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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 Cal606 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% P,;Os 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 Cr®* to Cr®* and the accumulation of Cr®* 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 GAj3 concentration [23]. Oxalic acid
(OA) is an important calcium regulator and plays an important role in fruit yield and quality.
In this special issue Benitez Garcia, et al. [24] studied the PGR present in the seaweeds and
evaluated their plant growth promoting abilities. Whereas, Garcia-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 «-Tocopherol foliar spray on the growth, photosynthetic pigments, nutrient
uptake, and drought tolerance in maize. They reported that x-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
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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 (O, ), 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.
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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 TAA, when grown in culture including
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Erwinia herbicola, Xanthomonas campestris, Erwinia Chrysanthemi, and several Pseudomonas syringae
pathovars [76-79].

In plant-associated microbes, the IA A 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 polyniyxa 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 (1G132864, 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.
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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].
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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 x-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].
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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 [153]
in ethylene levels.
A. piechaudii ARV8 Pisum sativum L. [mprove FOOt_SIhDOt ratio under low [154]
soil moisture content.
Improve the plant growth and yield
Pseudomonas sp. Pisum sativum L. and reduce the triple response [155]
of ethylene.
P. fluorescens Pisum sativum L. Positive impacts on plant growth [156]
under severe drought stress.
Induce the abscisic acid (ABA)
V. paradoxus 5C-2 Pisum sativum L. signalling in plants and Improve the [157]
soil nutrient content.
Rhizosphere bacteria Enhance root-shoot length and
containing Triticum aestioum improve the water and [158]
ACC-deaminase nutrient uptakes.
Bacillus 23-B + Improve seed germination and root
Pseudomonas sp. 6-P + length in chickpea under [159]
Mesorhizobium ciceri moisture stress.
Enhance the expression of stress
Bacillus licheniformis K11 Pepper nigrum related genes e.g., Cadh, VA, sHSP, [160]
and CaPR-10.
Citricoccus zhacoinesis B-4 Allium cepa Promote p lar.1t gr.owth and [161]
germination index.
Ochrobactruin Show positive impacts on seed
pseudogrignonense RJ12, Vigna mungo L. P P

germination, improve root and shoot [162]

Pisum satiom L. length and regulate ethylene level.

Pseudomonas sp. RJ15
and B. subtilis RJ46

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 Fu/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 Ps]n 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].

ORainfed COPGPR Clrrigated

H 0.443

fv/fm | 0.911

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), Pdfl1.2 (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
SAMSI 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 «-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 two x-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. x-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 a-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 a-Toc
foliar application confers its basipetal translocation. In conclusion, the findings confer the role of
foliar-applied a-tocopherol in the induction of drought tolerance of maize associated with tissue
specific improvements in antioxidative defense mechanism through its translocation.

Keywords: x-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 km? [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 CO, 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 (Ca%"), 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 (0,7, H,O,, 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
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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 , 3, v, and & tocopherols, along with their respective
precursors (tocotrienols) that have high antioxidative activity and protect plants from stress through
different metabolic processes [41]. Among these, a-Toc is largely known as vitamin E, with large
antioxidant potential in comparison with other family members, but the production of «-Toc to reduce
oxidative damage is cultivar-specific [42]. However, a-Toc exogenous application was found to be
helpful for stress tolerance induction. For example, in wheat, exogenous application of x-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 «-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 «-Toc, also considering its translocation to specific plant parts. Therefore, the current work was
aimed to quantify to which extent the foliar applied a-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 «-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 «-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 X 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 pmolm~2 5! to 1154 umolm~2 s~!. 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 «-toc. Foliar spray of «-Toc solution was done in evening before sunset for the maximum
absorption of the solution in leaf. The spray of x-Toc solution was made only once during the whole
experimental period. An aliquot of 50 mL solution of each of «-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 x-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 x-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™! and 0.045 ds.m™!, respectively, organic matter (1.21%), with the
available P (0.051 mg kg™1), K (30 mg kg '), and total N (6.1 mg kg™!). The soil solution had soluble
CO3%~ (traces), HCO;™ (5.01 meq L™1), CI~ (8.49 meq L), SO, 2 (2.01 meq L™!), Na (3.01 meq L™,
Caz”+Mg2+ (13.91 meq L), and SAR (0.079 meq L.

