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Sylwia Śliwińska-Wilczewska, Zofia Konarzewska, Kinga Wiśniewska and Marta Konik

Photosynthetic Pigments Changes of Three Phenotypes of Picocyanobacteria Synechococcus sp.
under Different Light and Temperature Conditions
Reprinted from: Cells 2020, 9, 2030, doi:10.3390/cells9092030 . . . . . . . . . . . . . . . . . . . . . 221

Elvin S. Allakhverdiev, Venera V. Khabatova, Bekzhan D. Kossalbayev, Elena V.

Zadneprovskaya, Oleg V. Rodnenkov and Tamila V. Martynyuk et al.

Raman Spectroscopy and Its Modifications Applied to Biological and Medical Research
Reprinted from: Cells 2022, 11, 386, doi:10.3390/cells11030386 . . . . . . . . . . . . . . . . . . . . 240

Amruta Shelar, Ajay Vikram Singh, Romi Singh Maharjan, Peter Laux, Andreas Luch and

Donato Gemmati et al.

Sustainable Agriculture through Multidisciplinary Seed Nanopriming: Prospects of
Opportunities and Challenges
Reprinted from: Cells 2021, 10, 2428, doi:10.3390/cells10092428 . . . . . . . . . . . . . . . . . . . . 265

Naeem Khan, Shahid Ali, Muhammad Adnan Shahid, Adnan Mustafa, R. Z. Sayyed and José
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Preface

Photosynthesis, an extraordinary phenomenon fundamental to terrestrial ecosystems, has

exerted a profound influence on the evolution and biodiversity of life forms on our planet. From the

simplest microorganisms to the towering entities in the botanical realm, the process of photosynthesis

assumes a central role. Across the course of evolutionary history, a myriad of plant species and

photosynthetic mechanisms have arisen, each intricately adapted to function optimally under specific

ecological conditions. However, the relentless march of change, driven by climatic fluctuations,

environmental contamination, and the complexities of biological interactions, has introduced novel

challenges. Amidst this swiftly changing landscape, the processes of plant growth, biomass

production, and reproduction confront unprecedented constraints. It is in this context that the

research presented in this reprint attains its significance.

The primary focus of this reprint is to delve into the intricacies of photosynthesis in the context of

a mutable and often adverse environment and unravel the strategies employed by plants to respond

and acclimatize to the challenges posed by abiotic and biotic stressors. The journey embarked

upon within this reprint spans from the molecular intricacies of photosynthetic reactions to the

comprehensive spectrum of whole-plant responses. Through original empirical investigations and

erudite literature reviews, we investigate the ramifications of stress factors that can detrimentally

affect the structural, photochemical, and biochemical facets that define the process of photosynthesis.

At the core of our investigation in this reprint lie the regulatory mechanisms that govern the process

of photosynthesis. We scrutinize not only the foundational scientific principles but also the pragmatic

applications of this knowledge in diverse domains such as agriculture, forestry, and biotechnology.

Armed with this knowledge, we can formulate strategies to augment plant adaptability, thereby

ensuring the sustainability of natural and cultivated ecosystems. As we synthesize these multifarious

strands of research, we aspire to stimulate interdisciplinary collaboration and ignite the curiosity

for further exploration that promises to enrich our understanding of photosynthesis. The insights

proffered herein afford a glimpse into the intricate interplay between life and light, a choreography

that sustains the entirety of our biosphere. We extend our profound appreciation to the dedicated

authors who have contributed their scholarly endeavors to this initiative, and we anticipate that this

reprint will serve as an invaluable resource for scholars, educators, and all individuals impassioned

by the unraveling of the profound processes governing life.

Suleyman Allakhverdiev, Alexander G. Ivanov, and Marian Brestic

Editors
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Photosynthesis under Biotic and Abiotic Environmental Stress

Marian Brestic 1,* and Suleyman I. Allakhverdiev 2,*

1 Institute of Plant and Environmental Sciences, Slovak University of Agriculture, A. Hlinku 2,
94976 Nitra, Slovakia.

2 K.A. Timiryazev Institute of Plant Physiology, Russian Academy of Sciences, Botanicheskaya Street 35,
127276 Moscow, Russia

* Correspondence: marian.brestic@gmail.com (M.B.); suleyman.allakhverdiev@gmail.com (S.I.A.)

Photosynthesis is a unique process that has shaped life on our planet and created the
conditions for all known life forms. During evolution, plant species and photosynthetic
forms have emerged, and partial mechanisms have been optimized to work within a
range of environmental conditions. However, variable environmental conditions caused
by climate change, environmental pollution, and biotic factors significantly limit growth,
biomass production, and plant reproduction.

By improving our understanding of the reactions and partial processes of photosyn-
thesis in a changing or stressful environment, we can predict how plants will function in
different climate-change scenarios when exposed to abiotic and biotic stressors, as well as
how to improve their adaptability.

