigation

[40–43]

3 Chrysin Flavones 5,7-OH Honey, propolis
Antioxidant,

UV-A/B Resistance,
AMF symbiosis

[40,44,45]

4 Apigenin Flavones 5,7,4′-OH Parsley, Pepper

Antioxidant, AMF
spore germination

(symbiosis),
phytoalexin

[46,47]

5 Naringenin Flavanone 5,7,4′-OH
Grape, apple,

orange

AntioxidantAMF
Hyphal growth

(Symbiosis)
[25,48]

6 Hesperidin Flavanone
5,3′-OH, 4′OMe,

7-rutinose
Citrus, orange juice Antioxidant [25,49]

7 Genistein Isoflavonoid 5,7,4′-OH
Currants, raisin,

legumes
Nodule induction,

signaling
[24,46]

8 Daidzein Isoflavonoid 7,4′-OH
Currants, raisin,

legumes
Nodule induction,

signaling, chelation
[46,50]

9 Apigeninidin Anthocyanin 7,4′-OH Flowers, fruits
Color pigmentation,
pollinator attractant,

UV-B absorber
[19,25,51]

10 Fisetin Flavonols 3,7,4′,5′-OH
Apple, strawberry,
onion, cucumber

Antioxidant [25,52]

11 Myricetin Flavonols 3,5,7,3′,4′,5′-OH Berries, tea, wine Antioxidant [53]

12 Luteolin Flavones 5,7,3′,4′-OH

Broccoli, chilli,
onion leaves bilimbi

fruit and leaves,
carrot, local celery

Nod gene inducer [54]

13 Rutin Flavones
5,7,3′,4′-OH,

3-rutinose
Parsley, Pepper,

carrot

Mycorrhizae
symbiosis, abiotic
stress mitigation

[22,55]

14 (+)-catechin Flavanol 3,5,7,3′,5′-OH
Grapes, pears,

apples
Antioxidant, ROS

scavengers
[26,56,57]

15 (−)-epicatechin. Flavanol 3,5,7,3′,5′-OH Strawberry, apple Antioxidant [56,57]
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3.1. Flavonoids in the Rhizosphere

The rhizosphere is the most complex and intensive place for the interaction of plants with the
external environment. It is the area of maximum biological community activity, nutrient acquisition
(mobility, solubility and diffusion) and plant–microbial interaction, which may depend on the secretion
of exudates containing large and small molecular weight organic and inorganic compounds including
ions, phenolics, enzymes, secondary metabolites and carbohydrates [58].

Flavonoids (secondary metabolites), very often in both aglycone and glycoside forms, are likely to
be exuded from root systems and have indirect effects on plant growth by mediating belowground
interactions, including attracting compatible rhizosphere-dwelling rhizobia, stimulating mycorrhizal
growth and hyphal branching, enhancing solubility of nutrients including phosphorus and iron and
repulsion of pests and root pathogens [50,59]. Studies suggested that flavonoid secretions from roots are
carried out through active transport (ATP dependent), catalyzed by ABC transporters [60]. However,
flavonoid secretion can also be passive, through degrading of root cap and epidermal cells [61]. In the
rhizosphere, flavonoid persistence and mobility may be influenced by solubility, structure, availability
of microbes and binding sites, as these compounds can be adsorbed to cation binding sites of soil or cell
walls. Flavonoid glycosides are sparingly soluble in water and expected to be less adsorbed to binding
sites, improving mobility and availability [10]. In addition, flavonoid secretion may be influenced by
environmental stresses, including nutrient supply (nitrogen and phosphorus) in the soil [62].

3.2. Flavonoids and Legume-Rhizobium Interaction

The evolution of intimate relationships that enable plants and microbes to coexist has been the
subject of many studies; these have attempted to explain and simplify the interactions that occur
between an individual or specific plants and their symbionts. However, in reality, these interactions
are far more complex and involve a range of microbes associated with a single plant, exchanging
chemical signals [63]. However, these interactions aid plants in many ways. Soil fertility and/or
nutrient acquisition is one of the major services provided by soil microbes. Nitrogen deficiency, due
to rapid nitrogen loss from soil by leaching, denitrification and immobilization, is a leading problem
in crop production. Atmospheric nitrogen is fixed and becomes part of the soil nitrogen recharge,
by biological and artificial means, of fixation from the atmosphere. However, the natural biological
fixation of atmospheric nitrogen (N2) contributes about 60% of the total atmospheric nitrogen fixation,
which has gained the attention of researchers and growers. Below-ground interactions leading to the
establishment of legume nitrogen-fixing symbioses are carried out by signal exchange, as a mode of
communication between host and symbiont, for mutual benefit.

The plants release chemo-attractants, in the form of flavonoids, to initiate the symbiotic process [64].
Flavonoids are very often exuded in greatest concentrations from root tips, which is near the site of
rhizobium attachment and infection [65]. These secondary metabolites serve as signaling compounds
to attract rhizobia toward plant roots and to activate nod genes in the rhizobia, which then start the
nodulation process in legumes [66]. The nod genes are responsible for making lipo-chitooligosaccharides
(LCOs), referred to as nod factors, which are released in response to chemical stimulus (generally
isoflavonoids) from plant roots. LCOs or other nod factors initiate root hair curling, the formation of
infection threads and bacterial entrance into the host plant root cells [67]. In legume crops, almost
half of the nitrogen required is fixed by nitrogen-fixing microbes, predominantly, Rhizobium and
Bradyrhizobium; the rest is supplied by fertilizer supplements [68].

Isoflavones are considered to be very active and effective in plant–microbe interactions; they
are very operative in signaling and enhancing nodulation by inducing nod gene systems. Nod

gene inducing flavonoids (quercetin and luteolin) released from the seeds and roots of Medicago

sativa L were investigated. Many, but not all, of the flavonoids, were found to induce nod genes in
Rhizobium melioti [69], indicating that rhizobia is responsive to selective flavonoid signals. Nodulation
related gene induction in R. melioti by flavonoids released from alfalfa was investigated. A chalcone
(4,4′-dihydroxy-2′-methoxychalcone) released, was reported to be the primary nod gene inducer in the
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group. Moderate inducing activities for 4′,7-dihydroxyflavone and 4′-7-dihydroxyflavanone were also
reported [70]. In addition, genistein (isoflavonoid), was tested under salt stress with inoculation of
Bradyrhizobium to evaluate effects on nodulation, N2-fixation and physiological changes. The results
revealed that genistein increased photosynthesis levels, nodulation and nitrogen fixation under saline
and non-saline conditions [71]. Isoflavonoids are hypothesized to induce nod gene expression and
to control the concentration of auxin in soybean roots. Results from similar work provided genetic
evidence of isoflavonoid involvement in soybean nodulation and assumed this to be essential for
nodule induction, by inducing the nod genes in Bradyrhizobium japonicum [72].

These biological signals are crucial factors in plant–microbe associations and are very often
disrupted by known and unknown causes. Studies on subtropical legume (soybean) nodulation
indicated that root zone temperatures (RZTs) below 25 ◦C decrease nodule induction and
N2-fixation [73,74]. The appropriate range of RZT required for optimal nodulation is 25 to 30
◦C. Below optimal RZT (25 ◦C), with each degree decrease in temperature there is a 2-day delay in
the onset of N2-fixation; below 17 ◦C each degree RZT decrease delays the onset of N2-fixation by
about one week [75]. However, suboptimal RZTs hinder root hair infection to a greater degree than
nodule initiation and development [76]. In addition, N2-fixation activity by the nitrogenase enzyme
complex is delayed, as is nitrogen assimilation [77]. However, the interorganismal signaling disruption
by suboptimal RZTs (17.5 and 15 ◦C) could be minimized by genistein application. Preincubation
of Bradyrhizobium japonicum with genistein increased the number of nodules, N2-fixation and plant
total dry weight at suboptimal RZT. It is, at least in part, because rhizobial nod gene induction is
temperature-dependent, making bradyrhizobia less sensitive to signal molecules. However, nodulation
events began earlier at suboptimal RZT following genistein application and this stimulated the
production of nod factors (LCO), nodule formation and nitrogen fixation [78].

The environmental growth conditions, in terms of nodulation and N2-fixation, may affect the
efficacy of applied signaling compounds and/or inoculated microbial strain, for example, under field
conditions, the plant root system is surrounded by an array of phytomicrobiome members, which
may compete for plant-supplied reduced carbon; in addition, other factors such as temperature, CO2

limitation, water and nutrient supply may alter nodulation and the onset of nitrogen fixation [79,80].
However, similar results were observed by preincubation of B. Japonicum with genistein application
under field conditions. Genistein application improved N2-fixation (40%) and total nitrogen yield
through increased nodule numbers and accelerated onset of N2-fixation; however, these effects were
greater in N-stressed plants. In addition, genistein preincubation of B. japonicum has meaningful
impacts on yield components [81]. Genistein preincubated inoculum (B. japonicum) increased soybean
grain yield and protein content by 16 and 70% respectively, as compared to those receiving only
inoculum [82]. Similar studies indicated an increase in yield and protein content of soybean by 25.5
and 21.6%, respectively [78]. However, crop responses to genistein application vary with the genetic
makeup of the crop cultivars. It was suggested that high yield potential cultivars respond more
to genistein application [83]. In addition to crop responses, the cultivar differences also determine
the concentration and accumulation of a range of secondary metabolites. The influences of soybean
cultivars and selection for yield on the concentration of health beneficial compounds, including
isoflavonoids (examples being genistein and daidzein) were determined. The findings revealed a
positive correlation between yield and isoflavonoid concentration and suggested that breeders selecting
for higher soybean yield may select for higher isoflavonoid concentration. However, isoflavonoid
concentrations were negatively correlated with protein content, unlike oil content [84].

3.3. Flavonoids and Mycorrhizal Associations

Phosphorus (P) is the second most important plant nutrient, after nitrogen. However, P is one
of the most deficient and least accessible primary nutrients and is often limiting to plant growth.
Phosphorus solubilization and affinity for the soil matrix and organic complexes are crucial reasons
for its unavailability for plant utilization. The rhizospheric microbial community plays a vital role in
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phosphorus availability and solubility by producing enzymes that can mobilize adsorbed phosphorus
and enhance the process of mineralization. Moreover, beneficial soil microbial species have positive
impacts on root growth and development and may increase root surface area, which ultimately
enhances the phosphorus depletion zone and effective phosphorus mobility [85]. In plant–mycorrhizal
symbioses, mycorrhizal fungi regulate plants to reduce root growth while increasing root extension
through hyphal outgrowth (100 times longer than root hairs) and the depletion zone for phosphorus,
increasing its availability by extending and proliferating in the soil far beyond the reach of root
surfaces [86]. Arbuscular mycorrhizal (AM) associations are probably the most taxonomically extensive
associations, formed by 70–90% of plant species. Arbuscular mycorrhizal associations are formed
by a monophyletic group of fungi from the phylum Glomeromycota which is estimated to utilize
about 20% of plant photosynthates, which is approximately equal to 5 billion t of carbon per year [87].
The mycorrhizal symbiosis is very effective at enhancing plant growth in drought conditions and
nutrient-deficient soils, specifically those that are phosphorus-deficient. It was observed that AM
inoculation increased potato yield by 9.5% in inoculated fields, as compared to uninoculated fields,
with yields of 42.2 and 38.3 t ha−1, respectively. Arbuscular mycorrhizal associations have substantial
potential to increase crop productivity, but their efficacy and association in large-scale crop production
systems are not yet fully investigated [34].

Root exudation, chemo-stimulation and presence of other microbial communities in the rhizosphere
may affect mycorrhizal symbioses and their colonization. Root exuded flavonoids have been shown
to enhance the mycorrhizal symbioses by stimulating fungal spore germination, hyphal growth and
colonization of roots. Flavonoids are considered to be universal signaling compounds [88]. However,
some scientists have a different perception regarding AM symbiotic signaling. The normal development
of mycorrhizal relationships in the absence of flavonoid-based signaling compounds in carrot root
extracts and deficient activity of chalcone synthase (necessary for flavonoid biosynthesis) brought them
to a conclusion that “Flavonoids are not necessary plant signal compounds in Arbuscular Mycorrhizal
symbiosis”. However, if present, their influence greatly stimulates AM development [89] and plant
growth depending on concentration, spore density and plant growth stage [90].

The effects of the AM stimulating flavonoid, formononetin, on potato yield mediated by native
AMF were examined. The results revealed an increase in plant dry matter, tuber development and
phosphorus use efficiency. Perhaps the effects were more prominent at low phosphorus (P) levels.
In addition, formononetin increased soil sporulation more than 3 fold [91]. However, the variation
in response of different cultivars to formononetin application indicated that signaling responses by
participatory symbionts may depend on genetic characteristics [92]. Similar results suggested that
formononetin seed application to soybean may reduce the need for phosphorus (P) fertilizer by 50% [93].
A similar study was conducted on the hyphal growth and root colonization of arbuscular mycorrhizal
fungi (AMF) on tomato as affected by flavones and flavonols. A correlation was observed between
the number of entry points and root colonization percentage for the specific tested AMF (Gigaspora

rosea, Gigaspora margarita, Glomus mosseae, and Glomus intraradices). Flavones (chrysin and luteolin)
and flavonols (morin) enhanced the colonization and number of entry points, whereas kaempferol
and rutin have no effect on presymbiotic growth of AMF and subsequent root colonization [94]. The
flavonoids (apigenin, hesperetin and naringenin) enhanced spore germination, hyphal growth and
root colonization of Gigaspora margarita [95]. In addition, quercetin glycosides, exuded from alfalfa,
were found to be effective in enhancing AMF symbioses by increasing hyphal growth and branching,
and spore germination of G. macrocarpum and G. etunicatum [50].

Moreover, flavonoids have been found to solubilize phosphorus by enhancing mycorrhizal
colonization of root systems and may help in nutrient availability and mineralization of nitrogen and
other nutrients [96]. They may also act as metal chelating agents, making certain micronutrients more
available for plants [97]. Flavonoids released from roots of white lupin cause significant increases in
phosphorus acquisition [98]. An Isoflavonoid present in root exudates of alfalfa was shown to dissolve
phosphates of iron, making both iron and phosphorus more available to plants. In addition, flavonoids,
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including genistein, quercetin and kaempferol, can make iron available by chelating and reducing iron
oxides in the rhizosphere from Fe+3 to Fe +2 [99].

4. Flavonoids and Plant Abiotic Stresses

Plants, as they are sessile, are exposed to an array of unfavorable environmental conditions.
Ecological variations and intense growth conditions affect plant hemostasis, physiology and growth,
leading to diminished and stunted plants. A wide range of unfavorable biotic and abiotic stresses
threaten sustainable agriculture and are often responsible for diminished crop production [100]. The
mechanisms plants use to cope with abiotic stresses are coordinated among plant organs and tissues
through chemical signals [101]. Most plant responses to stress conditions are not fully understood.
However, the biosynthetic flavonoids and their ability to induce resistance against biotic and abiotic
stresses have acquired some attention. Flavonoids are found to be supportive in abiotic stresses,
including UV radiation, salt and drought stress.

4.1. Flavonoids as UV Scavengers

UV radiation is invisible, short wavelength and highly energetic radiation. UV radiation is
divided into three segments based on the wavelength of the light: UV-A, B and C with a wavelength of
315–400 nm, 280–315 nm and less than 280 nm, respectively [19]. These wavelengths have enough
energy to cause damage and abnormalities in plants by breaking chemical bonds through photochemical
reactions [62]. The energy of the photon depends on the wavelength of the radiation; the shorter the
wavelength, the more energetic the radiation will be. UV-C (less than 280 nm) is most energetic and can
ionize certain molecules. UV-B can cause severe metabolic disruption in plants by negatively affecting
photosynthesis, starch concentration and transpiration, and promoting cellular damage; it may also
increase disease susceptibility by making defense mechanisms weak, affecting the process of cell
division and inhibiting overall plant growth [65,102,103]. However, the absorbance of UV-B radiation
by flavonoids permits little radiation in this wavelength range to pass through leaf epidermal cells [62].
Plant resistance to UV radiation is due to flavonoids (anthocyanins) filtering UV-B by absorbing such
radiations and detoxifying the ROS produced by photochemical reactions [104].

The significance of UV-B scavenging flavonoids on two apple varieties (Granny Smith and
Braeburn) exposed to sunlight and UV-B radiation was estimated. The results revealed different
contents and compositions of UV-B absorbing compounds in the two varieties. The Granny
Smith (anthocyanin-free) fruit showed significant decreases in chlorophyll and carotenoid contents.
Conversely, Braeburn exposed to sunlight had higher contents of chlorophyll and carotenoids. However,
quercetin glycosides were the principal compounds absorbing UV-A and UV-B radiations. [105]. Similar
work has investigated tomato under controlled environment conditions; the findings demonstrated
an increase of flower/fruit synchronization under high radiation, with minimal effect on vegetative
plant parts. In addition, an increase of UV-B receptors and chlorophyll content was also observed,
along with phenylpropanoid compounds responsible for UV absorption by-products of antioxidant
pathways. [106]. UV-A/B, as an abiotic stress, can be used to enhance fruit quality by activating
oxidation pathways in plants [107].

The effect of UV light on flavonoid content in barley leaves was tested, and results revealed
significant increases in flavonoid (saponarin, lutonarin) content when leaves were exposed to UV-B
radiation, as compared to control conditions (absence of UV-B) [108]. In addition, the increased
flavonoid accumulation in response to UV-B radiation may reduce the damage in exposed leaves
by absorbing specific radiation wavelengths. [109]. Therefore, plants grown in open-environment
conditions, exposed to full sunlight, have greater flavonoid contents than plants grown in greenhouses.

4.2. Flavonoids in Managing Salt and Drought Stress

Salinity, one of the most concerning abiotic stressors, is a major constraint to global crop
productivity. The worldwide extent of soil affected by salts is about 955 M ha, while 77 M ha are
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affected with secondary salinization, and of these 58% are irrigated lands. Almost 20% of irrigated land
is affected by excess soluble salts [110]. Soil salinization and increased accumulation of soluble salts in
the root zone, predominantly NaCl, is caused by natural and/or human activities which have resulted
in degraded and abandoned formally fertile and productive agriculture lands [111]. Excess soluble
salts in soil solution may limit plant growth, primarily through two mechanisms: osmotic stress and
ion toxicity. First, low solute/osmotic potential due to increased ion concentration (NaCl) in soil water
reduces the total soil-water potential (Ψ) which in turn reduces the ability of plant roots to uptake
water, eventually leading to diminished plant growth. Second, ion toxicity in plant tissues, more
frequently due to sodium accumulation, causes cellular damage by membrane disruption and disturbs
plant physiological processes, including photosynthesis, respiration, transpiration and osmoregulation,
resulting in necrosis or chlorosis, leading to reduced plant growth [112–114]. Depending on sensitivity
and tolerance to salinity, plants are classified as either glycophytes or halophytes [115]. Most of the
agricultural crops are glycophytes (low tolerance) and tend to exclude Na+ and Cl- from roots. Unlike
glycophytes, halophytes are often native to saline growth conditions and tolerate salt concentrations
that kill 99% of other vegetation. The salinity tolerance of halophytes relies on ionic homeostasis
by controlled uptake and compartmentalization of ions (Na+, K+, and Cl−) and accumulation of
metabolically compatible solutes (organic) in the cytoplasm to balance the solute potential of ions
accumulated in the vacuole [116,117]. Salt responses in plants follow a biphasic mechanism. The first,
osmotic phase (rapid), begins immediately after root zone salinization increases to a threshold level,
resulting in reduced shoot growth and leaf area, and causes stomatal closure. The second, ionic phase,
begins with increased accumulation of ions (Na+) to toxic levels in the cytoplasm, leading to chlorosis
followed by leaf death. Osmotic stress not only exerts immediate effects on plant growth but is also
more chronic than the ionic phase [118]. Increases in an array of compatible organic solutes is proposed
to balance solute potential including sucrose, proline, glycine-betaine and sorbitol [119,120]. In addition
to compartmentalization, some plants can prevent salt accumulation (whole plant or cellular level) and
avoid toxic effects of ions on crop physiology including photosynthesis [113]. In response to salt stress,
plants undergo several morphological, physiological and metabolic changes to cope with the stress
conditions. These adaptations involve several biochemical pathways, sustained osmotic potential, ion
compartmentalization and exclusion of toxin ions. Subsequent to ionic toxicity, specific toxic substances,
ROS, including superoxide, singlet oxygen and hydrogen peroxide, cause oxidative damage in cells,
which is considered a secondary effect of salinity [121,122]. However, plants are equipped with specific
defense mechanisms to cope with such stress conditions, by initiating antioxidant pathways including
enzymes and antioxidant agents; flavonoids, carotenoids and specific vitamins [121,123,124]. Reactive
oxygen species or free radicals are molecular species that contain at least one unpaired electron in their
atomic shells, making them highly reactive. Reactive species (RS) are quite unstable, most of them
exist not more than 10−6 s in biological systems, and to be more stable they react with biomolecules by
either donating or receiving an electron [125].

Oxygen is poisonous; aerobes are equipped with defense mechanisms mediated by antioxidants,
which is how they survive such toxicity. The antioxidant defenses in biological systems are the result
of several strategies [126]:

1. Suppressing RS formation either by uncoupling proteins triggered by superoxide, indicating
that it may reduce mitochondrial ROS formation [127] or inhibition of enzymes involved in
RS formation, for example, inhibition of cyclooxygenase, lipoxygenase and NADH oxidase by
flavonoids [128]

2. Substitution of biomolecules vulnerable to oxidative damage with resistant ones
3. Antioxidants acting as “sacrificial agents” by reacting with reactive species to prevent them from

reacting with important biomolecules [129].

Flavonoids have been found to play an important role as antioxidants by detoxifying and
scavenging of ROS produced [130] as by-products of oxidative metabolism [121] during abiotic stresses
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including salt and drought. However, the accumulation of such metabolites advances when plants
face any environmental uncertainty. It was observed that anthocyanin accumulation in response
to salt stress increased by 40%, which could be a phytochemical strategy to combat salt stress and
subsequent toxic reactions [131]. In addition, the protective nature of anthocyanin was also compared
in two groups of rice genotypes: salt sensitive and salt resistant. The total anthocyanin content
in salt-tolerant genotypes was higher than in salt-sensitive varieties, with antioxidant activities of
125–199% and 106–113%, respectively. It was therefore concluded that anthocyanins in rice contribute
to cellular protection by detoxifying accumulated salts [132]. The effects of applying genistein (an
isoflavonoid) to rhizobial culture on signal production and subsequent growth and yield of soybean
have been investigated. Results demonstrated a significant increase in plant growth with increased
leaf area and number of nodules. Genistein application enhanced crop yield by 21% under salt
stress [133]. Salinity may inhibit signal exchange between host and symbiont, which is very important
for initiating a functional symbiotic nitrogen-fixation relationship. The interaction of soybean and
B. japonicum was evaluated under salt stress. The findings are consistent with similar studies. Genistein
application enhanced the stimulation of growth and signaling between the symbiotic partners and,
hence, increased nodulation and growth of the plant. The results may help in cultivating soybean in
a more efficient and productive way under unfavorable environmental conditions [134]. Likewise,
an increased concentration of flavonoids has been found in tomato plants when exposed to salt or
drought stress, however, plant growth and chlorophyll content were significantly reduced, indicating
no and/or insignificant effect of flavonoids on plant growth and physiology [121]. In contrast, findings
from a similar study on flavonoid biosynthesis and accumulation in wheat leaves under drought stress
suggested that drought resistance in wheat is closely related to increased flavonoid accumulation [135].
Similar results were observed in two native shrubs from Argentina. Flavonoid accumulation was
observed throughout the year; however, a significant increase was noted during times of intensive
drought [136]. Drought mitigation by flavonoids and flavonoid derivatives has been confirmed in
Arabidopsis thaliana. The role of individual flavonoids was unclear, however, increased production of
flavonoids in plants and associated drought resistance was confirmed [95].