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)] x V/1000 x W 1)
ChL b = [22.9 (OD 645) — 4.68 (OD 663)] x V/1000 x W V)
Total Chl. = [20.2 (AA645) — 8.02(AA663)] X v/w X 1/1000 3)

32



Agronomy 2020, 10, 1235

A carotenoid (ug/g FW) = AA480 + (0.114 x AA663) — (0.638 X AA645) (4)
Car = A Car./Em 100% x 100 (5)

Emission = Em 100% = 2500 6)

AA = 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
dH,O 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

Fresh weight of leaf — dry weight of leaf
LRWC (%) = - - - x 100 (10)
Turgid weight of leaf — dry weight of leaf

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 dH,O. 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 °Cfor 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:

EC1 - ECO

RMP (O/o) = m x 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 (10,000x 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) = A (A532 nm — A 600 nm)/1.56 X 105 12)

Absorption coefficient for the calculation of MDA is 156 mmol ' cm™!.

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 10,000x 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 a-toc, respectively, obtained from Sigma-Aldrich
Chemie GmbH - Schnelldorf, Germany.

2.9. Determination Mineral Nutrients

2.9.1. Estimation of K*, Ca?*, and Mg?* 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 HyO,, H,SOy4, 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 Ca?*, while of Mg?*, 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 «-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 x-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 «-Toc, both under stressed and
non-stressed conditions.

Leaf Chl. g, 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 «-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.
a-Toc foliar spray significantly improved the leaf Chl. /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 x-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 a-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 «-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 HyO;
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 a-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 x-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 «-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 «-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. «-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 a-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 a-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. «-Toc applied
this increase in all studied plant parts and was similar in both maize cultivars (Figure 1A-C).
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Figure 1. Root, stem, and leaf total-Toc (A-C), AsA (D-F), and total flavonoids (G-I) of maize
plants foliar-applied with o-Toc when grown under water deficit conditions (mean + SE; n = 4);
AsA = ascorbic acid; 0 and 50 = mmol solution of a-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 «-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 a-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 a-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 «-Toc application (Figure 2A-F; Table 2).
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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 «-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 a-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 a-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 a-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 o-Toc application (Tables 2 and 5). Potassium contents
of leaf, root, and stem were reduced significantly grown under water stress without foliar spray of «-Toc.
Foliar application of x-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 «-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*, Ca*,
and Mg?* due to «-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 «-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 a-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 (r*) Values Extracted from XLSTAT Software of All
the Studied Attributes of Maize Plants Foliar-Applied with a-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,
SL,SDW,KL,CaL,PS,PL,KS,and LRWC,and LA, CaR,CaS,MgL,PrR,PR,NR,and NL
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).
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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 (?) of Toc levels in different plant parts of maize with
growth, biochemical attributes, and nutrient uptake.

Toc L Toc R Toc S
TocL 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 **
LA 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
LRWC 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
AsAL —0.434* —0.115ns —0.149 ns
AsAR —-0.180 ns 0.709 *** —0.023 ns
AsA S —0.196 ns 0.797 *** 0.145 ns
CarL 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
CATL 0.275 ns 0.966 *** 0.434 *
CATR —0.884 *** 0.041 ns —0.757 ***
CATS —-0.283 ns 0.863 *** —0.114 ns
PODL 0.049 ns 0.961 *** 0.255 ns
PODR —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 *
SODR 0.173 ns 0.951 *** 0.273 ns
SOD S —-0.220 ns 0.859 *** 0.047 ns
KL 0.553 ** 0.606 ** 0.282 ns
KR 0.555 ** 0.675 *** 0.333 ns
KS 0.470 * 0.673 *** 0.319 ns
Cal 0.569 ** 0.633 *** 0.339 ns
CaR 0.674 *** 0.461* 0416 *
Cas$ 0.749 *** 0.437 * 0.469 *
MgL 0.656 *** 0.439 * 0.470 *
MgR 0.372 ns 0.761 *** 0.201 ns
MgsS 0.335ns 0.833 *** 0.151 ns
NL 0.610 ** 0.613 ** 0.368 ns
NR 0.669 *** 0.494 * 0.488 *
NR 0.626 *** 0.601 ** 0.337 ns
PL 0.539 ** 0.683 *** 0.383 ns
PR 0.729 *** 0.430* 0.620 **
PS 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 x-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 a-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 x-Toc effectively decreased the adverse effects
of salt stress in flax cultivars [44]. In most of the earlier studies, the x-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 o-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 a-Toc.

4.1. Tocopherol Content in Different Plant Parts

Foliar spray of «-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
a-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 x-Toc
in maize. Our findings are in agreement with Kumar et al. [60], who reported an elevation in the
endogenous levels of «-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 «-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 «-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 a-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 «-Toc foliar application. The increment in plant water status
might probably be due to impact of x-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 o-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 Dy protein [65] and chloroplastic membranes from damaging effects when grown under
stressful conditions.