5. Flavonoids against Plant Biotic Stress

Plants, as they are sessile, have no possible way to physically remove themselves from invading
pests and pathogens. In nature, plants are exposed to an array of pathogenic fungi, bacteria and
herbivore pests. However, plants have evolved strategies to combat such unwanted guests. Pathogens
do not generally succeed in infecting plants that are not host species (non-host resistance) and/or
resistant varieties (incompatible interaction), but intense damage after infection may be caused in
susceptible plants (compatible). The damage caused by pathogens in most cases is inversely correlated
with the hypersensitive response including reinforcement of cell wall, induction of lytic enzymes
and production of phytoalexins [137]. One of the defense strategies adopted by plants in response to
invading pests and pathogens is formation, accumulation and secretion of phytoalexins. Phytoalexins
are chemicals released by plants in response to pests and pathogens, to ward off the disease and
disease-causing agents. Flavonoids are the most-described secondary metabolites in plant defense
systems [132]. Their role in plant physiology, morphology and communication and defense mechanisms
is considerable. Certain flavonoids are found to be strong phytoalexins against pathogenic bacteria,
fungi and nematodes, and may act as insect repellents. External morphological modifications in
plants may also act as protective mechanisms against invading pests, predominantly feeding animals
including insects, however the chemical tool of insect repellent is more effective. The synthesis of these
antibiotic secondary metabolites in plants is due to infection caused by pathogens, bacteria, fungi and
nematodes, and may also be induced by feeding insects [138,139].
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5.1. Phytoalexin Flavonoids as Nematicides

Parasitic nematodes cause tremendous crop yield loss by forming cysts or galls on roots. Plants,
in response to nematode invasion, produce several chemicals to increase resistance to or minimize the
effect of, nematode presence. The synthesis and accumulation of flavonoids within plant root systems
is often stimulated by nematode invasion. The induced synthesis of such phytoalexins assists plants in
coping with nematode infections.

Coumestrol (an isoflavonoid) can act as a phytoalexin; it is synthesized in lima bean as nematicide
when infected by Pratylenchus penetrans. Glyceollin is a protecting isoflavonoid synthesized in soybean
roots when infected by the root-knot nematode; Meloidogyne incognita. The results demonstrated a
decrease in nematode mobility and O2 uptake [140]. The synthesis of glyceollin, resistance inducing
flavonoids in soybean, in response to Meloidogyne penetrans infection minimized crop damage [141].
Heterodera glycines (soybean cyst nematode) is the most destructive parasitic nematode of soybean.
Accumulation of the phytoalexin glyceollin in root systems of soybean after cyst nematode invasion was
determined by HPLC (High Performance Liquid Chromatography): A form of liquid chromatography,
used to separate, identify and quantify compounds in a solution. No glyceollin was found in control
plants, however, the content of the phytoalexin glyceollin increased at the 2nd, 4th and 6th days after
inoculation, by 12, 19 and 23 μg g−1 root, respectively [142]. The major phytoalexin in oat, when infected
with major nematodes of cereals, was identified as O-methyl-apigenin-C-deoxyhexoside-O-hexoside (a
flavone-C-glycoside). The phytoalexin flavone, induced by nematode invasion, was extracted from oat
roots and shoots, and was significantly reduced invasion by major cereal nematodes: H. avenae and
P. neglectus [143]. The interaction of flavonoids with parasitic nematodes as defense mechanisms is
unclear, however, flavonoids were found to be protecting agents as they inhibit nematode motility and
chemotaxis [140].

5.2. Flavonoids against Pathogenic Fungi

Fungi, as the most dominant disease-causing agent in plants, adversely affect agricultural crop
production. The wide range of diseases caused by fungi decreases crop production dramatically.
However, plants have adapted themselves to produce resistance mechanisms against biotic stresses.
The production of phytoalexins in response to pathogenic invasion, predominantly fungi, is an
effective tool used by plants for combatting biotic stress. The effect of cucumber powdery mildew
and subsequent biochemical changes in response to invading pathogen was investigated. Results
revealed that silicon can contribute to powdery mildew resistance in cucumber by increasing the
accumulation of a fungi-toxic phytoalexin, which was identified as the flavonol aglycone rhamnetin (a
flavonoid) [144]. Brown rot lesion is a disease caused by the fungus Phytophthora citrophthora in citrus
fruits. The correlation of infection caused by pathogen and level of phytoalexin flavones accumulation
in host plant was examined. The increased accumulation of heptamethoxyflavone, nobiletin, sinensetin,
and tangeretin was confirmed along with the antifungal effects of phytoalexin flavonoids. The most
effective flavonoids against P. citrophthora were naringenin and hesperetin [145]. Similar results were
found in tangelo fruit defense mechanisms against P. citrophthora. The accumulation of isoflavonoids
was induced by 6-benzylaminopurine application, which enhanced fruit resistance to the pathogenic
fungus by 60%. The most inhibiting of the accumulated phytoalexins were nobiletin, sinensetin,
heptamethoxyflavone, followed by tangeretin [146]. Further research was carried out to evaluate
phytoalexin accumulation in soybean cotyledons using four species of Aspergillus. All the pathogenic
species induced accumulation of phytoalexins in soybean cotyledons, however the phytoalexins
glyceollin at 955 μg g−1 (fw) and coumestrol at 27.2 μg g−1 (fw), following inoculation with A. sojae

and A. niger, accumulated to the greatest degrees [147].
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5.3. Antibacterial Effects of Flavonoids

The study of natural defense mechanisms of plants related to synthesizing antimicrobial
phytoalexins in response to biotic stress demonstrated that phytoalexin level is increased as part of
the resistance to phytopathogenic agents [148]. Information regarding phytoalexin accumulation
in response to fungal invasion is considerable, however very little is known about phytoalexin
synthesis in response to phytopathogenic bacterial invasion [149]. The production of antibacterial
phytoalexins in bean leaves was studied by inoculating bean plants with Pseudomonas spp. Coumestrol,
a phytoalexin isoflavonoid, was accumulated in infected bean leaves and inhibited the growth of two
pathogenic bacterial species: P. mars-prunorum and P. phaseolicola. The coumestrol was obtained from
hypersensitive and susceptible lesions at 1 and 5 days after inoculation. Their accumulation explains
the inhibition of bacterial colonization in hypersensitive and susceptible lesions of bean leaves [150].
The accumulation of isoflavonoid in soybean leaves in response to Pseudomonas glycinea invasion was
investigated. Coumestrol and daidzein were identified as the major phytoalexins accumulated in
response to pathogenic (P. glycinea) and non-pathogenic (P. lachrymans) inoculations of soybean leaves.
The data demonstrated inhibiting properties of coumestrol against pathogenic bacterial colonization
and suggested that the resistance in soybean leaves against P. glycinea was due to induced accumulation
of isoflavonoids [151]. In contrast, coumestrol was found ineffective against pathogenic bacterial strains
when tested with another five isoflavonoids on twenty isolates of pathogenic and saprophytic bacteria,
including species of Pseudomonas, Xanthomonas and Achromobacter. However, phaseollinisoflavan and
kievitone showed antibacterial activity by strongly inhibiting the population of Xanthomonas and
Achromobacter species [152]. Recent research toward finding natural solutions against biotic stress
introduced new products against certain disease-causing agents. A new compound isolated from
the roots of Erythrina poeppigiana, identified as an isoflavonoid was isolated against Staphylococcus

aureus, and compared with five other root isolates. Results revealed strong inhibiting activities against
inoculated pathogens. The minimum inhibitory concentration was 12.5 g mL−1 against thirteen (13)
strains of S. aureus. It was also assumed that new compounds could act as potent antibiotics against
infections caused by S. aureus [153].

5.4. Flavonoids as Insect/Herbivore Repellents

Plants, as sessile beings, act as an available food source for herbivores, including insect pests.
Plants have evolved defense strategies to avoid and/or deal with such biotic stresses, by secreting and
accumulating repellent molecules or signals, which are either plant constitutes, in some cases produced
inductively in response to pest invasion [154]. The defense mechanism may initiate from undamaged
tissues by secreting phytoalexins in response to chemical signals from wounded tissues, which may
repel or intoxicate insects [155]. Most of the insect repellent or antifeedant molecules are alkaloids,
flavonoids and other secondary metabolites [156]. Morphological modifications like thorns and waxes
can make feeding difficult for insect pests. Plants usually use two different strategies: direct and indirect
methods, as defense mechanisms against insect herbivory. Direct methods involve the accumulation
of insect repellents or toxic substances to minimize the level of damage. On the other hand, plants
release signaling compounds as chemoattractants to signal predators, which may feed on the pest and
minimize the plant damage [157]. Rotenone (isoflavonoid) is a very effective botanical insecticide used
as a basis for insect repellents. Rotenone is a major component of insecticidal resins which may be
extracted from roots of some legumes, including those in the genera Lonchocarpus, Derris and Tephrosia.
Pyrethrum is another bioactive material against insect pests, also containing flavonoids as a major
constituent. Pyrethrum can be extracted from flowers of Chrysanthemum species [158]. Likewise, the
antifeeding effects of four isoflavonoids (genistein, formononetin, daidzein and biochanin A), isolated
from two red clover cultivars, were investigated against clover root borer. The isoflavonoids decreased
insect weight and activity. Genistein and formononetin had high anti-feeding activity against Hylastinus

obscurus (clover root borer). The results could be utilized in controlling curculionid [159]. In addition,
the insecticidal effects of phenolics of pea plants were tested against Acyrthosiphon pisum. The high
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concentration of phenolics and flavonoids in infested plants, as compared to controls, suggested the
induced accumulation of antifeedants in response to insect pest presence. In addition, flavonoids
(luteolin and genistein) added as supplements to artificial diets prolonged the stylet probing, onset
of salivation and passive ingestion. Salivation and passive ingestion completely stopped at higher
concentrations of flavonoids. such measures could be employed to induce resistance against certain
invading pests [160]. Additionally, the role of phenolics and flavonoids as insect repellents is illustrated
by several lines of research [161–163]

The antifeedant and toxic effects of four isolated flavonoids (isoglabratephrin (þ)-glabratephrin,
tephroapollin-F and lanceolatin-A) from aerial parts of Tephrosia apollinea L. were determined. The
flavonoids exhibited toxic effects against insect pests: Sitophilus oryzae, Rhyzopertha dominica and
Tribolium, with mortality percentages of 78.6, 64.6 and 60.7%, respectively, at 3.5 mg mL−1. [164]

6. Allelopathic/Phytotoxic Behavior of Flavonoids

Weeds are a very significant challenge to crop plants as they are constantly competing for light,
nutrients and water, interfering with crop functioning and causing tremendous yield loss directly or
indirectly. Reductions in crop yield are generally much greater due to weeds than other pests. It is
estimated that about 34% of yield loss among the major crops is caused by weeds [165]. Some of the
major crops affected by weeds are wheat, soybean, rice, maize, cotton and potato with yield reductions
of 23, 37, 37, 40, 36 and 30% respectively [166]. Weed management strategies have always been a
significant part of agricultural systems but have changed significantly based on the accessibility of
tools and techniques, environmental and sustainability concerns, starting from ancient techniques
such as pulling by hand and soil tilling with simple tools, to current use of herbicides and mechanized
conventional tillage, which are the most recent and, so far, most effective techniques available [167].
However, despite being very effective, commercial herbicides are finding themselves eschewed by
growers because of their toxic and residual effects which contravene the principles of sustainability,
eventually contributing to climate change, which is a consequence of such unsustainable human
activities. In addition, the continuous use of chemical herbicides induces herbicide resistance in weed
populations, which is a crucial long-term consideration in weed management. In contrast, biopesticides
are gaining significant popularity among crop scientists because of their environmentally friendly
behavior, as they contain biochemicals with no, or minimal, residual effects. The concept of using
plant-derived biochemicals as “weedicides” originated from the allelopathic effects mediated by certain
plants by employing allelochemicals released into the environment.

The term allelopathy was first defined by Molisch [168], indicating that the effects that result
(directly or indirectly) from exuded biochemicals transferred from one plant to another. This definition,
suggested by Molisch, implies only plant activity. However, the term “allelopathy” was later refined to
include microorganisms (bacteria, algae, fungi and viruses) in his definition, as a significant part of
allelopathic processes [169]. Allelopathy is an interference process in which either plants or their dead
parts exude phytotoxic chemicals which interfere with the physiology and growth of other plants [170].
The allelopathic behavior of certain entities (plants and microorganisms) has been demonstrated in
the literature, however, given the extensive uncertainty, this area needs more exploration in order to
understand allelochemical behavior, including the formation of allelopathic compounds and their
chemical nature, viability, efficiency and mode of action in plant-plant and plant–microbe interactions,
to improve their practical implementation in the field.

Several plants are known to have allelopathic natures through allelochemical exudation including
wheat, rice, rye, barley, sorghum and sugarcane. These plants can be manipulated to suppress weeds
through an allelopathic approach within crop rotations, intercropping, cover crops and mulch [171]. The
phytotoxic effect of sunflower cultivars was evaluated against weed species in wheat either by growing
with weeds or applied as residues over a wheat crop and weeds. Sunflower cultivars have shown
strong allelopathic effects on weeds, however, variation among the cultivars was observed, indicating
that allelochemical exudation or phytotoxic effects and weed suppression vary with cultivar/genotype.
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In addition, the sunflower cultivars suppressed total weed density and biomass by 10–87% and 34–81%,
respectively [172].

There is an array of biochemicals, produced as secondary metabolites in plants, or released during
their decomposition by microbes, which act as active allelochemicals in plant ecosystems. These
phytotoxic substances, based on their chemical nature, are classified into 14 categories including
cinnamic acid and its derivatives: coumarin, flavonoids, tannins, terpenoids and steroids. Recent
publications regarding flavonoids have evidenced their phytotoxicity and growth inhibitory effects,
which could be a sustainable approach toward integrated weed management [173].

In early plants, bryophytes and ferns, some of the allelochemicals found are synthesized in the early
stages of flavonoid biosynthesis, however, additional flavonoid classes accumulate in angiosperms
and gymnosperms, reflecting the employment of genes beyond just those involved in flavonoid
biosynthesis [137]. Flavonoids have been reported in the literature for over 50 years as allelochemicals
in the rhizosphere [174]. They are either exuded from roots or released from decomposed plant tissues
as leachates, persist for days in the soil and their activity (inhibitory or stimulatory) depends on their
concentration and solubility. In addition, phytotoxic compounds can also accumulate in leaves and
pollen, which eventually inhibit seed germination of other plants after falling onto the soil [12].

It has been observed that flavonoids are produced by many legumes; quercetin and kaempferol
(aglycon and glycosylated) released from seeds and roots, possess phyto-inhibitory effects. If present in
lower concentrations such compounds may stimulate seed germination while in higher concentrations
they may inhibit seedling growth [175]. Flavonoids isolated from roots of Stellera chamaejasme L., a toxic
and ecologically threatening weed, showed strong phytotoxic activity against Arabidopsis thaliana. The
isolated flavonoids reduced seedling growth and root development. In addition, endogenous auxin
distribution in Arabidopsis thaliana was also influenced, indicating a critical factor in phytotoxicity [176].
Spotted knapweed is one of the more noxious and economically devastating weeds of North America,
destroying crops and other weeds by phytotoxicity. An allelochemical identified was flavan-3-ol
(¬-)-catechin (flavonoid), was shown to be responsible for the invasive behavior and phytotoxicity of
Centaurea maculosa (spotted knapweed) [103].

Recently, the herbicidal effects of 10 crude extracts obtained from Tunisian plants were assessed.
Among the five phenolic compounds, three of the flavonoids had significant herbicidal effects on
Trifolium incarnatum. Flavonoids inhibited seed germination and seedling growth and caused severe
necrosis and chlorosis. Based on their efficiency, flavonoids were formulated into a natural herbicide
and interestingly, the extracts showed the same herbicidal effects as an industrial biopesticide containing
pelargonic acid [177]. A similar study was conducted, indicating the phytotoxicity of Plantago major

extracts on germination and seedling growth of purslane (Portulaca oleracea). It was observed that the
level of phytotoxicity or inhibition was directly proportional to extract concentration. Phytotoxicity
of a higher extract dose (40 mg mL−1) was greater than the lowest one evaluated (2.5 mg mL−1)
and these concentrations inhibited germination by 30.24 and 4.60%, respectively. In addition, the
highest concentrations significantly inhibited radical and plumule growth. The biologically active
organic compounds in plant extracts were analyzed and found to be phenolics, tannins, alkaloids,
flavonoids and saponins [178]. However, the compounds were not tested alone in this study, leaving
no evidence of individual phytotoxic intensity of biological compounds. The need for sustainable and
eco-friendly approaches in agricultural systems fosters great interest in bioproducts and biological
control agents. However, further studies are required to obtain a better understanding of the many
phytotoxic flavonoids.

7. Conclusions

The indispensable role of flavonoids in stress mitigation and signaling behavior in plants is
highlighted. More specifically, we reviewed the protective nature of flavonoids in plants against
certain biotic and abiotic stress conditions. The polyphenolic structure and diverse chemical nature of
flavonoids facilitate multiple mechanisms of action, favoring plant survival under a range of harsh
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conditions. Despite current knowledge of this matter, the use of flavonoids in agriculture is very limited.
Soil microbiota are ecofriendly contributors in sustainable agriculture, and the iconic role of flavonoids
in improving phyto-microbial associations is the “icing on the cake”. Still, however, we know very
little about the chemo-communications between plants and the vast number of microbial strains in the
rhizosphere (phytomicrobiome members); much is left to be explored and elucidated. In addition,
flavonoids play an indispensable role against plant biotic and abiotic stresses. Flavonoids could be
employed as an ecofriendly and sustainable approach towards stress mitigation. The phytotoxic and
pesticidal effects of flavonoids provide insight regarding how effective these biochemicals could be
in the field if practically implemented. The use of bioflavonoids as natural herbicides is an area of
growing interest in integrated weed management. Further research and investigations are required to
understand the full range of activity of flavonoids produced naturally and/or applied artificially.
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Abstract: Organic amendment is important for promoting soil quality through increasing soil fertility
and soil microbes. This study evaluated the effectiveness of using liquid food waste material
(LFM) as a microbial resource, by analyzing the microbial community composition in LFM, and by
isolating plant growth-promoting bacteria (PGPB) from the material. High-throughput sequencing
of LFM, collected every month from May to September 2018, resulted in the detection of >1000
bacterial operational taxonomic units (OTUs) in the LFM. The results showed that Firmicutes was
abundant and most frequently detected, followed by Proteobacteria and Actinobacteria. Of the
culturable strains isolated from LFM, almost all belonged to the genus Bacillus. Four strains of
PGPB were selected from the isolated strains, with traits such as indole acetic acid production and
1-aminocyclopropane-1-carboxylic acid deaminase activity. Lettuce growth was improved via LFM
amendment with PGPB, and Brassica rapa showed significant differences in root biomass when LFM
amendment was compared with the use chemical fertilizer. Field experiments using LFM showed
slight differences in growth for Brassica rapa, lettuce and eggplant, when compared with the use
of chemical fertilizer. LFM is a useful microbial resource for the isolation of PGPB, and its use as
fertilizer could result in reduced chemical fertilizer usage in sustainable agriculture.

Keywords: bacterial community composition; liquid food waste materials (LFM); plant
growth-promoting bacteria (PGPB); plant growth-promoting (PGP) traits

1. Introduction

Plant growth-promoting microorganisms (PGPM) are broadly accepted to enhance crop
production [1]. Plant growth-promoting microorganisms enhance plant growth and development
through a variety of functions, encompassing the increase of macro-nutrient availability to the
host plant by assembly of growth-promoting chemicals [2], nitrogen fixation [3], solubilization of
inorganic phosphate and mineralization of organic phosphate [4], production of different types of
phytohormones-like organic compounds [5,6] and biological control of phytopathogens by synthesizing
antibiotics and/or competing with harmful microorganisms [7,8]. Therefore, the continuous use of
PGPM could lead to it replacing pesticides and chemical fertilizers [9].

On another front, the overuse of chemical fertilizers and continuous agricultural activities results
in the deterioration of soil quality [10,11]. The associated loss of soil health, fertility and nutrient status
leads to continuous input requirements. Crop nutrition needs can be met through the provision of
inorganic as well as organic fertilizers and biofertilizers. Overreliance on inorganic fertilizers stretches
the economics of the farming community, and also leads to consumption of available non-renewable
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nutrient resources, compromises the potential plant-beneficial microbiome, and can have a severe
environmental impact [12]. In contrast, the concerns around the use of organic fertilizers include that
they are bulky, slow release, have inconsistent composition and can spread weed seeds, among other
things. Therefore, sustainable solutions must be sought for crop production, while focusing on the
utilization of all available resources. Organic waste production, which can be animal- or plant-based,
including food leftovers, vegetable and fruit peels and market refuse, is a worldwide issue, and its
disposal and treatment is increasingly important in developing countries [13]. The large amount of
this waste that is produced is a major economic, social and environmental challenge [14], which is
associated with extensive handling costs. There are great potential benefits to recycling and reusing this
material in agriculture. Recent efforts have led to up to a 25% reduction in food waste in some parts of
the world, however, in Japan, although food waste legislation has helped to reduce the volume of food
waste produced, more needs to be done in addressing this issue, as reviewed by [15]. General waste,
other than that generated by food processing industries and households, contains about 60% organic
matter [16]. Hence, the separation of organic matter from general waste streams should be targeted,
and treated as a resource rather than a problem [11,17].

Organic waste contains fatty acids, proteins and carbohydrates [18,19] among other constituents,
which can be utilized as a source of crop nutrition. The application of organic waste materials in
agriculture has been reported to reduce runoff, improve soil structure and increase soil biological
activity [20]. In addition, some research has showed that local effective microorganisms (LEM) are a
beneficial inoculant for the nitrogen mineralization of organic materials [21,22]. Therefore, the better
management of organic waste materials could lead to preservation of soil quality and sustainable
crop production [9]. Previous studies have explored the potential of the utilization of food and
organic wastes in domestic, agricultural and industrial applications [11,23–25]. Among the variety of
waste processing and manipulation procedures prior to their application in agriculture, most have
had associated physical, chemical or biological problems. In the effective utilization of food waste,
quick manipulation, easy operation and little or no reduction in the nutritional composition of the
waste products are all considered publicly acceptable, and could increase the waste’s potential for wide
application and dissemination. Under this scenario, nutrient retention can be ensured, and minimal
damage to the plant-beneficial microbes present in the food waste would be achieved. A food waste
recycling facility started operating in 2014 in Kai-City, Yamanashi Prefecture, Japan, which collects
food waste from school restaurants in the vicinity, processes the waste using lactic acid fermentation,
and supplies the final product in liquid form to farmers (Kai City Biomass [26]). The food waste
recycling facility has a structure divided into four phases. In the first phase, food wastes and water,
along with an inoculum of microorganisms, such as lactic acid bacteria, are added, and the mixture
is agitated and gradually moved to phases 2, 3 and 4. During that time, the pH drops to 3 and the
temperature rises above 50 ◦C to promote fermentation. This liquid food waste material (LFM) has
been used as a crop nutrient source by many farmers in the area. Although LFM has been mainly
employed for use in agriculture and/or for energy production, the microbiological potential of the plant
growth-promoting microbes in LFM has not been studied, to the best of our knowledge. In this study,
we explored the microbial community composition of the final form of the recycled waste materials,
and studied the ecology of those microorganisms, while also investigating the plant growth-promoting
traits of the culturable bacterial isolates.

2. Materials and Methods

2.1. Liquid Food Waste Materials

The LFM was obtained in March 2017 and March 2018 for pot and field experiments, respectively,
and in May, June, July, August and September 2018 for bacterial composition analysis (and in October
for isolation of microbes), from the Biomass Center at Kai City, Yamanashi, Japan. A portion (50 mL) of
the material each month was stored at −80 ◦C for DNA extraction and high-throughput sequencing.
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The Kai City facility produces LFM from residues of local school-provided lunches using the lactic acid
fermentation process at the rate of approximately 90 L/day−1. The total carbon and nitrogen of the
final form of fertilizer were 31.7% and 1.41%, respectively. The C/N ratio of LFM was 22.4. In addition,
the pH of LFM was 3.42 because of the lactic acid fermentation process. Electrical conductivity (EC),
nitrate–nitrogen (NO3

−-N), ammonium-N (NH4
+-N) and available phosphate (Trough-P) were at the

values of 6.65 mS/cm−1, 0.95 mg/L−1, 14.8 mg/L−1 and 0.69 mg/L−1, respectively.

2.2. Assay of Liquid Food Waste Material (LFM) Utilization

An incubation experiment was carried out to assess the mineralization of NO3
−-N from the LFM

according to a modified Soil Environmental Analytical Method, 1997. A total of 100 mL of the LFM
material was weighed and mixed with 300 g of soil obtained from University of Yamanashi (UofY)
Research Farm (hereinafter referred to as UofY farm soil); soil type is gray lowland soil (pH 6.79 ± 0.33;
EC (mS/cm−1) 0.11 ± 0.08; NO3

−-N 23.1 ± 3.13 mg/kg−1; available phosphate 421 ± 86.8 mg/kg−1).
The pots were covered by aluminium foil and incubated for 14 weeks at 25 ◦C. Since rapeseed cake
is used as an organic fertilizer, it was used as a control for nitrogen release after application to soil.
The NO3

−-N content was measured via the alkali reduction diazo dye method (Soil Environmental
Analytical Method, 1997).

2.3. Isolation of Bacteria from LFM

Bacterial isolation from LFM was performed through the dilution plating technique. A total of
1 mL of LFM and 4.0 mL of sterile distilled water was placed in a test tube and mixed thoroughly
using a vortex mixer. Subsequently, 50-μL dilutions were taken from the first tube and spread onto
Reasoner’s 2A agar (R2A) media (Eiken Chemical Co. Ltd., Tochigi, Japan) using a disposable spreader;
plates of each dilution were incubated at 25 ◦C for 3 days. Colonies appearing after 3 days were
re-streaked until a single pure colony type per plate was achieved.

2.4. DNA Extraction and PCR Amplification for Culturable Bacteria

DNA was extracted from the isolated strains using the ZR Fungal/Bacterial DNA MiniPrep
Kit™ (Zymo Research Corp., Irvine, CA, USA). 16S rRNA gene sequencing was carried out
for identification of the strains. Extracted DNA from isolated strains was mixed with prior to
PCR amplification. The universal primers 341F (5′-CCTACGGGAGGCAGCAG-3′) and 1378R
(5′-TGTGCAAGGAGCAGGGAC-3′) were used to amplify the 16S rRNA gene on a TaKaRa PCR
Thermal Cycler Dice® Series Gradient (Takara, Shiga, Japan). The PCR amplification conditions were
as follows: 95 ◦C for 5 min, followed by 30 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 1 min,
followed by a final extension at 72 ◦C for 7 min [27]. The amplification mixture for PCR (total volume:
25 μL) contained 1 μL of DNA template, 1 μL of each primer, 9.5 μL of sterilized distilled water and
12.5 μL of GoTaq Green Master mix (Promega, Madison, WI, USA). The amplification products (5 μL)
were subjected to electrophoresis on a 1% (w/v) agarose gel in tris-acetate-ethylenediaminetetraacetic
acid buffer at 100 V for 25 min, and visualized by GelRed™ staining (1:20,000 dilution; Biotium,
Fremont, CA, USA). The DNA sequences obtained were compared with those previously reported
in the DNA Data Bank of Japan (http://blast.ddbj.nig.ac.jp/), and the nearest neighbor was noted.
The sequences of numbers 2, 4, 6 and 11 were submitted to DNA Data Bank of Japan (DDBJ).

2.5. High-Throughput DNA Sequencing

DNA was isolated from the stored LFM samples using the FastDNA™ Spin Kit for
Soil (MP Biomedicals Japan, Tokyo, Japan). The DNA concentration was measured using a
nano-spectrophotometer and DNA was diluted to 1 ng/μL−1 using sterile water. The V4 region of
the 16S rRNA gene was amplified using the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with additional barcode sequences. All PCR
reactions were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs
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Japan Inc., Tokyo, Japan). The quality and quantity of PCR products was assessed by mixing
equal volumes of a loading buffer (containing SYBR green) with PCR products and electrophoresing
the samples on 2% (w/v) agarose gel. Samples with a bright main strip between 400 and 450 bp
were chosen for further experiments. The PCR products were mixed in equal density ratios.
Thereafter, the mixed PCR products were purified with a Qiagen Gel Extraction Kit (Qiagen, Hilden,
Germany). The libraries—250 bp paired-end reads generated with NEBNext® UltraTM DNA Library
Prep Kit for Illumina (New England Biolabs Japan Inc.,Tokyo, Japan) and quantified via Qubit
and quantitative PCR—were sequenced on an Illumina HiSeq 2500 platform. Quality control
was performed at each step of the procedure. Paired-end reads were assigned to samples
based on their unique barcode and truncated by cutting off the barcode and primer sequence.
Paired-end reads were merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/) [28]. Quality
filtering of the raw tags was performed under specific filtering conditions to obtain high-quality
clean tags [29] according to the QIIME (V1.7.0, http://qiime.org/scripts/split_libraries_fastq.html)
quality control process [30]. The tags were compared with the reference database (Gold database,
http://drive5.com/uchime/uchime_download.html) using the UCHIME algorithm (UCHIME Algorithm,
http://www.drive5.com/usearch/manual/uchime_algo.html) [31] to detect chimera sequences (http:
//www.drive5.com/usearch/manual/chimera_formation.html). Next, the chimera sequences were
removed [32], and the effective tags were finally obtained. Sequence analysis was performed via
Uparse software (Uparse v7.0.1001 http://drive5.com/uparse/) using all the effective tags [33]. Sequences
with ≥97% similarity were assigned to the same operational taxonomic units (OTUs). A representative
sequence for each OTU was screened for further annotation. For each representative sequence, Mothur
software was used against the small subunit rRNA database of SILVA (http://www.arb-silva.de/) [34]
for species annotation at each taxonomic rank (Threshold: 0.8–1) [35]. The phylogenetic relationship of
the representative sequences of all OTUs was obtained by using MUSCLE software (Version 3.8.31,
http://www.drive5.com/muscle/) for rapid comparison of multiple sequences [36]. The abundance of
OTUs was normalized using a standard sequence number corresponding to the sample with the least
sequences. Subsequent analyses were all performed based on this output normalized data.

The reads were submitted to the DDBJ Sequence Read Archive (https://www.ddbj.nig.ac.jp/dra/
index-e.html) under Bioproject, and are available under accession number DRA010367.

2.6. Plant Growth-Promoting Traits of Isolates

Indole acetic acid production: The isolated strains were tested for indole-3-acetic acid (IAA)
production. Cultures of each isolate were grown at 25 ◦C for 4 days in IAA production media (2 g
beef extract, 3 g CaCO3, 30 g glucose, pH 7 in 1 L of distilled water) with or without 1 mM (final
concentration) tryptophan. The cultures were centrifuged at 10,000 g for 10 min. IAA production
was measured in 300 μL of supernatant using 1.2 mL of Salkowski’s reagent [37,38]; absorbance was
measured at 535 nm in a spectrophotometer, and the concentration was estimated from a standard
curve. Control/blank samples were prepared without bacterial inoculation.

1-aminocyclopropane-1-carboxylic acid (ACC) deaminase and nitrogen fixation: DNA was
extracted using ZR Bacterial/Fungal DNA MiniPrep KitTM (Zymo Research Corp., Irvine, CA,
USA). The PCR amplification conditions for ACC deaminase and nif H genes were as follows:
1 cycle of 95 ◦C for 5 min, then 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for
1 min, followed by a final extension at 72 ◦C for 7 min using a T100TM Thermal Cycler (Bio-rad,
Hercules, CA, USA). The PCR mixture (total volume: 25 μL) contained 1 μL of DNA template,
1 μL of 10 mM primers (Po1F (5′ TGCGAYCCSAARGCBGACTC 3′) and Po1R (5′ ATS GCC ATCATY
TCR CCG GA 3′) [39] for nif H genes; ACCF (5′ GCCAARCGBGAVGACTGCAA 3′) and ACCR
(5′ TGCATSGAYTTGCCYTC 3′) [40] for ACC deaminase), 12.5 μL of GoTaq® Green Master Mix and
9.5 μL sterilized distilled water. The PCR amplification products were checked via 1.0% of agarose gel
electrophoresis, staining and visualization.
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Siderophore production: A slightly modified Chrome Azurol S (CAS) method was used for
determination of siderophore production by bacterial isolates [41,42]. A total of 100 mL of medium
was prepared as follows: 7.3 mg of hexadecyl trimetly ammonium bromide, 6.04 mg of CAS, 3.04 g of
piperazine-1,4-bis(2-ethanesulfonic acid) and 1 mL of 1 mM FeCl3·6H2O. A quantity of 10 mL of the
siderophore production medium was applied over the surface of agar plates containing cultivated
microorganisms. The blue CAS agar changed to light yellow or orange if siderophores were produced
by the bacteria; the siderophore production was evaluated by the following index: + color change,
− no color change and ++ color change detected over the entire medium.

Phosphate solubilization: The medium developed by Pikovskaya [43] was used for qualitative
estimation of calcium phosphate solubilization by the isolates. Selected strains were inoculated into
the media and incubated for 7 days at 25 ◦C. Zones of clearance around the bacterial colonies were
indicative of phosphate solubilization; the results were compiled on the basis of the following index:
− No clear zone, ± detectable clear zone but very weak activity, + detectable clear zone.

2.7. Pot Experiments

Two pot experiments were conducted using UofY farm soil. The first compared selected bacterial
isolates with an uninoculated control to evaluate the role of specific isolates, and the second compared
LFM with an untreated control and a fertilizer control to determine the role of LFM in plant growth
promotion. For the first experiment, 11 bacterial isolates, that were selected based on PGP traits,
were compared with an uninoculated control in a Lactuca sativa var. crispa (lettuce) growth trial.
Pots (size: 100 cm2; Fujiwara Seisakusho, Ltd., Tokyo, Japan) were filled with 300 g of soil (dry weight)
and soil moisture was maintained at 60% of water holding capacity daily. A suspension of each
bacterial strain (grown for 48 h (stationary phase) at 25 ◦C with shaking in PDB medium) was applied
to the pots while the same volume of uninoculated PDB was applied as the control. Subsequently,
a lettuce seedling germinated on a petri dish was transferred to each pot. The plants were grown
for five weeks, harvested, and the dry weight of aboveground and belowground parts was recorded
after being put into the dry oven set at 60 ◦C. From the results of the pot experiment using lettuce,
four isolates (numbers 2, 4, 6 and 11), which showed the maximum growth-enhancement of lettuce,
were selected (data not shown), and then these strains were tested under similar growth conditions
for Brassica campestris (brassica) and the same parameters were recorded. In the second experiment,
the response to LFM was compared with that of chemical fertilizer and control treatments. To achieve
this goal, 100 mL of LFM and chemical fertilizer (HYPONeX Japan Corp., Ltd., Osaka, Japan. Liquid
Fertilizer, N:P:K = 6:10:5) was mixed with soil to achieve a final concentration of 200 mg/kg−1 soil N,
while there was no amendment in the control pots. Similar growing conditions and parameters were
recorded as for the first experiment.

2.8. Field Experiment Using LFM

A field experiment was conducted comparing chemical fertilizer with LFM at the University of
Yamanashi Research Farm (35◦60’39.5” N, 138◦57’82.9” E). The field experimental plots (4 m × 2 m)
were treated with LFM and chemical fertilizer. In this field, the chemical fertilizer plots have been
continuously treated with chemical fertilizer, and cow compost was applied every two years in all
subplots until the year before the study. Soil chemical properties were as follows: pH (H2O) 7.0,
EC 0.12 (mS/cm−1), ex-Ca 2940 mg/kg−1, ex-Mg 874 mg/kg−1, ex-K 381 mg/kg−1, CEC 14 (cmolc/kg−1),
Trough-P 344 mg/kg−1, NH4-N 5.8 mg/kg−1, NO3-N 59.4 mg/kg−1. Two replicates were prepared for
each of the test vegetables: Brassica rapa var., Lactuca sativa var. crispa (lettuce) and Solanum melongena

(eggplant). LFM was input at the rate of 200 kg/ha−1, 200 kg/ha−1 and 75 kg/ha−1 to the final
concentration of soil N for brassica, lettuce and eggplant, respectively, whereas chemical fertilizer
input was 200 kg/ha−1 soil N for all crops. Brassica rapa and lettuce were planted at 20 to 30 plants/plot,
and eggplant was cultivated at 9 plants/plot. Brassica rapa was grown for 29 days and plant height was
measured upon harvest. Lettuce was grown for 56 days; plant height and dry weight of the edible
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part were measured at harvest. The eggplants were harvested when the fruits grew to a suitable size
(around 120 g/fruit); the quantity and weight of the fruits were measured. Fruit harvest began on
12 August 2018 and continued until 29 September 2018.

2.9. Statistical Analysis

Analysis of variance (ANOVA) was carried out to determine the statistical effects of treatments in
Statistix 8.0 (Analytical Software, Tallahassee, FL, USA) followed by pairwise comparison of treatment
means using Tukey’s honestly significant difference (HSD) test and multiple comparisons through
Dunnett’s test. For the veracity of sequencing data analysis, raw data was merged and filtered to obtain
clean data. Effective data was used for operational taxonomic unit (OTUs) clustering. The clustering
analysis was applied, and a clustering tree was constructed to study the similarities among different
samples. The unweighted pair–group method with arithmetic means (UPGMA) Clustering was
performed as a type of hierarchical clustering method to interpret the distance matrix using average
linkage, and was conducted using QIIME software (Version 1.7.0).

3. Results

3.1. Isolation of Plant Growth Promoting Bacteria (PGPB)

The bacterial isolation from the LFM was performed via standard methods, through the serial
dilution plating technique. Various different strains appeared in the media. The number of culturable
bacteria in the LFM was 3.5 × 104 colony forming units/mL−1 of LFM. After isolation, 31 strains were
randomly selected, and 11 out of those 31 strains were examined for plant growth-promoting (PGP)
traits. The sequence of strain numbers 2, 4, 6 and 11 (approximately 940 nt; GenBank accession No.
LC553393, LC553394, LC553395, LC553396) was compared with other bacterial nucleotide sequences
in GenBank. All strains exhibited a high sequence similarity with Bacillus spp.

3.2. Identification of Culturable Bacteria

All 31 isolates that were identified belonged to genus Bacillus (Figure S2); these were type
A—closely related to Bacillus velezensis strain FZB42 (frequency: 3.3%), type B—closely related
to Bacillus amyloliquefaciens strain MPA 1034 (frequency: 56.7%), type C—closely related to
Bacillus vallismortis strain NRRL B-14890 (frequency: 26.7%), type D—closely related to Bacillus subtilis

subsp. inaquosorum strain BGSC 3A28 (frequency: 3.3%), type E—closely related to Bacillus wiedmannii

strain FSL W8-0169 (frequency: 3.3%), type F—closely related to Bacillus velezensis strain NTGB-29
(frequency: 3.3%), and type G—closely related to Bacillus vallismortis strain DSM 11031 (frequency: 3.3%).

3.3. PGP Traits

Because of the importance of microbial IAA production in influencing the root architecture and
initial plant growth, IAA production was examined for 14 of the 31 isolates. Strain numbers 2, 4, 6
and 11 were positive for IAA production with tryptophan (Table 1). Amplification of the nifH gene
confirmed N fixation potential in strain number 6, whereas amplification of the ACC deaminase gene
was positive for all four selected strains (Table 1). Only strain number 11 showed zones of clearance
on the Pikovskaya agar plates, indicating the phosphate solubilization ability of this strain (Table 1).
Strain number 11 was also positive for siderophore production, with complete color change from blue
to yellow, when compared with other non-siderophore-producing strains and the control that had a
negative reaction.
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Table 1. Plant growth-promoting traits, where + indicates the possession of the following trait, and –
indicates the lack of the trait.

Strain No.
Indole-3-Acetic

Acid (IAA)
Phosphate

Solubilization
Nitrogen
Fixation

1-Aminocyclopropane-
1-Carboxylic Acid

Deaminase
Siderophore

1 − − − − −

2 + − − + −

3 − − − − +

4 + − − + −

5 - − − + −

6 + − + + −

7 − + − − −

8 − + − − −

9 − − - + +

10 − + − − −

11 + + − + +

3.4. High-Throughput DNA Sequencing of LFM

In total, 192,355 reads were obtained; the average number of observed species per sample was
1013 ± 170 (max: 1306, min: 892), and the coefficient of variation was 0.17. The average bacterial
composition was shown via the integration of the clustering results and the relative abundance of each
sample by phylum (Figures 1a,b and S3). Proteobacteria were most frequently detected, followed by
Firmicutes and Actinobacteria. The species composition at the phylum level was different in August
when compared with that from the other months (Figure 1a). At the genus level, when the top 10 genera
were compared between different months, the genera composition of the LFM in May was different
from that from the other months (Figures 1a,b and S3). This is because there were few Lactobacillus spp.
at this time, and the fermentation was in the early stages.

Figure 1. (a) Unweighted pair–group method with arithmetic means cluster tree based on unweighted
and weighted unifrac distance. This was displayed with the integration of clustering results and the
relative abundance of each sample by phylum. (b) The top 10 taxa at the genus level were selected to
form the distribution histogram of relative abundance.

395



Agronomy 2020, 10, 954

3.5. Incubation Study of LFM Utilization

The release of NO3
−-N and phosphate was used to determine the potential for nutrient provision

from LFM. The release of NO3
−-N started from 14 days in the LFM, and approximately 200 mg/kg−1 of

NO3
−-N had accumulated by the end of 14 weeks of incubation (Figure S1a). Phosphate availability

followed the same trend as that of NO3
−-N release (Figure S1b). Available phosphate was rapidly

released from rapeseed cake, whereas no phosphate was detected from LFM until week 2. From week
3, the availability of phosphates increased slightly in the LFM.

3.6. Pot Experiments

A pot experiment was conducted to examine the effect of selected strains on the growth of brassica
and lettuce. In the initial experiment on lettuce, 11 strains were tested; 4 of these strains showed high
activity when compared with the control. Therefore, strains 2, 4, 6 and 11 were tested on brassica,
and showed significant differences in their growth-promoting effect (Figure 2). A pot experiment was
also conducted to assess the effect of LFM on the growth of both brassica and lettuce. There was no
significant difference in the growth characteristics of lettuce between the LFM and chemical fertilizer
treatments (Figure 3a); however, brassica exhibited significant differences in its root biomass with LFM
amendment (Figure 3b, Tukey’s HSD, p < 0.05).

Figure 2. Growth response of Brassica campestris with plant growth-promoting bacteria selected in this
study. Control (n = 7), strain number 2 (n = 10), strain number 4 (n = 10), strain number 6 (n = 7),
strain number 11 (n = 10), Dunnett test (p < 0.05). The vertical bar indicates the standard error. *
indicates significance differences between treatments when compared with the control (p < 0.05).
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Figure 3. Pot experiment testing lettuce (a) and Brassica rapa (b) growth using liquid food waste
materials (LFM). Values presented are means and standard error (n = 3). Closed bar and Gray bar mean
edible part and root, respectively. Treatments of the same crop with different letters are significantly
different by Tukey’s HSD (p < 0.05).

3.7. Field Experiments

Field experiments were conducted to assess the effect of LFM on the growth of Brassica rapa,
lettuce and eggplant. The growth of Brassica rapa and lettuce in the field was similar to that in
the pot experiment. The heights achieved by Brassica rapa were 33.0 ± 0.67 cm and 32.5 ± 0.78 cm,
with LFM and chemical fertilizer, respectively. The lettuce grown with LFM amendment was slightly
larger than that grown with chemical fertilizer, but not significantly so (Figure 4a). Eggplant also
grew slightly better with LFM than with chemical fertilizer, but the differences were not significant
(Figure 4b,c for eggplant).

Figure 4. Field experiment testing the effect of liquid food waste materials (LFM) on the growth of
Lettuce (a) and eggplant (b,c).

4. Discussion

This study showed that useful microorganisms, such as PGPB, were present in LFM produced
from the recycling of unused resources. This is an important finding that leads to the promotion of
recycling, and also indicates that unused resources are useful as microbial resources. LFM can be used
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as a fertilizer, and has other positive effects on vegetable growth. However, there are limitations to the
plant growth-enhancement functions of LFM. If we apply isolated strains to LFM in order to promote a
plant growth function more effective than that of the original LFM, some supplementary nutrients are
needed to produce an effect. This point still remains an issue.

High-throughput sequencing analysis of the bacterial community composition in the LFM revealed
substantial differences between the sampling months May and August. A similar bacterial community
composition was observed for the samples from June, July and September. The May sample was still
in the early stages of fermentation, and there was no school-provided lunch in August; therefore,
LFM was stored in the tank, which might help to explain the differences in the community composition
of these samples.

Most of the bacteria isolated from LFM were Bacillus spp., which is a spore-forming bacteria.
This was because the LFM pH was reduced to 3.0 through the process of lactic acid fermentation,
and the temperature exceeded 50 ◦C. However, this result was obtained because we used R2A media
for isolation, and we detected the family of Lactobacillaceae in the LFM through high-throughput
sequencing (Figure S3). The most frequently isolated Bacillus spp. strains were Bacillus amyloliquefaciens

(56.7%) and Bacillus vallismortis (26.7%). Bacillus species are known to produce dormant spores [44],
and enact an anti-pathogen activity through the assembly of non-ribosomal cyclic lipopeptides [45].
In addition, Bacillus species are considered PGPB because of their potential for antibiotic production,
biofilm formation on the plant root surface, and production of plant hormones [46,47]. Furthermore,
seed treatment with Bacillus species has been shown to significantly enhance shoot fresh and dry
weight, as well as plant height, in various crops [48,49]. From the results of this study, >1000 bacterial
OTUs were identified in LFM; therefore, it might be possible to isolate other useful strains, other than
Bacillus spp., under a range of isolation conditions, including increased pH.

Organic materials slowly release nutrients, but they are still a promising alternative to chemical
fertilizers, as their application can reduce nutrient leaching, volatilization and problems of toxicity [50].
In the present study, LFM was used as an alternative to chemical fertilizers in order to investigate the
release of NO3

−-N and available phosphate (Figure S1). Low amounts of available phosphate were
released from LFM during the incubation study because of the low total phosphate concentration in
LFM. LFM released NO3

−-N from the third week of incubation, and released approximately 200 kg/ha−1

NO3
−-N during the 13 weeks of incubation. Moreover, the biomass richness of soil fertilized with LFM

was higher than that treated with chemical fertilizer [51], and LFM did not change the soil pH after
treatment through our study.

The growth-promoting effect of strain number 11, with an IAA-producing ability and an ACC
deaminase activity, was confirmed in a pot experiment; growth was significantly promoted with
inoculation by strain number 11, when compared with the control (Figure 2). The growth of lettuce
in a pot was the same with both LFM and chemical fertilizer. For Brassica rapa, the growth of the
edible (aboveground) part was the same with both LFM and chemical fertilizer, whereas the root
biomass was significantly increased with LFM, when compared with chemical fertilizer (Figure 3b).
These results indicate that the PGPB in LFM contributed to the increase in root biomass of Brassica rapa.
A field experiment was conducted to assess the effect of LFM on the growth of Brassica rapa, lettuce and
eggplant. Although the N input by LFM was less than half that of the chemical fertilizer, the growth of
the eggplant with LFM was the same as that with chemical fertilizer. The yield with LFM was higher
than, but not significantly different from, that achieved with chemical fertilizer. These results indicate
the abundance and activity of PGPB in LFM, and their efficacy in supporting eggplant growth under
the conditions tested. LFM could be a viable alternative to commercially available chemical fertilizers,
without an adverse effect on soil and vegetable growth. A previous study showed the positive effect of
PGPB inoculation on vegetable growth and yield [52].