In the present study, foliar-applied a-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 «-Toc
enhanced plant biomass production, which might be due to the role of x-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
a-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 x-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 x-Toc supplementation, which further enhanced the
plant carotenoid contents, especially in leaf and root. These observations point out that «-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 x-Toc improved
the leaf carotenoid concentration in association with its enhanced growth. Without «-Toc application,
a decrease in leaf water contents was found in maize plants, which is a well-known phenomenon
in all plants. «-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 O, excitation to form singlet oxygen or its conversion to hydroxyl radicals (OH"),
hydrogen peroxide (HpO,), or superoxide (O72) 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 «-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

48



Agronomy 2020, 10, 1235

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 «-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, x-Toc played a significant role in counteracting the adverse effects of membrane lipid
peroxidation. Furthermore, being lipophilic, x-Toc has a significant role in membrane stabilization [74]
and also protects them from ROS [75]. Furthermore, -Toc directly scavenges singlet oxygen [76], giving
rise an intermediate tocopherol quinone, which again yields o-Toc in chloroplasts, thereby conferring
the recycling for oxidized tocopherols [77]. Reports exist that a-Tocopherol is also an excellent quencher
and scavenger of singlet oxygen by controlling the lifetime of ROS. By resonance energy transfer, one
a-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 x-Toc
treatment, which suggested their antioxidative role to be stimulated in the presence of «-Toc.

Higher activity rates of these enzymes were found in leaves and roots where more accumulation
of a-Toc was found in comparison with stem, showing the supportive role of «-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
a-Toc in these plant parts. These findings show that «-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 x-Toc acts as an antioxidative defense mechanism in plants. It was also found that «-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 «-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 Ca?,
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 x-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 «-Toc. The supportive role of a-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 a-Toc induced increase uptake of nutrients due to «-Toc being an antioxidant,
along with membrane permeability. Furthermore, previous studies found that a-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, x-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 x-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 x-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 «-Tocopherol contents in different plant parts after its foliar application increased the
uptake of mineral nutrients (K*, Ca?*,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 x-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 x-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
TocS 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
LRWC 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

AsAR ascorbic acid root

AsA S ascorbic acid stem

Car L carotenoids leaf

CarR carotenoids root

Car S carotenoids stem

Flav L flavonoids leaf

Flav R flavonoids root

Flav S flavonoids stem

CATL catalase leaf

CATR catalase root

CATS catalase stem

PODL peroxidase leaf

PODR peroxidase root

PODS peroxidase stem

SOD L superoxide dismutase leaf
SOD R superoxide dismutase root
SOD S superoxide dismutase stem
KL potassium leaf

KR potassium root

KS potassium stem

CalL calcium leaf

CaR calcium root

CasS calcium stem

MgL magnesium leaf

Mg R magnesium root

Mg S magnesium stem

NL nitrogen leaf

NR nitrogen root

NS nitrogen stem

PL phosphorus leaf

PR phosphorus root

PS 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 10° 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]. Sanchez-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 Cal606, 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
Cal606, 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 Cal606 (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 x 10”7 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
Dianez 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~! 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 12,000x g
and filtered through sterile Millipore membranes (pore size 0.22 um), 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 L1
FeCl; + 98 mL of 35% HClO,) 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 (j1g mL~!), mean values expressed and pH analysed. The total
P (phosphate) in the flasks was 10 mg mL ™.

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 X 107 spores mL~! 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~! 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 pL of spore suspension (1 x 10° spores mL™!) of TA, TS
or 50 uL of sterile water (control). The trays were placed in a lightless incubator at 25 + 1 °C, 7 days

59



Agrononty 2020, 10, 1004

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 (Almeria, 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 10° 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: 10° spores mL~1; TA D2, TS D2 and M D2: 10° 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 ¢-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’l).

Treatments T. aggressivum f. europaeum T. saturnisporum
90% BH + 10% O 6.65-108 + 3.04-107 ¢ 6.48-108 +2.84-107 ¢
80% BH + 20% O 5.63-108 + 3.20-107 d 5.17-108 + 6.60-107 d
70% BH + 30% O 1.04-10° + 1.44-107 a 9.98108 + 5.69-107 a
90% BH + 10% R 8.32:108 +1.61-10” b 7.88-108 + 6.45-10” b
80% BH +20% R 1.04-10° + 1.04-107 a 1.02:108 + 6.26:107 a
70% BH + 30% R 8.00-108 + 5.00-107 b 7.12:10% + 4.25-107 be

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 24h 48 h 72h +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 545 + 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~! 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.
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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). TO: NBRIP broth without Trichoderma isolates. The results are shown
as the average of the three replicates, in g L~'. 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 297 +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 (100x). (B) Conidiophores and mycelium in tomato root (100x). (D) Chlamydospores in
pepper root (200x).

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 Dianez 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‘l, 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 pg mL~!
in T. brevicompactum, T. gamsii and T. harzianum. Didnez et al. [16] described a highly similar [AA
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 ug 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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