All the selected strains that showed growth-enhancement in the pot experiment had an
IAA-producing ability (Table 1). IAA is a type of plant hormone that promotes root elongation
and enhances root growth. Many PGPBs with the IAA-production ability have been isolated in

398



Agronomy 2020, 10, 954

previous studies [1,53]. Furthermore, all strains that were positive for IAA production also showed
ACC deaminase activity (strain numbers 2, 4, 6 and 11). This suggests that IAA production and
ACC deaminase activity contribute greatly to enhancing the plant growth in our isolated strains,
while Caulobacter sp. had a negative impact on plant growth, even though it produced higher levels
of IAA [54]. In addition, previous studies have shown that PGP microbes and PGPB can promote
plant growth indirectly or directly, through the production of ACC deaminase and through reducing
the ethylene level in the developing plants through the roots [52,55], by generating plant growth
hormones like IAA [56]. It is likely that ACC deaminase and IAA production promote root growth in a
similar fashion [57,58]. Of the selected strains, only strain number 11 showed phosphorus solubilizing
potential and siderophore production (Table 1). Phosphate solubilization is effective in soils with low
available phosphoric acid, and siderophore production chelates the iron in soils with high pH to help
plant uptake [52,59]. However, the detailed mechanism of plant growth-enhancement is complex,
and further investigation is needed [54,60].

The selection of PGPB strains from LFM was important to confirm the positive effect of the
inoculants on plant growth, and to optimize their application for maximum impact on vegetable crops.
The main aim of this study was to reduce the commercial use of chemical fertilizers, by utilizing
LFM as an alternative fertilizer with the maximum impact on crop growth and soil, and minimal
environmental impact. Further investigation into LFM use as an organic fertilizer should evaluate any
adverse impact of its application to the soil environment.
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strain MPA 1034, type C closely related to Bacillus vallismortis strain NRRL B-14890, type D closely related to
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Abstract: The boron (B) concentration surpasses the plant need in arid and semi-arid regions of
the world, resulting in phyto-toxicity. Salicylic acid (SA) is an endogenous signaling molecule
responsible for stress tolerance in plants and is a potential candidate for ameliorating B toxicity.
In this study, the effects of seed priming with SA (0, 50, 100 and 150 μM for 12 h) on the growth,
pigmentation and mineral concentrations of maize (Zea mays L.) grown under B toxicity were
investigated. One-week old seedlings were subjected to soil spiked with B (0, 15 and 30 mg kg−1 soil)
as boric acid. Elevating concentrations of B reduced the root and shoot length, but these losses
were significantly restored in plants raised from seeds primed with 100 μM of SA. The B application
decreased the root and shoot fresh/dry biomasses significantly at 30 mg kg−1 soil. The chlorophyll
and carotenoid contents decreased with increasing levels of B, while the contents of anthocyanin,
H2O2, ascorbic acid (ASA) and glycinebetaine (GB) were enhanced. The root K and Ca contents
were significantly increased, while a reduction in the shoot K contents was recorded. The nitrate
concentration was significantly higher in the shoot as compared to the root under applied B toxic
regimes. However, all of these B toxicity effects were diminished with 100 μM SA applications.
The current study outcomes suggested that the exogenously applied SA modulates the response
of plants grown under B toxic conditions, and hence could be used as a plant growth regulator to
stimulate plant growth and enhance mineral nutrient uptake under B-stressed conditions.

Keywords: biomass reduction; cereal crops; growth regulators; metal stress

1. Introduction

Abrupt changes in climate along with the potential abiotic and biotic stresses are serious challenges
for plant growth and production worldwide [1]. Environmental stresses negatively influence the
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germination, growth and yield of the crop plants. The continuous yield losses caused by abiotic stresses
are one of the important reasons for socioeconomic imbalance [2]. Drought reduces the yield of staple
food crops throughout the world up to 70% [3], and the effects of drought and salt stress on plant
growth mechanisms and patterns have been discussed [3,4]. In the last few decades, soil and water
resources are being contaminated with toxic elements due to industrial revolution and urbanization
together with the use of artificial fertilizers [5,6]. Increasing levels of these toxic elements are imposing
harmful effects on plants, plant-dependent animals and ultimately human health [7].

Boron is an important micronutrient in many plants for their normal functioning [8]. It is also
considered to be an essential element for vascular plants according to the defined criteria for essentiality.
The indirect association of B with photosynthesis has been reported in crop plants—e.g., soybean [9].
However, the rate of emergence and productivity is also decreased in many plants, including tomato,
maize, wheat, alfalfa and carrot under B toxicity [10]. The B toxicity significantly reduces the yield of
crop plants in relatively dry areas of the world [11]. Some of the factors contributing to the elevating
levels of B are the use of fertilizers, mining and irrigation [12,13]. The B-induced toxicity occurs more
commonly in saline soil in semi-arid geographical zones [14]. The interplay between salt stress and B
nutrition in plants has been described, with contrasting results showing antagonistic and synergistic
relations even within the same plant species [15]. It has been observed that salinity increases B
toxicity [16], but the interaction of salinity and B is not fully understood [17], making it an important
area of research in plant physiology and ecotoxicology.

Oxidative stress may result from a deficiency or excess of B, which triggers the over-production
of reactive oxygen species (ROS). The ROS and their derivatives are highly toxic agents and damage
cellular membranes due to lipid peroxidation, causing protein denaturation and mutations in DNA [18].
Different nutrients such as silicon (Si) [19], zinc (Zn) [20,21], potassium (K) [22] and calcium (Ca) [23]
can ameliorate B toxicity in different crop plants. The SA signal molecule [24] plays an important role
in reducing the hazardous effects posed by biotic and abiotic stresses. Thus, SA has been used by
many researchers to reduce the hazardous effects of different stresses such as osmotic stress [25], heat,
saline and B toxicity in wheat [26].

Among the most important staple foods, maize holds an important position after wheat and
rice [27]. Maize is well known for its high potential of extracting heavy metals from soil [28]. Despite this
phytoextraction ability, maize is affected by various environmental stresses along with the high metal
concentrations. The abiotic stress effects on maize growth and yield have been studied [29,30]. In the
current study, the main objective was to assess the effects of high B toxicity under the remodeling
effects of SA in terms of physio-biochemical improvements in the maize cultivar Gohar-19.

2. Results

For assessing the effects of SA on mitigating the effects of B toxicity, plants were supplied with 0,
50, 100 and 150 μM of SA. The B toxicity levels were 0, 15 and 30 mg kg−1 soil. Roots transport B via
passive diffusion or facilitate transport [30] in the plant body through transpiration streams and it is
accumulated in older shoots without being translocated [31], therefore the study parameters include
both the root and shoot data of maize cv. Gohar-19.

2.1. Root and Shoot Length

The B toxicity significantly reduced the root and shoot length of maize seedlings. High B
concentrations in soil inhibit the root and shoot growth due to the decreased photosynthetic activity
and net plant productivity. Elevating the B concentration in soil decreased the root and shoot length up
to 21.77% and 25.25%, respectively, which are significant reductions (Table 1, Figure 1). The priming of
seeds with SA reduced the B toxic effects and retained the root and shoot lengths. Plant seeds that were
primed with various concentrations (0, 50, 100 and 150 μM) of SA improved the root and shoot lengths.
Significant increases in the root and shoot lengths were observed at 100 μM SA (Figure 2, Table 1).
A 23.8% increase in root length was observed with the application of 100 μM of SA in 30 mg kg−1 of
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B-treated plants, while a 26.7% decrease was observed in the shoot length of 30 mg kg−1 B-treated
plants as compared with the control. The SA application at 100 μM was found to be the best treatment
and caused increases in the shoot length in 30 mg kg−1 B-treated plants up to 31.8%.

Table 1. Effects of SA (0, 50, 100 and 150 μM) on the plant root and shoot length of maize cultivar
Gohar-19 under different B toxicity levels (0, 15 and 30 mg kg−1).

Root Length (cm)

0 mg kg−1 B 15 mg kg−1 B 30 mg kg−1 B

SA

0 μM 27.1 ± 0.89 c 24.3 ± 1.05 b 21.2 ± 0.88 c

50 μM 27.8 ± 1.01 b 24.2 ± 0.97 b 21.34 ± 1.03 c

100 μM 29 ± 0.98 a 28.2 ± 0.87 a 26.4 ± 0.77 a

150 μM 26.4 ± 1.12 d 23 ± 1.24 c 21.8 ± 1.02 b

Shoot Length (cm)

SA

0 μM 30.3 ± 0.69 b 28.5 ± 0.85 b 22.65 ± 1.25 c

50 μM 30.2 ± 1.13 b 28.7 ± 0.77 b 22.10 ± 1.02 d

100 μM 32.0 ± 0.99 a 30.5 ± 0.98 a 29.00 ± 0.84 a

150 μM 28.0 ± 1.21 c 27.4 ± 0.66 c 27.00 ± 0.96 b

LSD 5% = 0.44. Values in the same column with different letters in superscript differ significantly.

Figure 1. Score (a) and loading plot (b) of principal component analysis (PCA) on different attributes
of maize cultivar Gohar-19 plants supplemented with and without SA while grown under B stress.
Score plot represents the separation of treatments as T1: 0 mg B without SA; T2: 0 mg B with 50 μM SA;
T3: 0 mg B with 100 μM SA; T4: 0 mg B with 150 μM SA; T5: 15 mg/kg B without SA; T6: 15 mg/kg
B with 50 μM SA; T7: 15 mg/kg B with 100 μM SA; T8: 15 mg/kg B with 150 μM SA; T9: 30 mg/kg B
without SA; T10: 30 mg/kg B with 50 μM SA; T11: 30 mg/kg B with 100 μM SA; T12: 30 mg/kg B with
150 μM SA. Attributes evaluated include R L = root length; Car = carotenoids; R Nit = root nitrate;
R K = root potassium; R Ca = root calcium, Antho = anthocyanin; L ASA = leaf ascorbic acid.
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Figure 2. Correlations (r values) among the different studied parameters of maize cultivar Gohar-19
grown under different B stress levels and fertigated with and without SA. R L = root length; S L = shoot
length; RFW=root fresh weight; RDW = root dry weight; SFW = shoot fresh weight; SDW = shoot
dry weight; Chl a = chlorophyll a; Chl b = chlorophyll b; Car = carotenoids; Antho = anthocyanin;
L ASA = leaf ascorbic acid; L H2O2 = leaf hydrogen peroxide; L Pro = leaf proline; L GB = leaf
glycine betaine; R K = root potassium; L K = leaf potassium; R Ca = root calcium; L Ca = leaf calcium;
R Nit = root nitrate; L Nit = leaf nitrate.

2.2. Plant Biomass

Plant fresh and dry biomass were also reduced in response to increasing the B treatment levels.
The results obtained exhibited a positive correlation with the root and shoot lengths. Reducing and
increasing patterns in plant fresh and dry biomass were observed in the root and shoot lengths.
We observed 30% and 32.89% decreases in the root and shoot fresh biomass, respectively. The maximum
increase in plant biomass was noted in plants raised from seeds primed with 100 μM of SA, as shown
in Table 2. This gain in the plant growth biomarkers was due to the enhanced photosynthetic activity
and improved antioxidant status of the plant body (Figure 2).

406



Agronomy 2020, 10, 2013

Table 2. Effect of SA (0, 50, 100 and 150 μM) on the plant fresh and dry weight of maize cultivar
Gohar-19 under varying B toxicity levels (0, 15 and 30 mg kg−1).

Treatment Root Fresh Weight (g) Root Dry Weight (g) Shoot Fresh Weight (g) Shoot Dry Weight (g)

00 μM SA + 00 mg/g−1 B 1.00 ± 0.89 abc 0.75 ± 0.21 bc 3.80 ± 0.33 abc 2.53 ± 1.01 abcd

00 μM SA + 15 mg kg−1 B 0.89 ± 0.95 bc 0.65 ± 0.34 d 3.10 ± 0.41 abc 2.07 ± 0.85 abcd

00 μM SA + 30 mg kg−1 B 0.70 ± 0.55 c 0.5 ± 0.21 d 2.55 ± 0.55 c 1.70 ± 0.33 d

50 μM SA + 00 mg kg−1 B 1.25 ± 0.45 ab 1.02 ± 0.35 ab 3.85 ± 1.01 abc 2.57 ± 0.65 abcd

50 μM SA + 15 mg kg−1 B 1.15 ± 0.75 abc 0.95 ± 0.34 ab 3.00 ± 0.95 abc 2.00 ± 0.35 abcd

50 μM SA + 30 mg kg−1 B 0.85 ± 0.65 bc 0.62 ± 0.32 d 2.70 ± 0.55 bc 1.80 ± 0.45 cd

100 μM SA + 00 mg kg−1 B 1.50 ± 0.76 ab 1.26 ± 0.22 a 4.30 ± 0.25 a 2.87 ± 0.27 a

100 μM SA + 15 mg kg−1 B 1.35 ± 0.55 ab 1.09 ± 0.36 abc 3.60 ± 0.97 abc 2.40 ± 0.85 abc

100 μM SA + 30 mg kg−1 B 1.15 ± 0.75 abc 0.9 ± 0.23 abc 3.00 ± 0.85 abc 2.00 ± 0.33 abcd

150 μM SA + 00 mg kg−1B 1.25 ± 0.82 ab 0.99 ± 0.45 abc 3.90 ± 0.21 abc 2.60 ± 0.43 abc

150 μM SA + 15 mg kg−1 B 1.00 ± 071 abc 0.75 ± 0.35 bc 3.25 + 0.85 abc 2.17 ± 0.55 abcd

150 μM SA + 30 mg kg−1 B 0.95 ± 0.66 bc 0.71 ± 0.32 c 2.85 ± 0.79 abc 1.90 ± 0.65 bcd

LSD 5% 0.51 0.49 1.46 0.98

Values in the same column with different letters in superscript differ significantly.

2.3. Photosynthetic Pigments

Elevated B levels significantly reduced the photosynthetic pigment contents of maize seedlings.
It was observed that the chl a contents were reduced with increasing B treatment levels. The 30 mg kg−1 B
imposed deteriorative effects and reduced the chl a contents effectively (Figure 3a). An improvement
in the chl a concentration was recorded through priming seeds with SA. Seeds primed with 100 μM of
SA expressed the maximum chl a content, which suggests reduced toxicity effects.

Figure 3. Effect of SA on chlorophyll a (A), chlorophyll b (B), carotenoids (C) and anthocyanin (D)
contents of maize cultivar Gohar-19 under varying B toxicity levels.

The chl b contents were also reduced under B toxicity as compared to the control. An increase
in the chl b contents was observed with respect to the control in the plants emerging from primed
seeds. An increase of 30.4% in the chl b contents was observed at 100 μM SA treatment, while a
non-significant increase was observed at 150 μM SA treatment as compared to the control (Figure 3b).
The carotenoid contents were reduced effectively under 30 mg kg−1 B. The B application at 30 mg Kg−1

caused reductions of 52.6%, 31.3% and 45% in the chla, chlb and carotenoids, respectively. The SA
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priming improved the carotenoid contents by reducing the drastic effects of B toxicity. A non-significant
change in the carotenoid contents was observed in 50 and 150 μM SA primed seeds, while 100 μM SA
significantly enhanced the carotenoid contents as compared to the control (Figures 2 and 3c).

2.4. Anthocyanin

The anthocyanin contents increased with increasing the levels of B toxicity. Significant increases
in the anthocyanin contents were observed in plants treated with 15 and 30 mg kg−1 B. There was a
33.33% increase in anthocyanin contents when 30 mg kg−1 soil B was applied, as compared to the
control. The SA priming reduced the anthocyanin contents overall, but only 100 μM of SA caused a
47.5% reduction in the anthocyanin contents (Figure 2 andFigure 3c).

2.5. Ascorbic Acid

The toxic effects of B increased the ASA contents of maize seedlings. The B treatment of 30 mg kg−1

significantly increased the ASA content up to 44% as compared with the control (Figure 4). Priming with
SA reduced the B toxic effects. Only 100 and 150 μM of SA effectively mitigated the toxic effects on
plants grown in pots containing 15 mg kg−1 B. However, under a high boron toxicity, only 100 μM of
SA significantly reduced the ASA content up to 36% as compared to the control, as shown in Table 3,
Figure 2.

Figure 4. Effect of SA on the K (A,B), Ca (C,D) and nitrate (E,F) contents in the roots and leaves of
maize cultivar Gohar-19 under varying B toxicity levels.
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Table 3. Effect of SA (0, 50, 100 and 150 μM) on the leaf ascorbic acid, H2O2, proline and glycine betaine
contents of maize cultivar Gohar-19 under varying B toxicity levels (0, 15 and 30 mg kg−1).

Treatment
Leaf ASA

(μmoles/g FW)
Leaf H2O2

(mg/g FW)
Leaf Proline

(μMole/g FW)
Leaf GB

(μg/g FW)

00 μM SA + 00 mg kg−1 B 210 ± 1.53 0.80 ± 0.15 32.00 ± 0.5 1.60 ± 0.05
00 μM SA + 15 mg kg−1 B 320 ± 1.15 1.80 ± 0.06 36.50 ± 0.5 1.80 ± 0.03
00 μM SA + 30 mg kg−1 B 375 ± 0.58 2.50 ± 0.10 46.00 ± 0.5 1.90 ± 0.03
50 μM SA + 00 mg kg−1 B 209 ± 1.00 0.70 ± 0.05 33.00 ± 0.5 1.70 ± 0.05
50 μM SA + 15 mg kg−1 B 300 ± 0.58 1.34 ± 0.03 37.00 ± 0.58 2.50 ± 0.06
50 μM SA + 30 mg kg−1 B 360 ± 0.58 2.40 ± 0.03 47.00 ± 0.50 2.50 ± 0.08
100 μM SA + 00 mg kg−1 B 200 ± 1.00 0.64 ± 0.02 33.00 ± 0.29 1.80 ± 0.05
100 μM SA + 15 mg kg−1 B 260 ± 0.58 1.00 ± 0.03 46.00 ± 0.76 2.00 ± 0.05
100 μM SA + 30 mg kg−1 B 240 ± 0.58 1.90 ± 0.03 58.00 ± 0.29 2.80 ± 0.05
150 μM SA + 00 mg kg−1 B 211 ± 1.15 0.78 ± 0.02 37.00 ± 0.29 1.90 ± 0.05
150 μM SA + 15 mg kg−1 B 276 ± 0.76 1.45 ± 0.05 37.00 ± 0.58 2.50 ± 0.09
150 μM SA + 30 mg kg−1 B 335 ± 0.29 2.20 ± 0.20 48.00 ± 0.29 2.40 ± 0.08

LSD 5% 0.51 0.49 1.46 0.98

2.6. H2O2 Concentration

Increasing the B toxicity enhanced the H2O2 content effectively. The H2O2 content was highly
affected by 30 mg kg−1 B in soil. The effective treatment in term of reducing the H2O2 content was
100 μM SA, which decreased the H2O2 content up to 84% (Table 3, Figure 2).

2.7. Proline Content

The toxic effects of B significantly increased the proline contents. The B treatment of 30 mg kg−1

increased the proline contents up to 43.75% as compared to the control. Priming with SA remained
productive in reducing the B toxic effects. Only 100 and 150 μM SA effectively mitigated the toxic effects
in plants grown in pots containing 15 mg kg−1 B. However, under a high boron toxicity, only 150 μM SA
significantly reduced the toxic effects by increasing the proline content in comparison with the control,
as shown in Table 3, Figure 2.

2.8. Glycine Betaine

An outstanding improvement was noted in the leaf GB contents of plants grown under B stress.
Exogenous applications of SA further increased the GB content in the leaves of plants experiencing
B toxicity stress. All the treatments of SA affected the GB level, however 100 μM SA increased the
GB contents up to 100% under 30 mg kg−1 of B treatment as compared to the control, as indicated in
Table 3, Figure 2.

2.9. Potassium Content

An increase in the K contents was observed in response to the B toxicity. Applications of SA
reduced the K contents and a maximum reduction of up to 27.8% was noted in the plants primed with
100 μM of SA. The K uptake and accumulation exhibited quite similar patterns in the plant root and
shoot (Figures 2 and 4a,b).

2.10. Calcium Content

Boron toxicity significantly influenced the Ca accumulation in the root of the maize cultivar
Gohar-19. The Ca content was reduced at a lower SA treatment level as compared to the control.
With increasing the SA concentration up to 100 and 150 μM, higher increments in the Ca contents
relative to the control were recorded. A total of 100 μM SA treatment was found to be effective in
reducing toxic effects by lowering the Ca content up to 28.7% in the 30 mg kg−1 B group. The Ca
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accumulation in the plant leaves was reduced due to the B toxicity even at high concentrations of SA
applications. No significant effects of SA on Ca contents were observed (Figures 2 and 4a,b).

2.11. Nitrate Concentration

An increase in the nitrate contents was observed with an increasing B level. Various SA
concentrations (0, 50, 100 and 150 μM) reduced the nitrate content. The application of 100 μM
of SA reduced the nitrate content up to 20% in the most destructive B treatment of 30 mg kg−1

(Figures 2 and 4a,b).
The relationship between B toxicity and the morpho-physiological attributes of maize under SA

application is illustrated in Figure 2.
A Pearson correlation analysis was conducted to quantify the interactive effects of B toxicity and SA

application on plant growth and biomass, chlorophyll contents, lipid peroxidation and the antioxidant
and nutrient uptake of maize (Figure 2). B toxicity was negatively correlated with plant growth and
biomass, photosynthetic pigments, oxidative stress and antioxidative response. Chlorophyll contents
were positively correlated with plant biomass accumulation. Positive correlations were also identified
among growth attributes and K, Ca and nitrate contents.

2.12. Principal Component Analysis

The combinatorial effect of B toxicity and SA application was evaluated on important attributes of
maize plants by the synthesis of the score and loading plots of PCA, as presented in Figure 4. All the
three applied B treatments with and without SA were successfully dispersed by the first two principal
components (Figure 1a). The maximum variance among all the components was based on extracted
components—i.e., PC1 (Dim1) and PC2 (Dim2), where component Dim1 contributed 69.9% while the
contribution of Dim2 was 18.9% (Figure 1b).

3. Discussion

The only non-metallic element of group 13 of the periodic Table is B, which exhibits a trivalent
oxidation state. Naturally, B is present in the form of borate, boric acid and borosilicate mineral. In the
Earth crust, the B level varies between 1–500 mg kg−1 and 2–100 mg kg-1 as per the geographical
region and soil composition status [32].

B has a considerable importance due to its supportive role in plant development and growth.
It helps in the processes of cell division, the formation of cell wall and the elongation of cells [33].
However, B causes toxic effects at very high or very low levels. B toxicity mostly co-exists together
with some other abiotic stresses—e.g., salt and drought stress [34]. A high B toxicity reduces the plant
growth and other attributes.

EI-Shazoly [25] conducted a study to describe the SA effects on B toxicity stress in wheat.
The results of such a study were in agreement with those of the present study. The SA application
also enhanced the root and shoot length, supporting the findings of the previous works [35]. It has
been reported that a high level of B causes abnormal cell division in the root meristematic zone [35],
hypodermis formation and suberin deposition [36], thus limiting plant growth and development.
The excess of B also causes cytotoxic effects during mitosis, which in turn reduces the root and shoot
biomass [37,38]. In the present study, 100 μM of SA significantly enhanced the plant biomass by
mitigating the B toxicity. Sarafi et al. [39] reported that the B toxicity reduces the plant dry weight up
to 48%, the number of leaves and the root dry weight in the pepper plant (Capsicum annuum). In this
study, the applications of melatonin (MEL) and resveratrol (RES) were studied, where a treatment of
100 μM of RES and 1 μM of MEL effectively reversed the reductions in fresh and dry weights under
B toxic effects, respectively. Eser and Aydemir [22] reported that kinetin application prevented the
B-induced reductions in the plant fresh and dry weight of wheat plants under B stress. Moreover,
the high B content (50 mg kg−1) in soil reduced the shoot fresh and dry weight of tomato plants [40].
It has been particularized that B toxicity causes the down-regulation of the photosystem biochemical
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components and the inhibition of the electron transport rate [41], thus lowering the activity of carbon
fixation enzymes [41,42]. High levels of B can also cause the root growth inhibition, accompanied by a
decrease in plant dry weight [43]. The reduction in root growth may be due to the intense lignification
of cell wall [44]. However, it has been reported that lignification is not mainly responsible for root
growth inhibition, but is rather a defensive attribute for reducing B uptake [36].

The high B level (30 mg kg−1) reduced the photosynthetic pigments biosynthesis. However,
SA application reversed these negative effects, and the most effective treatment was 100 μM of SA.
The findings of present study are in line with those of EI-Shazoly [25]. Plant growth and development
are considerably dependent on photosynthetic pigments. It has been reported that the inhibition of
plant growth by B stress is associated with reduced photosynthetic pigments. Indeed, the present
study indicated that the biosynthesis of chlorophyll and carotenoid was negatively affected by B
toxicity stress. Our results depicted a negative relationship between the biosynthesis of photosynthetic
pigments and the increasing applied B stress regimes. This decline in photosynthetic pigments might be
owing to H2O2 accumulation, which damages the photosynthetic reaction centers. Papadakis et al. [45]
reported that one of the possible reasons for the reduction in photosynthetic activity in plants grown
under excess of B was the structural damage of thylakoids. In general, SA, being a versatile molecule,
interacts with other hormones to promote the induction of enzymes and antioxidants to alleviate the
toxic effects of stress [46].

Regarding the mineral contents, Kaya and Ashraf [46] described that B toxicity significantly
reduces the N, K and Ca contents in tomato. However, nitric oxide application induced the level of
minerals and minimized the B toxicity effects. EI-Shazoly [25] described that a low level of boron
(3 mg kg−1 soil) does not affect the K content in wheat plants, however a high level could decrease it.
Moreover, the Ca level was reduced due to the B toxicity (3 mg kg−1 soil), but increased upon SA and
thiamin application.

High levels of B increased the anthocyanin contents in sweet basil (Ocimum basilicum L.) plants,
indicating possible stress responses or poor nutrient mobilization from the plant root [47]. We also
found that B stress elevated the anthocyanin levels in the root and shoot of maize cultivar Gohar-19.
The application of SA at higher levels reduced the stress level. Additionally, the reduction in
anthocyanin content in plants treated with SA predicts a reduction in stress severity.

Ascorbic acid is an important antioxidant and scavenger of ROS [48–50]. The ASA content was
significantly affected by B stress in the present study. Abiotic stresses result in a higher accumulation
of ASA than that of other stress. Increased ROS scavenging enzymatic and nonenzymatic activity by
excessive B concentrations has already been reported in barley, chickpea, tomato and grapes [51–54].

In general, plants up-regulate the synthesis of different osmolytes in cytosol and other organelles
to cope with the deleterious effects of environmental stresses. Proline and GB are considered to be
key osmolytes for the osmotic adjustment. Proline, being a secondary metabolite, plays a key role in
stress tolerance as an antioxidant and osmoprotectant [55]. Stress-related genes are activated by GB to
detoxify ROS and protect photosynthetic machinery under stressed conditions [56]. In the current
study, SA applications triggered the accumulation of proline and GB to cope with the B toxicity effects
through scavenging ROS and the activation of the antioxidant defense systems.

The PCA results depicted that the application of salicylic acid had a significant ameliorative effect
for B toxicity on the studied parameters of maize plants. The same effects of SA have been reported
in salt-stressed sunflower plants [57]. Overall, the applied B stress exerted hazardous effects on the
growth and ecophysiological attributes of maize. These results were in accordance with the findings of
previous reports which have reported decreases in the growth traits of various plant species grown
under environmental stress conditions [58–66]. Based on the findings of the current study, we conclude
that SA applications improved the growth of B-stressed maize plants at the seedling stage through
increasing the biosynthesis of photosynthetic pigments, osmolytes and antioxidants. The high level
of B deteriorates photosystem II centers, as the low levels of chlorophyll and carotenoids are linked
with biomass reduction caused by B toxicity. High levels of osmoprotectants such as proline may
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act as signaling molecules for scavenging ROS, thus stabilizing the membrane structures as well as
cascading the stress-tolerant gene expression. Further studies at the molecular level may elaborate
the comprehensive understanding lying behind these modulations of SA against B toxicity in maize.
The induction of B toxicity tolerance in maize plants after SA application is also associated with
antioxidant defense system improvement.

4. Materials and Methods

4.1. Plant Material and Experimental Design

Seeds of maize (cultivar Gohar-19) were obtained from the Maize & Millets Research Institute,
Yusafwala, Sahiwal, Pakistan, and the experiments were conducted at the Department of Botany,
Government College University Faisalabad, Pakistan. The seeds were surface-sterilized using a 1%
sodium hypochloride solution for 5 min. Surface-sterilized seeds were thoroughly washed with
distilled water and air-dried for 12 h. These seeds were soaked in 0, 50, 100 and 150 μM of SA solution
for 12 h. Plastic pots were filled with 1 kg of washed and air-dried sand at the botanical garden,
Government College University Faisalabad, and a 100% field capacity was maintained in pots by
adding boron-free water. The experiment was carried out in a completely randomized design (CRD)
with three replicates. Ten seeds were sown in each pot. After 5 days of germination, 5 seedlings
were selected based on their similarity in size and vigor. B stress was applied using Nable’s solution
containing boric acid (H3BO3) by maintaining pH at 5.7. The final B concentrations of 0, 15 and
30 mg Kg−1 soil were maintained in each pot for one week. After one week of B stress application,
the plants were harvested and stored in a freezer for further analysis.

4.2. Morphological Parameters and Plant Biomass

The root and shoot lengths were measured for individual plants using a meter scale. The root and
shoot fresh and dry weight, after drying at 70 ◦C for 72 h, was calculated using the same weight balance.

4.3. Physiological and Biochemical Analysis

Different physio-biochemical analyses were carried out as described below.

4.3.1. Photosynthetic Pigments

Contents of chlorophyll a, b and carotenoids were determined using a 0.5 g fresh leaf sample.
The Arnon [67] method with minor modifications was used for the determination of photosynthetic
pigments. The collected sample was ground in 15 mL of 85% acetone and centrifuged at 10,000× g

for 15 min. The absorbance of the supernatant was measured at 480, 645 and 663 nm using a
spectrophotometer (Hitachi U-2001, Tokyo, Japan).

4.3.2. Anthocyanin Content

The anthocyanin content was measured as reported previously [68]. Fresh root and shoot samples
(0.1 g each) were ground separately in 2 mL of 1% acidified methanol (1 mL HCL and 99 mL methanol),
then the extract was heated up to 50 ◦C for one in a water bath. The anthocyanin content was then
quantified using a spectrophotometer (Hitachi U-2001, Tokyo, Japan) at 535 nm.

4.3.3. Ascorbic Acid Content

The protocol of Mukherjee and Choudhuri [68] was followed to determine the ascorbic acid
content. Root and shoot fresh samples (0.1 g) were taken and ground in 5 mL of trichloroacetic acid
(TCA) using a pestle and mortar. The extract was filtered, and 4 mL of the homogenate sample was
allowed to react with 2 mL of 2% dinitrophenyl hydrazine in an acidified medium. One drop of 10%
thiourea (prepared in 70% ethanol) was added and the mixture was then allowed to boil at 100 ◦C
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for 15 min. The absorbance at 530 nm was recorded through UV-spectrophotometer (Hitachi U-2001,
Tokyo, Japan) for calculating the ascorbic acid content.

4.3.4. H2O2 Content Determination

Shoot samples were extracted in a cold acetone for H2O2 content determination. One milliliter of
extract was mixed with 1 mL of 0.1% titanium dioxide in 20% sulfuric acid and centrifuged at 8000 rpm
for 15 min. The supernatant was then used to measure the absorbance at 415 nm. H2O2 content was
calculated using a standard curve plotted in a range of 0.5–5 mM H2O2 and was expressed as mg
g−1 FW.

4.3.5. Potassium Content

Dry samples of plant root and shoot (1 mg) were dissolved in 9 mL of distilled water. Flame photometer
was used for the determination of potassium content, as reported previously [69].

4.3.6. Calcium Content

Dry samples of plant root and shoot (1 mg) were added to 9 mL of distilled water. Flame photometer
method was used for the determination of the calcium content [69].

4.3.7. Nitrate Content

Dry root and shoot samples were dissolved in 1 mL of TCA (1.24 g TCA+ 500 mL H2SO4) and
1 mL of distilled water. For determining the nitrate oxide, the absorbance was recorded at 530 nm
using a UV vis spectrophotometer (Hitachi U-2001, Tokyo, Japan).

5. Statistical Analysis

Collected data were subjected to an analysis of variance (ANOVA) using the statistical software
Co-Stat version 6.2, Cohorts Software, 2003 (Monterey, CA, USA). The treatment means were equated by
the least significant difference method (Fisher’s LSD) at p value of ≤0.05 level. Before applying ANOVA,
the data were standardized using means of inverse or logarithmic transformations wherever necessary.
The correlations and PCA of the mean values of all variables were found using XL-STAT 2010.
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Abstract: Aqueous seaweed extracts have diverse compounds such as Plant-Growth Regulators
(PGRs) which have been utilized in agricultural practices for increasing crop productivity. Algal
biomass of Padina durvillaei and Ulva lactuca have been suggested for use as biofertilizers because
of plant growth-enhancing properties. This work aimed to identify the main PGRs and antioxidant
properties in P. durvillaei and U. lactuca extracts, such as abscisic acid, auxins, cytokinins, gibberellins,
jasmonates, and salicylates, to assess their potential use as biofertilizers that improve plant growth
and crop yield. Phytochemical analyses of two seaweed extracts showed a significantly higher
content of sulfates, flavonoids, and phenolic compounds in P. durvillaei extract, which could be
linked to its higher antioxidant activity (DPPH, ABTS, and FRAP) compared to U. lactuca extract.
The identification and quantification of PGRs showed two gibberellins (GA1 and GA4), abscisic acid
(ABA), indoleacetic acid (IAA), three cytokinins (tZ, IP, and DHZ), jasmonic acid (JA), and salicylic
acid (SA) in two seaweed extracts. However, GA4, tZ, and DHZ contents were significantly higher in
P. durvillaei compared to U. lactuca extracts. These findings evidence that P. durvillaei and U. lactuca

extracts are suitable candidates for use as biofertilizers.

Keywords: seaweed extract; phytohormone profiling; fertilizers; antioxidant; plant growth regulators;
brown seaweed; green algae

1. Introduction

Seaweed extracts have been used in agricultural activities due to their content of macroelements
(alginate, agar, carrageenan, etc.), which activate the synthesis of endogenous hormones in plants [1,2]
and contribute microelements (N, Ca, Mg, Mn, B, Br, I, Zn, Cu, and Co), amino acids, and vitamins
that enrich soil in plant crops [3]. Besides, seaweed extracts contain biochemical compounds such
as chlorophylls, carotenoids, and phenolics that confer antioxidant protection [4,5]. The antioxidant
properties of algae extracts have been widely evaluated and attributed to sulfated polysaccharides,
pigments, and phenolic compounds [4–8], which provide desirable characteristics for their potential use
in crops, since, in addition to conferring antioxidant protection, compounds such as polysaccharides
have been linked to growth promoting activities [8].

Agronomy 2020, 10, 866; doi:10.3390/agronomy10060866 www.mdpi.com/journal/agronomy419



Agronomy 2020, 10, 866

Some environmentally-friendly extraction methods generally include boiling or soaking with
distilled water, which have been used as biostimulants for plant growth [9]. Phytohormone-like
Plant-Growth Regulators (PGRs) have been identified in algal extracts, such as abscisic acid, auxins,
cytokinins, gibberellins, jasmonates, or salicylates, all of which regulate plant cell metabolism and
boost production and growth [10–12]. For this reason, marine algae have been used in agriculture
as organic fertilizers to achieve sustainable crop production [13,14] and counter the excessive use of
fertilizers and synthetic hormones (e.g., 2.4-dichlorophenoxyacetic acid and naphthaleneacetic acid)
that may potentially affect both the environment and humans [12,15].

Several authors have reported that algal extracts induce physiological processes in treated
plants, such as germination, emergence, root growth, nutrient mobilization, maturation, tolerance
to stress, and disease resistance; these responses are similar to those observed in plant crops treated
with synthetic hormones [3,10,16–18]. Some seaweed extracts are marketed as liquid biofertilizers
or biostimulants [3,16,19], mostly enriched with biomass of Ascophyllum nodosum, Sargassum spp.,
and Macrocystis pyrifera [3,20,21]. However, the different species of algae show variations regarding
PGR biosynthesis [22]; thus, algal extracts exert variable physiological effects on different crops.

In Latin America, algal extracts have recently been used as biostimulants. Some reports
demonstrate the benefits of the application of seaweed extracts harvested in coastal areas on various
crops. The macroalgae M. pyrifera, Gelidium robustum, Chondracanthus canaliculatus, Sargassum spp.,
Ulva lactuca, and Padina gymnospora, have been used as biostimulants, fertilizers, and root
promoters, as well as to stimulate growth and increase antifungal protection in tomato plants
(Solanum lycopersicum) [20,23]. However, the exploitation of marine algae, mainly those involved
in massive arrivals, is still incipient; moreover, it is not well known if improvements in yield and
production of crops fertilized with algal extracts are due to the presence of PGRs in algal organic matter
and/or if a possible contribution of other metabolites contribute to the biostimulant effects. Therefore, it
is necessary to study the chemical and bioactive composition of a new algal extract when it is prepared
to consider its potential use as plant grow stimulant.

In addition, PGRs in seaweeds have been insufficiently studied. Therefore, information is needed
to support the use of marine sources, such as algae, to achieve sustainable agriculture practices in
the future. This will reduce the environmental impact associated with the excessive use of chemical
fertilizers, and also the potential risks to consumers resulting from the indiscriminate application
of synthetic PGRs, along with the fact that algae provide other bioactive compounds that enhance
protection against stress oxidative, improving plant health.

The objective of the present investigation was to characterize the chemical and bioactive
composition (antioxidant activity, PGR identification and content) of aqueous extracts of the macroalgae
Ulva lactuca and Padina durvillaei, and evaluate the use of such aqueous extracts as a potential biofertilizer.

2. Material and Methods

2.1. Seaweed Collection and Reagents

Specimens of the seaweeds Padina durvillaei (Bory Saint-Vicent, 1957) and Ulva lactuca (Linnaeus
1753) were collected in Mazatlan Bay, Sinaloa, Mexico (23◦1′2 9.1′’ LN, 106◦25′29.7′ LW), in March
2017. Fresh samples were rinsed with distilled water, lyophilized, ground with a commercial grinder,
and stored at −20 ◦C until used. All chemicals used in this research were analytical grade and supplied
from Sigma (Sigma-Aldrich Co., St. Louis, MO, USA), unless otherwise specified.

2.2. Seaweed Extracts

Seaweed extracts were obtained using distilled water according to Tierney et al. [24], modified
as follows: dried algal material was mixed with water at 21 ◦C (1:10, w:v) with stirring for 3 h; then,
the extract was filtered through a fiber glass filter (1.2 μm pore size) and the algal residue extracted again
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(twice). Filtrates were pooled and centrifuged at 12,000× g and 4 ◦C for 20 min; then, the supernatant
was collected. Finally, the aqueous extract was lyophilized and stored at −20 ◦C until analyzed.

The extraction yield was calculated according to Equation (1):

Extraction yield (%) = (grams of dry aqueous extract/grams of dry seaweed) × 100 (1)

2.3. Chemical Composition

Carbohydrate content was measured using the phenol–sulfuric acid method [25] using D-glucose
as standard. Soluble protein content was determined with Bradford’s method using Bovine Serum
Albumin (BSA) as standard [26].

Sulfate content was measured with the barium chloride-gelatin assay using potassium sulfate as
standard [27]. The uronic acid content was determined with the sulfuric acid-carbazole colorimetric
method using D-glucuronic acid as standard [28].

2.3.1. Total Phenolic Content (TPC)

Total soluble phenolic content was determined using the Folin–Ciocalteu method [29]. Dry samples
were reconstituted with acetone (1 mg/mL); then, a 100 mL of each sample was mixed with 150 mL
of Folin solution (previously diluted 1:1 with deionized water) followed by the addition of 1 mL of
2% sodium carbonate in 0.4% sodium hydroxide. The mixture was incubated in the dark at room
temperature for 20 min. The resulting blue complex was read in a spectrophotometer at 750 nm.
Phenolic content was expressed as mg of gallic acid equivalent (GAE) per g of sample (dry weight).
A gallic acid standard curve was constructed at the concentration range of 0–0.25 mg/mL.

2.3.2. Total Flavonoids Content (TFC)

Total flavonoid content was assessed according to Luximon-Ramma et al. [30]. Samples of
solutions (1 mL) were diluted in equal volumes of a 2% aluminum chloride solution (2 g of AlCl3·6H2O
in 100 mL of methanol). The mixture was incubated at room temperature for 10 min. Absorbance was
read at 367 nm. The results were expressed in mg of quercetin equivalents (QE) per gram of sample
(dry weight). A quercetin standard curve was constructed at the concentration range of 0–0.5 mg/mL.

2.4. Antioxidant Evaluation

2.4.1. DPPH Free-Radical Scavenging Activity

The free-radical scavenging potential of the seaweed extracts was analyzed according to the
method proposed by Mensor et al. [31], modified as follows: a 100 mL aliquot of each extract
(at concentrations of 0.0015 to 1.5 mg/mL) was mixed with 900 mL of an ethanol solution of 0.3 mM
2,2-diphenyl-1-picrylhydrazyl (DPPH); the mixture was incubated for 30 min in the dark at room
temperature. Then, absorbance was measured at 518 nm. Trolox was used as standard, whereas the
DPPH solution served as control to calculate the degree of radical scavenging by samples as well as
the reference standard.

The percentage of DPPH scavenging was calculated with Equation (2):

% DPPH scavenging = [(1 − Absorbance of sample)/Absorbance of Control] × 100 (2)

2.4.2. ABTS Free-Radical Scavenging Activity

The scavenging activity of 2,2′-azinobis [3-ethylbenzthiazoline]-6-sulphonic acid (ABTS) was
determined according to the method by Przygodzka et al. [32], modified as follows: the ABTS radical
was previously activated for 12–16 h at room temperature in the dark; the resulting ABTS radical
solution was diluted with ethanol and its absorbance read at 734 nm, yielding a value of 0.80. A 100 μL
aliquot of each sample (at a concentration of 0.0015 to 1.5 mg/mL) was mixed with 2.9 mL of ABTS

421



Agronomy 2020, 10, 866

solution and the absorbance was read 10 min after mixing. Trolox was used as reference standard,
whereas the ABTS radical solution served as control to calculate the degree of radical scavenging by
samples as well as the reference standard.

The percentage of ABTS scavenging was calculated using Equation (3):

% ABTS scavenging = [(A − B)/A] × 100 (3)

where A is absorbance of the ABTS control solution and B is absorbance of the test solution.

2.4.3. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed according to the methods of Benzie and Strain [33], with the
minor modification reported by Szôllôsi and Varga [34]. The FRAP reagent was made from three
different solutions: Solution A: 300 mM acetate buffer, pH 3.6; Solution B: 10 mM TPTZ dissolved in
40 mM HCl; and Solution C: 20 mM FeCl3·6H2O. The work solution was prepared by mixing A, B,
and C in a 10:1:1 ratio (by volume). For the assay, 100 μL of sample were mixed with 1400 μL of FRAP,
and then incubated at room temperature for 30 min in the dark. Finally, absorbance was read at 593
nm. Trolox was used as reference standard.

2.5. Identification and Quantification of Plant Growth Regulator Profiles

PGRs for acid hormones (gibberellins, GAs; indolacetic acid, IAA; jasmonic acid, JA; abscisic
acid, ABA; and salicylic acid, SA), and cytokinins or basic hormones (dihydrozeatine, DHZ;
isopentyladenine, iP; and t-zeatine, tZ) were identified and quantified by ultra-high performance
liquid chromatography–mass spectrometry (UHPLC-MS) using a Thermo Scientific™ Q Exactive™
Hybrid Quadrupole-Orbitrap mass spectrometer at Institute for Plant Molecular and Cell Biology
(IBMCP), Spain. Extraction and separation of plant hormone profiles were performed as described by
Seo et al. [35]. The lyophilized extract was suspended in 80% methanol (MeOH) containing 1% acetic
acid, mixed by stirring for 1 h at 4 ◦C and centrifuged at 14 000× g at 4 ◦C for 4 min. The supernatant
extract was stored at −20 ◦C overnight and then centrifuged at 14 000× g at 4 ◦C for 4 min. Then,
the supernatant was dried in a vacuum evaporator. The dry residue was dissolved in 1% (v/v) acetic
acid and passed consecutively through an Oasis HLB reverse-phase column (30 mg; Waters) and an
Oasis MCX cation exchanger. Acid hormones were eluted with MeOH and basic hormones with 60%
MeOH containing 5% aqueous ammonia [35]. The final residues were dried and dissolved in 5% (v/v)
acetonitrile, 1% (v/v) MeOH, and 1% (v/v) acetic acid. Then, hormones were separated by UHPLC with
a reverse Accucore C18 column (2.6 mm inner diameter, 100 mm length; Thermo Fisher Scientific)
with a 2% to 55% (v/v) acetonitrile gradient containing 0.05% (v/v) acetic acid at 400 mL for 21 min.
The plant hormones were analyzed with a Q-Exactive mass spectrometer (Orbitrap detector; Thermo
Fisher Scientific) by targeted selected ion monitoring (capillary temperature, 300 ◦C; S-lens RF level,
70; resolution, 70,000) and electrospray ionization (spray voltage, 3 kV; heater temperature, 150 ◦C;
sheath gas-flow rate, 1.90 mL/min; auxiliary gas-flow rate, 0.42 mL/min). The concentrations of plant
hormones in extracts were determined using embedded calibration curves and the Xcalibur 2.2 SP1
build 48 and TraceFinder programs. The internal standards for quantification of each plant hormone
were D6-ABA, D2-GA1, D2-GA4, D5-tZ, D3-DHZ, D6-iP, D2-IAA, D6-SA, and D2-JA (Olchemim Ltd.,
Olomouc, Czech).

2.6. Statistical Analyses

The results of all assays are reported as mean ± standard deviation. Comparisons between groups
were performed using the Student’s t-test. Statistical significance was set at p < 0.05.

All statistical analyses were performed using the statistical program Sigma Plot version 11.0 (2018
Systat Software, Inc.; Erkrath, Germany).
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3. Results

3.1. Chemical Composition and Antioxidant Capacity Evaluation of Seaweed Extracts

The highest extraction yield was achieved in the Ulva lactuca extract (Table 1), which was nearly
twice the yield for Padina durvillaei (7.55 ± 4.05% and 3.34 ± 1.20%, respectively). With regard to the
chemical composition of the soluble components in both extracts, similar contents of carbohydrates
and uronic acids were found; however, the percentage of sulfates and the content of polyphenols
and flavonoids varied, with higher values in the P. durvillaei extract (6.63 ± 0.7%, 34.26 ± 1.39 GAE/g,
and 16.16 ± 2.87 QE/g, respectively). Soluble protein was found in the P. durvillaei extract (1.28 ± 0.5%),
but not in the U. lactuca extract.

Table 1. Chemical composition of seaweed extracts.

Padina Durvillaei Ulva Lactuca

Extraction Yield (%) 3.34 ± 1.20 7.55 ± 4.05

Chemical Composition (dwt.)

Soluble Protein (%) 1.28 ± 0.56 N. D.
Carbohydrates (%) 16.36 ± 0.08 16.19 ± 0.07
Uronic Acids (%) 8.79 ± 0.60 8.01 ± 0.21
Sulfates (%) 6.63 ± 0.76 a 4.05 ± 1.13 b
Total Polyphenols Content (mg GAE/g) 34.26 ± 1.39 a 27.29 ± 1.57 b
Total Flavonoids Content (mg QE/g) 16.16 ± 2.87 a 10.22 ± 0.96 b

All chemicals components are expressed on dry weight basis (dwt.). Values represented are mean of triplicates;
values followed by different letters are significantly different at p < 0.05. N.D., not detected; GAE/g, mg of Gallic
acid equivalent per gram of seaweed extract; QE/g, mg of Quercetin equivalent per gram of seaweed extract.

Regards to the antioxidant activity in extracts (Figure 1), greater activity was recorded in the P.

durvillaei extract for the DPPH and ABTS tests, with 0.37 and 0.07 TEAC per gram of extract, respectively
(Figure 1A,B). The antioxidant capacity, as measured by DPPH, was three-fold for the P. durvillaei

extract versus the U. lactuca extract (0.13 TEAC/g). The ferric reducing antioxidant power (FRAP) was
only recorded in P. durvillaei extracts, with TEAC values of 0.02/g (Figure 1C).

3.2. PGR Contents in Seaweed Extracts

Two groups of PGRs (acidic and basic) were identified by UHPLC-MS (Figure 2); their identification
and quantification in aqueous algal extracts correspond to abcisic acid (ABA), an auxin (IAA), three
cytokinins (dihydrozeatine, DHZ; isopentyladenine, IP; and t-zeatine, tZ), two gibberellins (GA1 and
GA4), jasmonic acid (JA), and salicylic acid (SA). The quantification of acidic PGRs showed that SA
and IAA are the main chemical groups in both algal extracts. SA concentration was 88.8 ± 52.9 ng/g
in the P. durvillaei extract and 67.6 ± 4.2 ng/g in the U. lactuca extract (Figure 2A). IAA concentration
was slightly higher in U. lactuca (49.3 ± 5.2 ng/g) relative to P. durvillaei (39.0 ± 12.8 ng/g), but these
differences were not statistically significant (Figure 2A). On the other hand, the U. lactuca extract
contained the highest ABA concentration (17.8 ± 5.2 ng/g) compared to the P. durvillaei extract (1.5
± 0.5 ng/g); JA concentrations were similar in both extracts (Figure 2A). With regard to gibberellins,
the highest GA4 concentration (1.51 ± 0.64 ng/g) was noted in the U. lactuca extract, compared to the P.
durvillaei extract (0.37 ± 0.08 ng/g), while GA1 showed similar levels in both extracts (Figure 2B).
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Figure 1. In vitro antioxidant activity of seaweed extracts of Padina durvillaei and Ulva lactuca assessed
by different methods: (A) DPPH scavenging activity; (B) ABTS scavenging activity; and (C) FRAP
activity. Bars represent mean of triplicates ± SD; different letters are significantly different at p < 0.05.
TEAC/g, mmol of Trolox equivalent of antioxidant activity per gram of seaweed extract.

The quantification of basic PGRs (Figure 2C) showed that tZ is the most abundant hormone in the
U. lactuca extract (10.95± 4.31 ng/g). On the other hand, IP concentrations were similar in both extracts
(4.41 1.85 ng/g in P. durvillaei and 4.57 ± 0.38 ng/g in U. lactuca). DHZ concentrations were low in both
extracts, with 1.09 ± 0.44 ng/g in P. durvillaei and 0.77 ± 0.09 ng/g in U. lactuca.
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Figure 2. PGRs quantification by UHPLC-MS in aqueous algal extracts of Padina durvillaei and
Ulva lactuca: (A) acid PGRs (salicylic acid, SA; indolacetic acid, IAA; abscisic acid, ABA; and jasmonic
acid, JA); (B) gibberellins (GA1 and GA4); and (C) cytokinins or basic hormones (t-zeatine, tZ;
isopentyladenine, iP; and dihydrozeatine, DHZ). Bars represent mean of triplicates ± SD. Significant
differences at p < 0.05 of some type of PGR between algal extracts have been indicated.
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4. Discussion

In this study, we used two species of algae to obtain aqueous extracts. Both species are frequently
observed as floating seaweed mats that reach the northeast Pacific coasts; they belong to different taxonomic
groups: P. durvillaei to the class Phaeophyceae (brown algae) and U. lactuca to the class Chlorophyceae
(green algae). This leads to potential chemo-taxonomic differences, coupled with spatiotemporal
variations associated with growth and environmental adaptation. Ultimately, these differences result
in the variability in chemical composition, as observed in the aqueous extracts analyzed in the present
study. Such variability has also been observed in other studies reporting taxonomic compositional
differences in marine algae thriving in temperate waters (e.g., Caulerpa sertularioides, Rhizoclonium riparium,
Gracilaria vermoculophylla, and Spyridia filamentosa), including the presence of biochemical compounds
associated with bioactive characteristics, such as fucosterol, β-sitosterol, omega-3 fatty acids, and various
photosynthetic pigments [36]. An example is the case of temperate macroalgae in Denmark, where
aqueous extracts were analyzed from 16 species of macroalgae in different taxonomic families and whose
total polyphenolics content showed no statistically significant differences [6].

From the compositional differences observed in macroalgae, their extracts exhibit different levels
of biological activity, particularly antioxidant activity; the present study recorded a higher activity of
the P. durvillaei extract. This extract has a higher content of polyphenols and flavonoids, compounds
with a known ability to scavenge synthetic radicals in in vitro tests (DPPH and ABTS), as well as the
presence of sulfated polysaccharides. Note that no ferric reducing antioxidant power (FRAP) was
detected in Ulva extracts, while it was very weak in the Padina extract; this may indicate the influence of
compositional characteristics of sulfated polysaccharides in extracts. Besides, substances that interfere
in the antioxidant tests used were found, such as proteins and uronic acids. High contents of sulfates,
protein, and uronic acids were also observed, which have been associated with the low antioxidant
activity observed in polysaccharide fractions isolated from aqueous extracts of green algae such as
Ulva fasciata [37].

It was also observed that the presence of fucose in sulfated polysaccharides from brown algae
conferred a higher ferric reducing activity relative to polysaccharides from green algae that do not
contain this sugar (e.g., Sargassum wightii vs. Ulva lactuca) [7]; a similar effect is likely to influence
the behavior observed in our study. In general, secondary metabolites such as polyphenols are more
abundant in brown algae, with some, e.g., 2,4,6-trihydroxybenzoate (a benzoic acid derivative), being
unique to this group of macroalgae [38]. It should be stressed that polyphenols are compounds with
electrons that can be donated, thus conferring a higher antioxidant response when classified methods
are used, including electron transfer such as ABTS and FRAP [39].

On the other hand, a higher antioxidant activity was observed in both extracts with the DPPH
method. This indicates that the antioxidant chemicals in extracts function mainly through a reaction
mechanism involving the transfer of a hydrogen atom from these compounds [6]; this sort of antioxidant
capacity was about three times higher for the P. durvillaei extract relative to the U. lactuca extract.
Some studies have shown that aqueous extracts from brown algae have a higher polyphenolics content
relative to red and green algae, which confer on them greater antioxidant activity. For example,
the antioxidant activity (assessed with the DPPH test) of aqueous extracts from the brown algae
Fucus serratus and F. vesiculus was 42 times higher than in extracts from the green algae Enteromorpha

intestinalis and 89 times higher than in Ulva lactuca [6]. The same behavior was observed for the
FRAP test, since the reducing power from brown algae extracts was 3–5 times lower relative to green
algae; total polyphenols content and type of polyphenols (ferulic, vanillic, coumaric, and gallic acids)
contribute highly to the antioxidant and reducing activities [6]. Likewise, Wang et al. [8] reported
higher total polyphenols contents in aqueous extracts of brown algae relative to red and green algae,
which led to a high in vitro antioxidant activity measured with DPPH for extracts obtained from
Fucus vesiculus, F. serratus, Ascophyllum nodosum, and Laminaria hyperborea, with antioxidant values
representing up to 200 times the antioxidant activity observed for Ulva lactuca.
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Originally, PGRs in plants have been found in trace amounts (fmol to pmol per gram, wet weight),
with gibberellins, abscisic acid, cytokinins, indoleacetic acid, ethylene, jasmonates, and salicylates
as those most studied PGRs [40]. Unlike plants, algae accumulate higher concentrations of PGRs
(pmol to μmol per gram fresh weight), mainly auxins and cytokinins; some authors hypothesize that
bioactive gibberellins inducing germination and growth may also accumulate, as well as jasmonates
and salicylates. However, few species of macroalgae contain gibberellins, jasmonate, and salicylates [3].

The presence and number of PGRs in algae and terrestrial plants differ according to the species
or variety [12,22]. For example, Mori et al. [41] reported the identification of auxins, cytokinins,
and salicylic acid (SA), but not AG3 and jasmonates, in extracts of two red algae (Pyropia yezoensis and
Bangia fuscopurpurea). Another study involving fourteen seaweeds in the Turkey coast reported the
presence of five PGRs (t-zeatine (t-Z), IAA, GA3, ABA, and 6-benzyl amino purine (BAP) in two algae,
namely Petalonia fascia (brown algae) and Caulerpa racemosa var. cylindracea (green algae), and the
absence of GA3 and ABA in the eleven remaining seaweeds, including Sargassum vulgare and Ulva

rigida, which are used to produce biofertilizers [22]. By contrast, this work identified nine PGRs (SA,
IAA, ABA, JA, t-Z, IP, DHZ, GA4, and GA1) in extracts from two algae (P. durvillaei and U. lactuca)
distributed along the Mexican Pacific coasts. The presence of SA and JA is worth noting, as these have
not been identified in any other algae; these PGRs strengthen the defense capabilities of plants by
inducing acquired systemic resistance (SAR).Gibberellins GA4 and GA1 are also present, which show
biological activity in plants.

Mexico produces and markets fertilizers based on extracts of seaweeds such as Macrocystis pyrifera,
Sargassum spp, Ascophyllum nodosum, Laminaria spp, Egregia menziesii, and Gelidium robustum, using
methods that involve hydrothermal treatment under acidic, neutral, and alkaline conditions [20].
These extracts boost germination, rooting, and plant growth, likely resulting from the content of
polysaccharides, macro- and microelements [20,42–44]. However, although studies on algal extracts
show evident effects on plant growth, few reports demonstrate the presence of PGRs in such extracts,
and these can only be inferred from the physiological effects shown [42]. Unlike marketed products
based on seaweed extracts containing polysaccharides obtained using methods under alkaline, acidic,
and neutral conditions, this study used aqueous extraction, which ensured the extraction of nine PGRs
in high concentrations for use in plant crops.

Studies related to the identification and quantification of PGRs in algae, such as
Ascophyllum nodosum and Sargassum muticum (Phaeophyceae) used in the development of
biofertilizers [45], report results differing from those obtained in this work. For example, A. nodosum,

whose extracts are used in products such as Phylgreen®, contains concentrations of IAA, ABA, and IP
of 7.53, 17.63, and 16.11 pmol/g dry weight (DW), respectively [46], while extracts of Sargassum

heterophyllum accumulate IP and t-Z at 48.2 and 2.4 pmol/g DW, respectively [47]. In contrast, this
study reports concentrations in extracts of P. durvillaei (IAA 39.0 ng/g, ABA 1.5 ng/g, IP 4.41 ng/g DW,
and t-Z 4.7 ng/g DW) and U. lactuca (IAA 49.3 ng/g, ABA 17.8 ng/g, IP 4.57 ng/g, and t-Z 10.95 ng/g
DW) that are higher than those reported by Jannin et al. [46] and Stirk et al. [47]. This finding suggests
that the algae studied here are potential alternatives suitable for use as biofertilizers based on their
high PGR content.

On the other hand, the identification of GA1 and GA4 in this study contrasts with reports by
Dumale et al. (2018) [48], who identified GA3 in extracts of Caulerpa racemosa (green algae), and by
Shoubaky et al. [49] in U. lactuca extracts, who identified two groups of PGRs, namely ABA and eight
gibberellins (GA7 methyl ester, GA8, GA13, GA19, GA23, GA44, and GA75). However, the gibberellins
identified in extracts of P. durvillaei and U. lactuca are considered to be biologically active in plants,
contrary to those reported by Shoubaky et al. [49]; this difference is relevant, as PGRs should be in the
active form for use in plant crops [50] Note that the identification of PGRs in P. durvillaei extracts has
not been reported in the literature previously; thus, the data in this paper support the potential use of
brown algae or extracts thereof as growth promoters in plants of agricultural importance.
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5. Conclusions

The present study focused on the analysis of the main PGRs and the biochemical characterization
of their aqueous extracts in two macroalgae involved in massive arrivals. The chromatographic analysis
revealed the presence of abcisic acid (AB), auxins (IAA), cytokinins (tZ, IP, and DHZ), gibberellins
(AG1 and AG4), jasmonates (AJ), and salicylates (AS); of these, AS attained the highest levels in both
extracts. On the other hand, the phytochemical analysis revealed the presence of soluble compounds
such as carbohydrates and uronic acids, as well as bioactive compounds such as polyphenols and
flavonoids that confer antioxidant activity to extracts. The identification of PGRs in algal extracts opens
the possibilities for use of algae involved in massive arrivals as potential environmentally-friendly
organic biofertilizers that serve as growth promoters in agricultural crops.
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Abstract: Mechanical pot-seedling transplanting (PST) is an efficient transplanting method and
deep nitrogen fertilization has the advantage of increasing nitrogen use efficiency. However,
little information is available about the effect of PST when coupled with mechanized deep nitrogen
(N) fertilization on grain yield, nitrogen use efficiency, and antioxidant enzyme activities in rice.
A two-year field experiment was performed to evaluate the effect of PST coupled with deep N
fertilization in both early seasons (March–July) of 2018 and 2019. All seedlings were transplanted
by PST and three treatments were designed as follows. There was a mechanized deep placement
of all fertilizer (MAF), broadcasting fertilizer (BF), no fertilizer (N0). MAF significantly increased
grain yield by 52.7%. Total nitrogen accumulation (TNA) was enhanced by 27.7%, nitrogen partial
factor productivity (NPFP) was enhanced by 51.4%. nitrogen recovery efficiency (NRE) by 123.7%,
and nitrogen agronomic efficiency (NAE) was enhanced by 104.3%, compared with BF treatment.
Moreover, MAF significantly improved peroxidase (POD), catalase (CAT), and notably reduced the
malonic dialdehyde (MDA) content for both rice cultivars, compared to BF. Hence, the result shows
that mechanical pot-seedling transplanting coupled with nitrogen deep placement is an efficient
method with the increase of grain yield and nitrogen use efficiency in rice cultivation in South China.

Keywords: deep N fertilization; peroxidase activity; catalase activity; rice cultivation

1. Introduction

Rice (Oryza sativa L.) is one of the world’s major crops and it provides food for over three billion
people [1,2]. China is the main country of rice production, with rice planting area and yield in the
forefront of the world [2,3]. Therefore, increasing rice production is essential for population growth
in China and the world [4,5]. Transplanted rice is the most traditional planting method. Moreover,
the traditional fertilization method is manually surface broadcast [6]. This method is not suitable
for the stable improvement in Chinese agricultural systems because of some serious problems such
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as labor scarcity and low profits [7]. Therefore, improving mechanization is the main way to solve
this problem.

The mechanical pot-seedling transplanting (PST) is an innovative technology for transplanting rice
seedlings in the paddy field. It has the advantage of precise row and hill spacing without injury to the
rice plants [8]. The technique not only reduces planting costs but improves the quality of transplanting
rice seedlings [9]. Mechanical pot-seedling transplanting can transplant seedlings without root injury.
It expects to reduce the transplanting shock and maintain the root activity, resulting in increased nutrient
absorption and consequently a vigorous initial growth [10]. However, the application of nitrogen fertilizer
under the flooding condition can cause nitrogen fertilizer to be lost through ammonia volatilization and
runoff, reducing the utilization efficiency of nitrogen fertilizer [11,12]. Thus, the seedlings transplanted by
mechanical pot-seedling transplanting were unable to access the N resource, restricting their performance
irrespective of enhanced root activity [4]. To solve this problem, much application of chemical fertilizer is
one of the approaches, but it can lead to problems of lower nitrogen use efficiency (NUE) and environmental
pollution [11,13].

Alternative is the deep N fertilization in mechanical pot-seedling transplanting. Deep fertilizer
application methods can maintain the nutrient and enhance nutrient use efficiency [14]. The nitrogen
fertilization at about 5 cm depth notably improves the total above-ground biomass and grain yield,
compared to the manual surface broadcast [15]. Moreover, deep fertilization could reduce the amount
of fertilizer applications without reducing yield [16]. Deep fertilization is to bury the fertilizer near the
rice root, which is beneficial for fertilizer absorption by rice root [17]. The appropriate fertilization
depth could not only promote the growth of rice root but also improve the growth of rice plants in the
early stage [18]. Some studies found that deep N fertilization could reduce CH4 emissions by 40%
and NO emissions by 54% [19,20]. Pan et al. [21] found that deep fertilization significantly increased
peroxidase (POD) and catalase (CAT) in direct-seeded rice. Xu et al. [22] observed that ensuring the
nutrient supply at the late stage of rice was conducive to improving antioxidant enzyme activities and
photosynthetic performance of rice leaves. Moreover, Shu et al. [23] reported that mechanical deep
fertilization could delay rice plan senescence by enhancing antioxidant enzyme activities and reducing
the malonic dialdehyde (MDA) content in direct-seeded rice. Therefore, deep nitrogen fertilization is
a feasible way to lessen environmental problems because of the excess fertilization in rice production.

Mechanical pot-seedling transplanting (PST) coupled with deep nitrogen fertilization is an emerging
transplanting rice technology. However, little information is available about the effects of PST coupled
with mechanized deep N fertilization on grain yield, nitrogen use efficiency, and antioxidant enzyme
activities in rice. The aim of this study was to assess whether PST coupled with mechanized N deep
fertilization could increase grain yield, nitrogen use efficiency, and antioxidant enzyme activities in rice.

2. Materials and Methods

2.1. Mechanical Pot-Seedling Transplanting Machine

A mechanical pot-seedling transplanting machine was developed by Changzhou YaMeiKe
mechanical Co., Ltd. (Changzhou, China) (Figure 1). This method realized the synchronous operation
of deep fertilization and transplanting seedlings and applied fertilizer quantitatively and fixed-point
deep into the soil on the seedling side.
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Figure 1. Pictorial view of mechanized transplanting rice machine coupled with N deep placement at
the farm of South China Agricultural University, Guangzhou city, China.

2.2. Experimental Treatments and Design

Field experiments were conducted in early seasons of 2018 and 2019, respectively, at the
Experimental Research Farm, College of Agriculture, South China Agricultural University, Guangzhou
City, China (23◦13′ N, 113◦81′ E, altitude 11 m). The soil in the experimental field was sandy loam with
1010 mg kg−1 total N, 1080 mg kg−1 total p, 20,230 mg kg−1 total K, 73 mg kg−1 available p, 104 mg kg−1

available K, and 21,560 mg kg−1 organic C.
Two rice cultivars were Yuxiangyouzhan (YXYZ) and Wufengyou615 (WFY615), which are inbred

and hybrid rice, respectively, and widely grown in the local area. Moreover, the two rice cultivars
have growth periods of 118 and 115 days for both early seasons, respectively. Both field experiments
were used in a completely randomized design with three replicates with a plot area of 132 m2

(8 m × 16.5 m). The YaraMila compound fertilizer (total nitrogen contents TN = 15%, N: P2O5: K2O =
15%:15%:15%) was used in our experiment, which was manufactured by YaraMila Fertilizer Company,
China. The application rate was 150 kg N ha−1 (pure N) for the fertilizer application treatment.
All seedlings were transplanted by PST and three treatments were designed as follows. The mechanized
deep N fertilization was a basal fertilizer in 10 cm soil depth (MAF) and fertilizers were broadcast
manually on the soil surface two days before the transplanting as a basal fertilizer (BF). No fertilizer was
applied during entire growth stage (N0). Water management strategies were adopted by local farmer’s
advice. Some chemical reagents such as herbicide, imidacloprid, tricyclazole, and carbendazim were
adopted to prevent and control weeds, insects, and diseases.

2.3. Yield and Its Components

At maturity, rice grains were recorded from the harvested-area of 6 m2. In total, 20 rice plants
were collected randomly for each treatment and the averaged values were calculated for the number
of productive panicles per hill. Six hills of rice plants were taken to investigate yield components
and the yield components measurement were determined according to Pan et al. [21]. To divide the
filled seeds, all spikelets were submerged in tap water, apart from the rachis (by manual threshing).
To calculate the total number of spikelets, we counted the spikelets in three representative subsamples
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of 30 g. The average weight of half-filled spikelets was determined. Spikelets per panicle, grain-filling
percentage, and 1000-grain-weight were also calculated from sampled plants and averaged.

2.4. Total Above-Ground Biomass (TAB) and Leaf Area Index (LAI) at Different Growth Stages

According to the average number of tillers in the plot, six plants were taken in the plot at all
critical growth stages including mid-tillering (MT), panicle initiation (PI), heading stage (HS), and the
maturity stage (MS). LAI and TAB were determined according to Pan et al. [21]. The soil on the rice
plants were washed thoroughly. Then, leaf sheaths plus stems, leaves, and spikes were separated from
the plant after the heading stage. The leaf area for all green leaf blades was measured with the Li-Cor
area meter (Li Cor Model 3100, Lincoln, NE, USA) and the leaf area per m2 (leaf area index, LAI) was
then calculated. The separated part of the rice plants was oven-dried at 70 °C to constant weight and
then the above-ground biomass was calculated.

2.5. Nitrogen Use Efficiency

Six plants were collected from each treatment in the physiological maturity stage. They were then
divided into leaves, stems with leaf sheath, and grains. They were finally dried at 70 ◦C until constant
weight, then stored to analyze the total N contents. Plant samples (0.2 g) were digested using the
Kjeldhal method to analyze ammonia concentrations via an Alliance-Futura NP analyzer (Alliance
Instruments, France) and then the N content was measured. The nitrogen use efficiency including
nitrogen recovery efficiency (NRE), nitrogen agronomic use efficiency (NAE), nitrogen partial factor
productivity (NPFP), nitrogen harvest index (NHI), and nitrogen grain production efficiency (NGPE)
were evaluated by the formulae below:

1. NRE = (Nup − N0 up)/FN
2. NAE = (GY − GY0)/FN
3. NPFP = GY/FN
4. NGPE = GY/Nup
5. NHI = Ng/Nup

where N0 up and GY0 represented the total nitrogen uptake of above-ground plant parts and grain
yields in the N0 plot, respectively. Nup and GY are the total nitrogen uptake of above-ground plant
parts and grain yields in other N-fertilized plots, respectively. FN is the applied N fertilizer rate; Ng is
the total nitrogen uptake in grain.

2.6. Determination of Antioxidant Enzyme Activities

About 25 leaves from each treatment were collected during the MT, PI, and HS stage. All samples
were stored in −80 ◦C for enzyme activity determination i.e., peroxidase (POD), catalase (CAT),
and malonic dialdehyde (MDA). POD and MDA were determined by the method established by
Pan et al. [24]. Fresh leaf segments (<2 mm, 0.25 g) were homogenized in an ice bath in 5 mL of 50 mm
borate buffer (pH 8.7) containing 5.0 mm sodium hydrogen sulfite and 0.1 g polyvinylpyrrolidone
(PVP). The homogenate was centrifuged at 9000 ×g for 15 min at 4 ◦C. The supernatant was used as
enzyme extract. POD activity was assayed by adding 0.1 mL of the enzyme extract to a substrate
mixture containing acetate buffer (0.1 mol L−1, pH 5.4), ortho-dianisidine (0.25% in ethyl alcohol) and
0.1 mL 0.8% H2 O2 was added to 0.1 mL of the enzyme extract. Absorbance change of the brown
guaiacol at 460 nm was recorded for calculating POD activity. One POD unit of enzyme activity was
defined as the absorbance increase because of guaiacol oxidation by 1-unit min−1 (U g−1 FW min−1).
Leaf samples (0.5 g) were homogenized in 5 mL of 5% trichloroacetic acid. The homogenate was
centrifuged at 4000 ×g for 10 min at 25 ◦C and 3 mL of 2-thiobarbituric acid in 20% trichloroacetic
acid was added to a 2 mL aliquot of the supernatant. The mixture was heated at 98 ◦C for 10 min
and cooled rapidly in an ice bath. After centrifugation at 4000 ×g for 10 min, the absorbance was
recorded at 532 nm. Measurements were corrected for non-specific turbidity by subtracting the
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absorbance at 600 nm. MDA concentration was determined by the extinction coefficient MDA (ε =
155 μm cm−1). CAT activities were determined according to Dhindsa et al. [25]. The 3 mL reaction
mixture contained 50 mM phosphate buffer, pH 7.0, 15 mM hydrogen peroxide, and 25 μL enzyme
extract. The decrease in hydrogen peroxide was followed as a decline in A240 using a Perkin-Elmer
double-beam spectrophotometer connected to a recorder. The activity was expressed in units where
one unit of catalase converts one μmole of hydrogen peroxide per minute.

2.7. Data Analysis

The experimental data were analyzed using DPS3.11 (Data Processing System for Practical
Statistics, Hangzhou, China). In the ANOVA model, the single effect of treatment, cultivar, year, and
the interaction effect were fixed, while the replication effect in year was random. The differences
amongst means of the experimental treatments were separated using the least significant difference
(LSD) at 0.05 probability level (ANOVA). All figures were drawn with Origin 9.0.

3. Results

3.1. Grain Yield and Its Components

The grain yield and its components varied with different N fertilizer applications for both rice
cultivars (Table 1). The highest grain yield for MAF treatment was found for the BF and N0 treatments
in both years. Mean grain yields of both rice cultivars under MAF were 8.4 t ha−1, which was
52.7% higher than the BF treatment. Regarding yield components, deep placement produced the
highest number of productive panicles ha−1 and spikelet per panicle, which was 272.9 × 104 and 189.7,
respectively. No significance was found between BF and N0 treatment in the 1000-grain-weight and
grain filling. Significant differences were found in the number of productive panicles, spikelets per
panicle, 1000-grain-weight, and grain yield between nitrogen treatments. Both rice cultivars differed
significantly in 1000-grain-weight.

Table 1. Effects of mechanical deep placement of nitrogen fertilizer on average grain yield and its
components for both rice cultivars in two-year (2018 and 2019).

Treatments
Productive

Panicle
(104 Ha−1)

Spikelet
per

Panicle

Grain
Filling

(%)

1000-Grain-
Weight

(G)

Harvested
Yield

(T Ha−1)

N0 151.4 b 150.3 b 80.9 20.1 b 3.9 c
MAF 272.9 a 189.7 a 82.7 22.2 a 8.4 a

BF 185.3 b 163.3 b 81.6 21.1 b 5.5 b
Anova

Cultivar (C) ns ns ns ** ns
Nitrogen (N) ** * ns ** **

N × C ns ns ns ns ns

MAF: mechanized deep placement of all fertilizer; BF: broadcasting fertilizer; N0: no fertilizer. Average values
followed by different letter represent LSD significant differences at p < 0.05. **: (p < 0.01); *: (p < 0.05); ns: not
significant variance.

3.2. Nitrogen Use Efficiency

The TNA, NGPE, NHI, NAE, NPFP, and NRE varied with different N fertilizer application in both
rice cultivars (Table 2). In two-years, the N fertilizer application (MAF and BF) treatments significantly
increased TNA relative to N0 treatment. Moreover, MAF treatment significantly increased TNA
compared to BF treatment. The TNA of both rice cultivars for MAF was 173.6 kg ha−1, which was
27.7% higher than the BF treatment, respectively. NGPE was highest in MAF, followed by BF, and the
lowest was the N0 treatment. MAF showed the maximum NRE and NAE, while the BF had the lowest
value for NRE and NRE among all treatments, respectively. Furthermore, a significant difference was
found between MAF and BF. The NPFP of both rice cultivars for MAF was 54.2 kg kg−1, which was
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51.4 % higher than that in the BF treatment, respectively. Moreover, no remarkable difference among
all treatment was found in NHI. There were notable differences in TNA, NGPE, NPFP, NAE, and NRE
between nitrogen treatments. Moreover, the N × C (Nitrogen × Cultivar) factor interactions also had
an obvious impact on TNA and NHI (Table 2).

Table 2. Effects of mechanical deep placement of nitrogen fertilizer on average nitrogen use efficiency
for both rice cultivars in two-year (2018 and 2019).

Treatments
TNA

(kg ha−1)
NGPE

(kg kg−1)
NPFP

(kg kg−1)
NHI NRE (%)

NAE
(kg kg−1)

N0 100.6 c 39.2 b 26.8 c 53.2
MAF 173.6 a 46.6 a 54.2 a 54.3 46.8 a 22.6 a

BF 135.9 b 41.4 b 35.8 b 50.8 22.9 b 10.1 b
Anova

Cultivar(C) ** ns * * ns *
Nitrogen(N) ** * ** ns ** **

N × C ** ns ns ** ns ns

Average values followed by different letter represent LSD significant differences at p < 0.05. **: (p < 0.01); *: (p < 0.05);
ns: not significant variance. TNA: Total nitrogen accumulation; NAE: N agronomic efficiency, NRE: N recovery
efficiency, NGPE: N grain production efficiency; NHI: N harvest index, NPFP: nitrogen partial factor productivity.

3.3. Total Aboveground Biomass (TAB) and Leaf Area Index (LAI) at Different Growth Stage

The N fertilizer application remarkably affected the LAI for both rice cultivars (Figure 2).
For example, during the MT stage, the LAI for BF and MAF treatments were significantly higher
than N0, but no significant difference was found between MAF and BF. At the PI and HS stages,
MAF was significantly larger for LAI, especially when compared to N0 and BF. The result manifested
that deep placement of the N application could modulate a sustainable longer growth period than
surface broadcasting.

Figure 2. Effects of mechanical deep placement of nitrogen fertilizer on average for the total
above-ground biomass and leaf area index for both rice cultivars (2018 and 2019). (a): total above-ground
biomass, (b): leaf area index. MT: Mid-tillering stage; PI: Panicle initiation stage; HS: Heading stage;
MS: Maturity stage.

The N fertilizer application remarkably affected the TAB for both rice cultivars (Figure 2).
For example, at the MT stage, the TAB for BF and MAF treatments were significantly higher than N0.
There were no significant differences between MAF and BF, and the TAB for MAF was higher than BF.
At the HS and MS stages, N fertilizer application (MAF and BF) treatments remarkably increased TBA,
especially when compared to the N0 treatment. Moreover, there were remarkable differences between
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MAF and BF treatments. In the whole growth period, a similar trend for TAB of both rice cultivars
was observed.

3.4. Determination of Antioxidant Enzymatic Activity

3.4.1. POD Activity

The POD activity in the leaves at all critical growth stages including the MT, PI, and HS stages
were shown in Figure 3. At the MT stage, the highest POD activities were observed in the MAF
treatment. However, the POD activity of the BF treatment was higher than the N0 treatment while
lower than the MAF treatment. At the PI stage, MAF treatment significantly improved POD activity,
especially when compared to the BF treatment. However, the POD activity did not differ significantly
between BF and N0 treatment. A significant difference was found among all treatments at the HS stage.
In the whole growth period, the similar trend for POD activity of both rice cultivars was observed.

Figure 3. Effects of mechanical deep placement of nitrogen fertilizer on average for POD, CAT activity,
and MDA content for both rice cultivars (2018 and 2019). (a): POD, (b): CAT, (c): MDA.

3.4.2. CAT Activity

The CAT activity in the leaves at all critical growth stages including the MT, PI, and HS stages
were shown in Figure 3. There were significant differences in CAT activity found between the MAF
and BF treatments at the MT stage. However, the BF and N0 treatments did not differ significantly.
A significant difference of CAT activity was found between MAF and N0 treatment at the PI stage.
At the HS stage, the highest CAT activities were observed in the MAF treatment over two years.
However, CAT activity was higher in the BF treatment than the N0 treatment, while remaining lower
than MAF treatment. Furthermore, a significant difference was found among all treatments.
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3.4.3. MDA Content

The MDA content in the leaves at all critical growth stages including the MT, PI, and HS stages
were shown in Figure 3. At the MT stage, the lowest MDA contents for both rice cultivars over two years
were observed in the MAF treatment. However, the MDA content was higher in the BF treatment than
the MAF treatment, while remaining lower than the N0 treatment. At the PI stage, compared to the N0
treatment, the BF and MAF treatments could significantly decrease MDA content. Marginal differences
in MDA content was found between the MAF and BF treatments. Significant differences of MDA
content were found among all treatments at the HS stage.

3.5. Correlation Analysis

The relationship among grain yield and its components TAB, TNA, LAI, and antioxidant enzyme
activities for both rice cultivars over two years (Table 3). The variation of N treatment was focused on
in the correlation analysis. Rice yield was significantly and positively correlated with the number of
productive panicles ha−1, spikelet per panicle, TAB, LAI, and antioxidant enzyme activities, including
POD and CAT activities. The spikelet per panicle also significantly correlated with LAI, TAB, and MDA
content. Furthermore, TAB at the maturity stage and LAI at the HS stage significantly correlated with
antioxidant enzyme activities and TNA.

Table 3. Relationship among grain yield, and its components, TAB, TNA, LAI, and antioxidant enzyme
activities for both rice cultivars (2018 and 2019).

Parameter
Productive

Panicle

Spikelet
per

Panicle

Grain
Filling

1000-Grain
-Weigh (G)

LAI TAB POD CAT MDA TNA

Productive
panicle
Spikelet

per panicle
0.28

Grain
filling

−0.03 −0.18

1000-grain-
weight(g)

0.37 * 0.18 0.33 *

LAI 0.53 ** 0.47 ** 0.20 0.52 **
TAB 0.68 ** 0.44 ** −0.06 0.51 ** 0.85 **
POD

activity
0.55 ** 0.27 0.46 ** 0.45 ** 0.76 ** 0.60 **

CAT
activity

0.49 ** 0.51 ** −0.58 ** 0.03 0.47 ** 0.60 ** 0.28

MDA
content

−0.48 ** −0.44 ** 0.54 ** −0.43 ** −0.52 ** −0.70 ** −0.18 −0.74 **

TNA 0.65 ** 0.62 −0.03 0.41 * 0.74 ** 0.71 ** 0.62 ** 0.52 ** −0.56 **
Yield 0.73 ** 0.39 −0.06 0.44 ** 0.75 ** 0.79 ** 0.68 ** 0.62 ** −0.61 ** 0.79 **

LAI: Leaf area index at HS stage; TAB: Total above-ground biomass at MS stage; POD: Peroxidase; CAT: Catalase,
MDA: malonic dialdehyde at HS stage, TNA: Total nitrogen accumulation at MS stage. The same as below.
**: (p < 0.01); *: (p < 0.05)

4. Discussion

4.1. Grain Yield and Its Components

Compared with broadcasting fertilizer treatment (BF), mechanized deep placement of all fertilizers
at once (MAF) significantly enhanced the grain yields in mechanical pot-seedling transplanting (PST).
The highest yields of MAF treatment for both rice cultivars were mainly due to the number of
productive panicles ha−1 and spikelet per panicle, which was in agreement with Bandaogo et al. [26].
Moreover, yield increase via a mechanized deep placement in PST was 52.7% for both rice cultivars.
The increase was far larger than in previous studies on mechanized deep placement in mechanical
carpet-seedling transplanting (6.3–11.6%) [15], suggesting that the mechanized deep placement method
could be more effective under PST conditions than non-PST conditions. Moreover, Pan et al. [21]
found that deep fertilization remarkably improved spikelet number per panicle in direct-seeded rice
compared to manual surface broadcast fertilizers. Tracing it to the cause, the PST was used in our
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experiment, which opened a fassula and then uniformly placed the N fertilizer at 10 cm depth. Finally,
the fassula was covered by this applicator immediately. This method provided a continuous nitrogen
supply for rice growth and the NH4

+ absorbed by the root system remained in the soil for a longer
period of time, thus promoting the growth of rice plants throughout the growth period and thereby
increasing the nitrogen absorption and grain yield [27,28]. Deep placement fertilizer also maintained
higher antioxidant enzyme activities at the heading stage, which was one of the reasons for the higher
grain yield.

Compared with BF treatment, MAF significantly enhanced the leaf area index (LAI) and total
above-ground biomass (TAB) at the PI and HS stages in PST. The main reason for this was that MAF
treatment promoted rice growth in the middle and late stages by reducing nutrition loss. Broadcasting
fertilizers did not meet this demand and led to insufficient nutrient supply. Moreover, LAI and TAB
increased by mechanized deep placement in PST, reaching 58.5% and 40.2% for both rice cultivars,
respectively. The increase was larger than in previous studies on mechanized deep placement in
mechanical carpet-seedling transplanting (36.1–38.9% and 8.7–10.6%) [15,29]. In addition, a larger TAB
was beneficial to the transportation of dry matter to the panicle, leading to more spikelet per panicle
and 1000-grain-weight of rice, so as to improve the yield of rice. Our results showed that TAB at the
MS stage remarkably correlated with LAI at the HS stage, and both of them were positively related to
grain yield. The result indicated that MAF had some superiority in larger LAI and TAB, which thus
resulted in a higher grain yield.

4.2. Nitrogen Use Efficiency and Antioxidant Enzyme Activities

We discovered that MAF led to a substantial increase in total N accumulation (TNA), N recovery
efficiency (NRE), and agronomic efficiency (NAE) compared to BF treatment. Moreover, NAE and
NRE increase by mechanized deep placement in PST was 104.3% and 123.7% for both rice cultivars,
respectively. The increase was far larger than in previous studies on mechanized deep placement in
mechanical carpet-seedling transplanting (17.9–43.1% and 19.6–37.4%), suggesting that the mechanized
deep placement method could be more effective to improve NRE and NAE under PST conditions
than non-PST conditions [29,30]. Some researchers have showed that deep fertilization could improve
NUE by reducing nitrogen loss and prolonging the duration of fertilizer, which was compared with
surface broadcasting [31,32]. Previous results also found that the deep N fertilization could reduce
urease activity by increasing NH4

+ concentration in soil depth, thereby reducing NH4
+ concentration

in flood water [33,34]. The reason was that the deep nitrogen fertilizer in the anaerobic soil layer
caused the NH4

+ to move slowly from the depth to soil surface, thereby the NH4
+ content in the

flood was low. Moreover, the decrease of N concentration in the flood reduced the loss of N through
runoff, ammonia volatilization, and denitrification, thus improving the NUE. Deep placement of
fertilizers was a concentrated application of fertilizer near the roots of rice, which was conducive to the
absorption of roots and improved the NUE [18,35]. We also found that TNA content was significantly
related to grain yield and antioxidant enzyme activities in a positive correlation, because the higher
antioxidant enzyme activity at the full heading stage was decisive to the transfer of nutrients to grains,
and increased the accumulation of nitrogen in grains, thus increasing the NAE and NRE of rice plants.

Our results showed that MAF notably increased antioxidant enzyme activities including POD
and CAT and reduced the MDA content of both rice cultivars. Some reports have showed that the
appropriate application of nitrogen fertilizer could maintain high antioxidant enzyme activities at the
MS stage, which would be beneficial when delaying the senescence of functional leaves of rice [36,37].
The reason was that the deep application of fertilizer could fulfill nutrient requirements of rice growth
and development in time, providing sufficient energy for the antioxidant enzyme activities of the
plant, enhancing the activity of the plant leaf protection enzyme system, accelerating the scavenging of
free radicals, and reducing membrane lipid peroxidation and the MDA content in the rice plant [38].
Moreover, the rice plant had a stronger root system and longer green leaf duration under deep N
fertilization [4]. We also found a significant positive correlation between POD and CAT activities
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and grain yield. N-fertilized plants need such effective antioxidant machinery to cope with excessive
reactive oxygen species production. In this way, it can delay the senescence of leaves in the late growth
stage [23,38]. Therefore, maintaining high POD and CAT activities at the HS stage was conducive to
a higher rice yield.

5. Conclusions

Compared to broadcasting fertilizer treatment, mechanized deep N fertilization enhanced rice
growth under mechanical pot-seedling transplanting (PST) in terms of leaf area index and total
above-ground biomass. Mechanized deep N fertilization also improved the grain yield, nitrogen
use efficiency, and antioxidant enzyme activities in PST. Therefore, mechanized deep fertilization in
mechanical pot-seedling transplanting should be recommended in actual production.
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Abstract: Two field trials were conducted during the 2014/2015 and 2015/2016 seasons at Aweesh
Al-Hagar Village, center of Mansoura, Dakahlia Governorate, Egypt. A split-split-plot design with
four replicates was used. The main plots were assigned three nitrogen fertilizer levels, i.e., 165, 220,
and 275 kg/ha. The sub-plots were restricted to four gibberellic acid (GA3) concentrations, i.e., 0,
80, 160, and 240 mg/L, and the sub-sub plots received GA3 application twice, i.e., 60 and 120 days
after planting (DAP). The results showed that both root length and diameter, root and foliage fresh
weights/plant, and root and foliage yields/ha increased with the incremental level of nitrogen
and/or GA3 concentration. Foliar application of GA3 and N-fertilizers also significantly decreased
quality parameters including sucrose and total soluble solid (TSS) percentages. Early application of
GA3 (60 DAP) had an active role on sugar beet growth, yield, and quality compared with spraying at
120 DAP. Generally, fertilizing sugar beet with 275 kg N/ha or spraying GA3 with a concentration
of 160 mg/L at 60 DAP is the recommended treatment for raising sugar yield under the ecological
circumstances of this research.

Keywords: sugar beet; nitrogen fertilizer; gibberellic acid; TSS; sugar yield

1. Introduction

Sugar beet (Beta vulgaris L.) is one of the main raw materials for sugar production
in many countries. It is considered to be the second most important crop in the world,
after sugarcane, for the production of sucrose. The total area cultivated with sugar beet
in Egypt during the 2018/2019 season was about 255,725.6 hectare (with an increase of
23.5% over the 2017/2018 season), producing about 12,247,170 tons (62.2% of national
sugar production), with an average root yield of 47.89 t/ha [1]. Despite the importance of
sugar beet as an industrial cash crop, some farmers still do not have great experience in
its production; therefore, it is necessary to pay great attention to this and search for safe
stimulating growth and untraditional natural substances that have a marked influence on
plant growth parameters [2] that can increase plant growth and maximize productivity [3].

Generally, one of the most important questions for sugar beet growers is how much
nitrogen fertilizer is needed to achieve maximum net profit. Consequently, the effects
of nitrogen fertilization on the quality and production of sugar beets is one of the main
concerns in the management of sugar beet production. Many studies have been conducted
where it was concluded that fertilizing sugar beet with too little nitrogen resulted in the
reduction of root tonnage and, conversely, the application of too much resulted in reduced
sucrose concentrations and purity percentage [4–7]. Although deficient nitrogen content
in the soil can reduce sugar beet root yield, excess amounts of N can decrease sucrose
content while lowering sucrose recovery due to higher nitrate impurities [8,9]. In England,
sugar beets are fertilized using 100–110 kg N/ha as an equilibrating rate between fertilizer
prices and beet value [10]. In Germany, a maximum yield of sugar beet was achieved
by adding an amount in the range of 100–125 kg N/ha [11], while, in Greece, maximum

Agronomy 2021, 11, 137. https://doi.org/10.3390/agronomy11010137 https://www.mdpi.com/journal/agronomy

445



Agronomy 2021, 11, 137

yield was expected from using 252.5 kg N/ha because it showed a quadratic response
to nitrogen levels [12]. Moreover, Hosseinpour et al. [13], in Iran, showed that fertilizing
sugar beet using zero N significantly increased sugar percentage in the first season, while it
was not influenced by N levels in the second season. Application of nitrogen fertilization is
considered as an important practice that determines sugar beet growth and production [14].
In this regard, El-Sarag and Moselhy [15] in Egypt concluded that all sugar beet yields of
root, top, and gross sugar were significantly affected by the addition of nitrogen, where each
increase in nitrogen level caused a significant increase in these yields. Moreover, Abdelaal
and Tawfik [16] reported that fertilizing sugar beet plants with 105 kg N/fad produced
the highest values of root diameter and length, root and foliage fresh weights, and root
yield/fed. Meanwhile, the highest means of sucrose and apparent purity percentages
resulted from 0 kg N/fed (control treatment). Mekdad [17] stated that increasing the
nitrogen level to 140 kg N/fad significantly increased root length and root diameter as well
as root and top fresh weight. Additionally, it whas been stated by Mekdad and Rady [18]
that, except for purity percentage and harvest index, all parameters, including root length
and diameter, root and top fresh weights, and root and biological yield, were significantly
increased by the application of 350 kg N/ha compared to 200 kg N/ha. Moreover, it was
reported that raising nitrogen levels from 69 to 92 and 115 kg N/fad significantly increased
root diameter, root length, root weight, and foliage fresh weight/plant, while it significantly
decreased total soluble solid (TSS), sucrose, and purity percentages [19]. Tarkalson et al. [20]
reported that nitrogen rates did not affect sugar beet yields compared to manure application
treatments, where manured treatments increased root yields by 12 and 36% compared to
nitrogen treatments in both seasons, respectively. Increasing the rate of nitrogen fertilizer
from 56 to 224 kg/ha led to a linear increase in sugar beet root yield; however, sucrose
concentration and purity percentage decreased [21]. Later, Zarski et al. [22] recorded a
greater yield of sugar and roots in the fertilized sugar beet plants with a high nitrogen rate.

Optimal use of plant growth regulators with appropriate concentrations is consid-
ered one of the most effective practices for increasing sugar beet yields. It can improve
growth regulation and the development of plants [23], and it may also be a solution for
achieving a balance between growth and sucrose content in roots. Gibberellic acid (GA3)
is one of the most important plant growth regulators used for agronomic and scientific
research [24,25]. Previously, El-Taweel et al. [26] reported that the application of GA3 at a
concentration of 300 mg/L significantly increased root length, root diameter, root weight,
total soluble solids, and sucrose percentages. Root weight/plant and root length as well
as root and sugar yields/fad were significantly increased with the increase of gibberellic
acid concentrations from zero to 100, 200, and 300 mg/L. Conversely, it decreased TSS,
sucrose, and purity percentages in both seasons [27]. In addition, Selim et al. [28] reported
that foliar application of GA3 at 200 mg/L led to a significant increase in root length in the
first season, root diameter, root weight, and purity percentage in the second season, and su-
crose percentage and root and sugar yields in both seasons. Ibrahim et al. [29] stated that
increasing the GA3 concentration from 50 to 100 or 150 mg/L significantly increased root
and sugar yields. Recently, it has been revealed that foliar application of GA3 at 300 mg/L
achieved 819.8 and 853.8 g root weigh/plant, 26.5 and 26.5 cm root length/plant, 20.0 and
19.7 tons root yield/fad, 4.8 and 4.6 tons top yield/fad, 23.1 and 22.3% TSS percentage,
and a 3.6 and 3.5 ton sugar yield/fad in the first and second seasons, respectively [30].
Foliar spraying with GA3 was found to be more effective in enhancing root yield, sugar con-
tent, and leaf area index by increasing the activities/levels of non-enzymatic and enzymatic
antioxidants [31].

Agricultural practices applied at specific times can enhance sugar beet growth, final
root yield, and quality attributes. Several studies have been conducted to determine the
effect of growth regulator types and concentrations on growth and productivity, while there
have only been a few studies concerning their application time. Earlier, it was noted that
foliar application of growth regulators 3 to 6 weeks before harvest time is more effective for
enhancing sugar content in sugar beet roots [32]. However, Nelson and Wood [33] reported
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that applying gibberellic acid at 100 mg/L on the same dates (3 to 6 weeks before harvest
time) decreased sucrose percentage. Peterson [34] found that applying potassium salt and
GA3 at concentrations of 10 and 100 mg/L to the foliage early in the growing season had
little effect on either sucrose content or root yield. El-Fiki et al. [35] indicated that spraying
GA3 at 300 mg/L 70 days after sowing increased the TSS percentage by 18.9 and 14.2%
and sucrose content by 24.1 and 12.2%, compared with the control treatment (without
spraying) in the first and second seasons, respectively. In addition, it was concluded that
foliar spraying of GA3 70 days after sowing had a significant effect on root length, the fresh
weight of roots, sucrose percentage, and root and sugar yields/fad that surpassed the same
treatment when it was added 140 days after sowing. Despite the superiority of spraying
GA3 70 days after sowing compared with spraying 140 days after sowing, there were no
significant differences on TSS and purity percentages in either season [27].

Most studies conducted on sugar beet crops were aimed at increasing root and sugar
productivity per unit area. Therefore, many researchers have studied the effects of different
fertilization levels and/or different growth regulators. Meanwhile, a limited number of
these studies explored the effects of growth regulator application time on yield and quality
traits. Therefore, the aim of this study is to determine the effect of nitrogen fertilizer levels
and GA3 concentrations and spraying times, as well as their influence on sugar beet growth,
productivity, and quality to specifically reduce the gap between sugar production and
consumption in Egypt.

2. Materials and Methods

The present investigation was conducted during the two successive winter seasons
of 2014/2015 and 2015/2016 at Aweesh Al-Hagar Village, center of Mansoura, Dakahlia
Governorate, Egypt. The crop for the previous two years had been Maize. From the
experimental field area, soil samples were randomly taken at a depth of 0–30 cm of soil
surface to estimate the soil’s mechanical and chemical properties (Table 1).

Table 1. Soil properties (mechanical and chemical) of the experimental sites (0–30 cm) during the
2014/2015 and 2015/2016 seasons.

Soil Analysis 2014/2015 2015/2016

Mechanical analysis

Sand (%) 21.55 21.90
Silt (%) 29.84 30.29

Clay 48.60 47.80
Texture Clay Clay

Chemical analysis

Soil reaction pH 7.50 7.60
ECe (dsm−1) 1.37 1.33

Organic matter (%) 1.15 1.20
Available N (ppm) 45.80 46.50
Available P (ppm) 1.40 1.55

Exchangeable (ppm) 120.20 135.30

The purpose of this was to study the effect of different nitrogen fertilizer levels and
foliar applications of gibberellic acid (GA3) and its application time as well as their influence
on growth, yield, and quality of sugar beet, cv. Kawemira. A split-split-plot design with
4 replicates was used. The main plots (84 m2) were assigned to three nitrogen fertilizer
levels, i.e., 165, 220, and 275 kg N/ha. The sub-plots (21 m2) were restricted to four GA3
concentrations, i.e., 0 (tap water), 80, 160, and 240 mg/L, and the sub-sub plots (10.5 m2)
were sprayed once using a knapsack sprayer either at 60 or 120 days after planting (DAP).
Nitrogen fertilizer was applied in the form of Urea (46% N), which was added in two equal
doses after thinning (at the first and second irrigations). The experimental unit contained
5 ridges, which were 60 cm wide and 3.5 m long. The experimental field was well prepared
through three ploughings followed by leveling. Both phosphorus fertilizer in the form of
Calcium Superphosphate (15.5% P2O5) and potassium fertilizer in the form of Potassium
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Sulphate (48% K2O) were added during seed bed preparation, before ridging. Dry sugar
beet balls were sown manually in dry soil at a rate of 3–4 balls per hill during the first
week of November in both seasons. The experimental field was irrigated immediately
after cultivation. Plants were thinned to secure one plant per hill, 30 days after sowing.
All other agricultural practices were done in the same way that farmers usually do them in
their fields.

At harvest, ten guarded plants were randomly chosen from each plot to decide the
following characteristics: Root length (cm) was measured from the crown to the base of the
root by a steel tape, root diameter (cm) was measured at the widest part of the proper root
by a vernier caliper, and root and foliage fresh weights/plant were recorded separately
in grams. All plants of the two inner ridges of each plot were harvested and cleaned.
Roots and tops were separated and weighed in kilograms, then converted to estimate
root and foliage yields in ton/ha. Quality parameters, including sucrose, TSS, and purity
percentages were also estimated as follows: Total soluble solids percentage (TSS%) in
roots was measured in the juice of fresh roots by using a hand refractometer, sucrose
percentage was determined polarimetrically on a lead acetate extract of fresh macerated
roots according to the method of Carruthers and Oldfield [36], apparent purity percentage
was determined as a ratio between sucrose% and TSS% of the roots [36], and sugar yield
(t/ha) was estimated by multiplying root yield (t/ha) by the sucrose percentage.

All collected data were statistically analyzed as the procedures of the split-split-plot
design according to Gomez and Gomez [37] using the statistical analysis system (SAS)
computer program. The bayesian least significant difference (BLSD) method was used to
evaluate the differences between means at a 5% level of probability, as mentioned by Waller
and Duncan [38].

3. Results

3.1. Impacts of Nitrogen Fertilizer Levels on Sugar Beet Growth and Yield Parameters

The results listed in Table 2 show that increasing nitrogen fertilizer level from 165 to 220
and 275 kg/ha significantly increased root length, root diameter, root fresh weight/plant,
foliage fresh weight/plant, and root yield/ha in both seasons. The highest values of
root length (32.9 and 32.8 cm), root diameter (11.5 and 11.2 cm), root fresh weight (919.8
and 876.8 g/plant), foliage fresh weight (535.9 and 492.5 g/plant), and root yield (75.9 and
72.6 t/ha) were obtained by adding 275 kg N/ha in the first and second seasons, respectively.
On the other hand, fertilizing sugar beet plants with 165 kg N/ha resulted in the lowest
values of these traits. However, N-fertilizer at 275 kg/ha significantly increased root length
by 14.2 and 13.1%, root diameter by 17.3 and 17.9%, root fresh weight/plant by 25.5 and
21.8%, foliage fresh weight/plant by 40.4 and 37.8%, and root yield/ha by 25.7 and 22.3%
compared with the application of 165 kg N/ha in the first and second seasons, respectively.

Foliage yield/ha, sucrose, TSS, and purity percentages, as well as sugar yield/ha were
markedly affected by different nitrogen fertilizer levels (Table 3). The obtained results
showed that adding 275 kg N/ha resulted in the highest values of foliage yield (43.9 and
40.5 t/ha) and sugar yield (13.544 and 13.059 t/ha), but at the same time it decreased sucrose
percentage (17.9 and 18%), TSS percentage (24.2 and 23.6%), and purity percentage (73.8
and 76.3%) in the first and second seasons, respectively. Results showed that foliage and
sugar yields/ha were significantly increased with each increase in nitrogen level, while the
exception (no significant differences) on sugar yield was detected between the rate of 165
and 220 kg N/ha in the first season only. On the other hand, increasing the nitrogen fertilizer
level from 165 to 275 kg/ha markedly decreased percentages of sucrose by 12.7 and 11.3%,
TSS by 8 and 7.8%, and purity by 5.4 and 3.5% in the first and second seasons, respectively.
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Table 2. Means of root length (cm), root diameter (cm), root fresh weight (g/plant), foliage fresh weight (g/plant), and root
yield (t/ha) as affected by nitrogen fertilizer levels and gibberellic acid (GA3)spraying concentrations and its application
time in the 2014/2015 (I) and 2015/2016 (II) seasons.

Traits Treatments
Root Length (cm) Root Diameter (cm)

Root Fresh Weight
(g/plant)

Foliage Fresh
Weight (g/plant)

Root Yield (t/ha)

I II I II I II I II I II

A. Nitrogen fertilizer levels

165 kg N/ha. 28.8c 29.0c 9.8c 9.5c 732.8c 720.0c 381.6c 357.5c 60.4c 59.4c
220 kg N/ha. 30.5b 30.7b 10.8b 10.6b 819.1b 805.1b 455.6b 431.3b 67.7b 66.6b
275 kg N/ha. 32.9a 32.8a 11.5a 11.2a 919.8a 876.8a 535.9a 492.5a 75.9a 72.6a

F. Test * * * * * * * * * *

B. GA3 spraying concentrations

GA3 at 0 mg/L 29.7b 30.0b 10.2d 9.9c 784.6d 767.2d 384.2d 356.3d 64.4d 63.0d
GA3 at 80 mg/L 30.1b 30.3b 10.6c 10.3b 812.9c 795.4c 441.7c 418.8c 67.1c 65.6c
GA3 at 160 mg/L 31.4a 31.3a 10.9b 10.6a 840.0b 810.8b 487.1b 445.4b 69.6b 67.2b
GA3 at 240 mg/L 31.7a 31.7a 11.1a 10.8a 858.0a 829.0a 517.9a 487.9a 70.9a 68.8a

F. Test * * * * * * * * * *

C. GA3 spraying times

60 DAP 30.8a 31.0a 10.8a 10.6a 834.8a 803.9a 472.1a 435.5a 68.7a 66.8a
120 DAP 30.7a 30.7a 10.6b 10.3b 813.0b 797.3b 443.3b 418.7b 67.3b 65.6b

F. Test NS NS * * * * * * * *

D. Interaction effects

A × B NS NS NS NS * NS * * * NS
A × C NS NS NS NS NS NS NS NS NS NS
B × C NS NS NS NS NS NS NS NS NS NS

A × B × C NS NS NS NS NS NS NS NS NS NS

* and NS indicate significance at 5% level of probability, and not significant, respectively. Means followed by the same letter(s) is/are not
significantly differ at 5% level of probability; DAP = Days after planting.

3.2. Impacts of Foliar Applications of GA3 on Sugar Beet Growth and Yield Parameters

Data collected in Table 2 reveal that increasing the concentration of GA3 from 0
to 80, 160, and 240 mg/L significantly increased root length, root diameter, root fresh
weight/plant, foliage fresh weight/plant, and root yield/ha in the two seasons. However,
no significant differences were detected between the concentration of 0 mg/L (control)
and 80 mg/L on root length. Additionally, the differences between plants treated with
GA3 at 160 mg/L and those treated with 240 mg/L did not reach the significance limit in
both seasons for the same trait. In the first season, foliar spraying of GA3 with 240 mg/L
recorded an increase in root length by 6.7, 5.3, and 1%, root diameter by 8.8, 4.7, and 1.8%,
root fresh weight/plant by 9.4, 5.5, and 2.1%, foliage fresh weight/plant by 34.8, 17.3,
and 6.3%, as well as increasing root yield/ha by 10.2, 5.7, and 2.0% compared with the
applications of 0, 80, and 160 mg/L, respectively. The same trend was recorded in the
second season, where the increase was estimated as 5.7, 4.6, and 1.3% in root length, 9.1, 4.9,
and 1.9% in root diameter, 8.1, 4.2, and 2.2% in root fresh weight/plant, 36.9, 16.5, and 9.5%
in foliage fresh weight/plant, and 9.2, 4.9, and 2.4% in root yield/ha.

As shown in Table 3, significant effects were found in foliage yield/ha, sucrose, and
TSS percentages, as well as sugar yield/ha due to GA3 foliar spraying concentrations.
This was clear in both seasons of study, while the differences in purity percentage in both
seasons did not reach the level of significance due to the effect of GA3 concentration. Foliar
spraying of GA3 at 240 mg/L gave the highest values of foliage yield (42.5 and 40.0 t/ha)
in the first and second season, respectively. On the contrary, along with each increase
in GA3 concentration, the percentage of sucrose, TSS, and purity had negative impacts.
Regarding sugar yield/ha, as the concentration of GA3 increased to 160 mg/L, sugar beet
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plants produced more sugar yield by about 5.3 and 4.4%, 2.2 and 1.5%, and 2.1 and 1.0%
against concentrations of 0, 80, and 240 mg/L in the first and second season, respectively.

Table 3. Means of foliage yield (t/ha), sucrose (%), TSS (%), purity (%), and sugar yield (t/ha) as affected by nitrogen
fertilizer levels and GA3 spraying concentrations and its application time in the 2014/2015 (I) and 2015/2016 (II) seasons.

Traits Treatments
Foliage Yield (t/ha) Sucrose (%) TSS (%) Purity (%) Sugar Yield (t/ha)

I II I II I II I II I II

A. Nitrogen fertilizer levels

165 kg N/ha. 31.3c 29.1c 20.5a 20.3a 26.3a 25.6a 78.0a 79.1a 12.356b 12.025c
220 kg N/ha. 37.3b 35.5b 18.8b 19.0b 24.9b 24.3b 75.4b 78.3a 12.703b 12.650b
275 kg N/ha. 43.9a 40.5a 17.9c 18.0c 24.2c 23.6c 73.8c 76.3b 13.544a 13.059a

F. Test * * * * * * * * * *

B. GA3 spraying concentrations

GA3 at 0 mg/L 31.4d 29.1d 19.5a 19.6a 25.7a 25.0a 76.0a 78.2a 12.504b 12.254b
GA3 at 80 mg/L 36.1c 34.5c 19.3ab 19.3ab 25.4ab 24.7ab 75.9a 77.9a 12.892a 12.604ab
GA3 at 160 mg/L 39.9b 36.6b 19.1b 19.1b 25.2b 24.5b 75.5a 77.8a 13.171a 12.792a
GA3 at 240 mg/L 42.5a 40.0a 18.3c 18.5c 24.3c 23.8c 75.5a 77.7a 12.904a 12.663a

F. Test * * * * * * NS NS * *

C. GA3 spraying times

60 DAP 38.7a 35.7a 19.4a 19.5a 25.4a 24.8a 76.3a 78.4a 13.208a 12.935a
120 DAP 36.3b 34.4b 18.7b 18.8b 24.9b 24.2b 75.1a 77.4a 12.527b 12.221b

F. Test * * * * * * NS NS * *

D. Interaction effects

A × B * * NS NS NS NS NS NS NS NS
A × C NS NS NS NS NS NS NS NS NS NS
B × C NS NS NS NS NS NS NS NS NS NS

A × B × C NS NS NS NS NS NS NS NS NS NS

* and NS indicate significance at 5% level of probability, and not significant, respectively. Means followed by the same letter(s) is/are not
significantly differ at 5% level of probability; DAP = Days after planting.

3.3. Impact of GA3 Spraying Times on Sugar Beet Growth and Yield Parameters

Data presented in Table 2 illustrate that root diameter, root fresh weight/plant, foliage
fresh weight/plant, and root yield/ha was significantly affected by GA3 spraying times in
the two seasons, while no significant differences were detected in root length in the two
seasons. Spraying sugar beets with GA3 for the first time (60 DAP) significantly surpassed
spraying plants for the second time (120 DAP) by 1.9 and 2.9% for root diameter, 2.7 and
0.8% for root fresh weight/plant, 6.5 and 4% for foliage fresh weight/plant, and 2.1 and
1.8% for root yield/ha in the first and second seasons, respectively.

As shown in Table 3, foliage yield/ha, sucrose, and TSS percentages, as well as sugar
yield/ha were significantly affected by GA3 spraying times. On the other hand, GA3
spraying times exhibited insignificant effects in purity percentage in both seasons. Foliar
application of GA3 at 60 DAP exceeded the same treatment of its application at 120 DAP
for foliage yield by 6.6 and 3.9%, sucrose percentage by 3.6 and 3.6%, TSS percentage by 2
and 2.5%, and sugar yield by 5.6 and 5.8% in the first and second season, respectively.

3.4. Interactive Effects of GA3 and Nitrogen Fertilization on Growth and Yield of Sugar Beet

The interaction of nitrogen fertilizer levels and concentrations of GA3 foliar spraying
significantly affected root fresh weight/plant (Figure 1) and root yield/ha (Figure 2) in
the first season. Root fresh weight/plant and root yield/ha were significantly increased
with increasing nitrogen fertilizer levels and GA3 foliar spraying concentrations, where the
highest values of root fresh weight (971.5 g/plant) and root yield (80.4 t/ha) were obtained
from 275 kg N/ha and foliar spraying with GA3 at 240 mg/L. On the other hand, the lowest
values of the above-mentioned traits were recorded with the application of 165 kg N/ha
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and foliar spraying with tap water. No significant differences were detected for root fresh
weight/plant (Figure 3) and root yield/ha (Figure 4) in the second season. Sugar beet
importance is not confined only to the root yield but also to its byproducts, where its foliage
is considered to be a good source of livestock feed. The results reveal that the interaction
effect of nitrogen fertilizer levels and GA3 foliar concentrations on root fresh weight/plant
and root yield/ha in the first season were similar to those effects seen on foliage fresh
weight/plant (Figures 5 and 6) and foliage yield/ha (Figures 7 and 8) in both seasons.
It should be noted that fertilizing beets with 275 kg N/ha and foliar spraying with GA3 at
240 mg/L resulted in the highest means of foliage fresh weight (610 and 572.5 g/plant) and
foliage yield (50.5 and 46.7 t/ha) over the two seasons, respectively. Such results are mainly
due to the role of nitrogen in increasing cell division, protein content, and potassium and
phosphorous utilization, in addition to the role of GA3 in increasing the enzymatic and
non-enzymatic antioxidants activities/levels and stimulating the production of mRNA
molecules in the cells.

Figure 1. Root fresh weight (g/plant) as affected by the interaction between nitrogen fertilizer levels
and GA3 spraying concentrations in the first season (2014/2015).
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Figure 2. Root yield (t/ha) as affected by the interaction between nitrogen fertilizer levels and GA3

spraying concentrations in the first season (2014/2015).

Figure 3. Root fresh weight (g/plant) as affected by the interaction between nitrogen fertilizer levels
and GA3 spraying concentrations in the second season (2015/2016).
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Figure 4. Root yield (t/ha) as affected by the interaction between nitrogen fertilizer levels and GA3

spraying concentrations in the second season (2015/2016).

Figure 5. Foliage fresh weight (g/plant) as affected by the interaction between nitrogen fertilizer
levels and GA3 spraying concentrations in the first season (2014/2015).
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Figure 6. Foliage fresh weight (g/plant) as affected by the interaction between nitrogen fertilizer
levels and GA3 spraying concentrations in the second season (2015/2016).

Figure 7. Foliage yield (t/ha) as affected by the interaction between nitrogen fertilizer levels and
GA3 spraying concentrations in the first season (2014/2015).
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Figure 8. Foliage yield (t/ha) as affected by the interaction between nitrogen fertilizer levels and
GA3 spraying concentrations in the second season (2015/2016).

4. Discussion

Nitrogen is an essential element for plants. It is considered to be a major constituent
of many biomolecules, including protein and chlorophyll, and it also has an important
role in many physiological processes [39]. Our results show that the highest values of root
dimensions (length and diameter), root and foliage fresh weights/plant, root and foliage
yields/ha, and sugar yield/ha resulted from the increase of nitrogen fertilizer up to the
highest level (275 kg N/ha). The increase in the above mentioned traits with the increase of
applied levels of nitrogen fertilizer may be attributed to the role of nitrogen in enhancing
rapid early growth, encouraging the uptake and utilization of other nutrients including
potassium and phosphorous, increasing protein content through synthesize amino acids,
and controlling the overall growth of the plant [40,41]. Similar results have been reported by
Abdelaal and Tawfik [16], Mekdad [17], Afshar et al. [21], and Zarski et al. [22]. A moderate
supply of nitrogen fertilizer is an essential limiting factor for optimum yield, but the excess
in nitrogen fertilizer amounts may result in an increase in root yield with lower sucrose
content and juice purity [4–7]. Over fertilizing sugar beet with more nitrogen than needed
for maximum sucrose production led to decreased sucrose yield [8,9]. With increasing
nitrogen supply, sugar concentration decreased, while root yield, sugar yield, and white
sugar yield increased and reached maximum values when sugar beet was fertilized at 159,
136, and 129 kg N/ha, respectively [42]. Increasing nitrogen fertilizer levels led to a signifi-
cant decrease in TSS%, though there was a partitioning of more photosynthetic metabolites
to sugar beet tops than to the roots [43]. Additionally, Prvulovic et al. [14] concluded that,
when the nitrogen supply increased, the α-amino-N concentration increased considerably
and sucrose decreased. Dastorani and Armin [44] reported that an increase in nitrogen
levels reduced the impure sugar content, while it increased both root and sugar yields as
well as the content of a-amino and sodium. Moreover, it has been stated by Mekdad and
Shaaban [45] that, with an increase in the nitrogen fertilizer level from 190 to 290 kg/ha,
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the sucrose, extractable sugar, and purity percentages decreased. The resulting increase in
TSS and sucrose percentages by using the lowest nitrogen rate (165 kg/ha) in our study
may be attributed to the fact that it gave the lowest root size and moisture content, therefore
the concentration of TSS% and sucrose% increased. Regarding this, Abd El-Lateef et al. [6],
Abdelaal and Tawfik [16], and Mekdad and Rady [18] came to the same conclusion.

Gibberellic acid is responsible for stimulating the production of mRNA molecules in
the cells, and mRNA, produced in this form, codes for the hydrolytic enzymes, which in
turn improves the chances of fast growth [46]. The observed increase in both root length
and diameter, root and foliage fresh weights/plant, root and foliage yields/ha, and sugar
yield/ha with the gradual increase of spraying with GA3 concentrations (Tables 2 and 3)
might explain why GA3 is one of the most favorable substances for improving plant
growth through encouraging the canopy to grow more, thus increasing utilization of solar
radiation in a good photosynthesis that produces more carbohydrates that are transported
to roots. This is in addition to its role in increasing the activities/levels of enzymatic and
non-enzymatic antioxidants and vita organic osmolytes, which improves sugar content,
chlorophyll content, and leaf area index [47]. Such results are in agreement with those
stated by Qotob et al. [48], who reported that spraying sugar beets with GA3 led to an
increase in N use efficiency, which resulted in enhanced plant growth and productivity.
Given the effect of GA3 concentrations on quality traits in sugar beet roots, it can be
concluded that lower sucrose percentage resulting from using higher concentrations of
GA3 may be attributed to the fact that higher concentrations of GA3 may reduce dry matter
percentage and thus increase the water content of the root [49,50]. Moreover, the negative
effects of GA3 on sucrose, TSS, and purity percentages, as well as its positive effects on
total sugar yield, was mentioned by Abdou [27].

The superior effect of GA3 spraying at 60 days after planting compared with spraying
at 120 days after planting for all studied traits (Tables 2 and 3) can be attributed to the fact
that plants were in their first half of life, thus the absorption efficiency was high, which
enabled plants to absorb the full dose, which consequently promoted root and vegetative
growth [27]. Early spraying of GA3 leads to rapid leaf growth during the vegetative
growth phase; therefore, photosynthesis production in the leaves achieves more than the
basic needs of the plant, which leads to sugar beet plants storing photosynthesis products,
thereby increasing sucrose. This occurs naturally when the foliage growth reaches its
maximum size under appropriate climatic conditions. Nelson and Wood [33] came to
the same conclusion when they reported that applying gibberellic acid at 100 mg/L, 3 to
6 weeks before harvest time (late stage), decreased the sucrose percentage. Additionally,
the superior effect of GA3 on growth and yield was also mentioned by Rahman et al. [51]
when they reported that spraying GA3 on Soybean 30 days after sowing significantly
increased all growth and yield parameters.

5. Conclusions

Generally, for raising sugar yield/ha, it can be concluded that fertilizing sugar beet
plants with 275 kg N/ha or the foliar application of GA3 with a concentration of 160 mg/L
60 days after planting is the recommended treatment. Meanwhile, fertilizing sugar beet
plants with the same dose (275 kg N/ha) or foliar application of GA3 with a concentration
of 240 mg/L 60 days after planting is the recommended treatment for raising foliage and
root yields/ha under the ecological circumstances of this research.
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