In this Special Issue of Cells, we present a collection of articles dedicated to various
aspects of photosynthesis, representing research into the effects of abiotic and biotic stresses
that can adversely affect structures and function, metabolism, and photochemical and
biochemical processes from the molecular to the whole-plant level.

Cyanobacteria are prokaryotic photosynthetic organisms with considerable agro-
biotechnological potential. They are used to produce biofertilizers, and contribute sig-
nificantly to plant drought resistance and nitrogen enrichment in soil [1]. Sadvakasova
et al. sought, isolated, and investigated nitrogen-fixing cyanobacterial strains in rice fields
and evaluated the effect of Mo and Fe on photosynthetic and nitrogenase activities under
nitrogen starvation. Cyanobacterial isolates isolated from rice paddies in Kazakhstan were
identified as Trichormus variabilis K-31 (MZ079356), Cylindrospermum badium J-8 (MZ079357),
Nostoc sp. J-14 (MZ079360), Oscillatoria brevis SH-12 (MZ090011), and Tolypothrix tenuis
J-1 (MZ079361). The study of the influence of various concentrations of Mo and Fe on
photosynthetic and nitrogenase activities under conditions of nitrogen starvation revealed
the optimal concentrations of metals that stimulate the studied parameters [1].

The quality of light is an important factor in regulating plant growth and development
during ontogenesis, including germination, photomorphogenesis, flowering induction, etc.
Pashkovskiy et al. studied the influence of light of different qualities on the growth, gas
exchange, fluorescence indices of Chl a, and expression of key light-dependent genes of
Pinus sylvestris L. seedlings. In plants growing under red light (RL), the biomass of needles
and root systems increased by more than two and three times, respectively, compared with
those of the white fluorescent light (WFL) control. Meanwhile, the rates of photosynthesis
and respiration in RL and blue light (BL) plants were lower than those of blue–red-light
(BRL) plants, and the difference between the rates of photosynthesis and respiration, which
characterizes the carbon balance, reached its maximum under RL [2].

According to the authors, RL influenced the number of xylem cells, activated the
expression of genes involved in the transduction of cytokinin and auxin signals, and re-
duced the expression of the gene encoding the transcription factor phytochrome-interacting
factor 3 (PIF3). It was suggested that RL-induced activation of key genes of cytokinin and

Cells 2022, 11, 3953. https://doi.org/10.3390/cells11243953 https://www.mdpi.com/journal/cells1
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auxin signaling might indicate a phytochrome-dependent change in cytokinin and auxin
activity [2].

The effects of different nanoparticles and their combined effects on terrestrial plants
have not been thoroughly investigated. This subject is a challenge for modern ecotoxi-
cology. Cerium oxide nanoparticles (CeO2 NPs) and zinc oxide nanoparticles (ZnO NPs)
are emerging pollutants [3]. In the study by Skiba et al., Pisum sativum L. plants were
exposed to either CeO2 NPs or ZnO NPs alone or mixtures of these nano-oxides (at two
concentrations: 100 and 200 mg/L) [3]. The authors concluded that CeO2 NPs moderate
ZnO NP toxicity by protecting the photosynthetic apparatus in Pisum sativum leaves from
oxidative stress triggered by Zn. Additionally, they observed that both nano-oxides affected
nutrient uptake and transport at all concentrations applied. These results indicate that
the free-radical scavenging properties of CeO2 NPs mitigate the toxicity induced by ZnO
NPs [3].

Light plays an essential role in photosynthesis; however, its excess can cause damage
to cellular components. Photosynthetic organisms thus developed a set of photoprotective
mechanisms (e.g., nonphotochemical quenching, photoinhibition) that can be studied by
classic biochemical and biophysical methods in cell suspensions. Here, we combined these
bulk methods with single-cell identification of microdomains in the thylakoid membrane
during high light (HL)-stress [4]. Canonico et al. used Synechocystis sp. PCC 6803 cells
with yellow fluorescent protein (YFP)-tagged photosystem I and identified a multiphase
response of cyanobacteria to HL stress with three main phases: fast, intermediate, and
slow [4]. The authors observed the accumulation of myxoxanthophyll and more even
spatial distribution of photosystems and phycobilisomes between microdomains. They
suggest that the overall carotenoid increase during HL stress could be involved either in
direct photoprotection (e.g., in ROS scavenging) and/or could play an additional role in
maintaining the optimal distribution of photosystems in the thylakoid membrane to attain
efficient photoprotection [4].

PSI photoinhibition is usually avoided through P700 oxidation. Without this protective
mechanism, excess light represents a potentially lethal threat to plants. PGR5 is suggested
to be a major component of cyclic electron transport around PSI and is important for P700
oxidation in angiosperms. The Arabidopsis PGR5-deficient mutant pgr5-1 is incapable
of P700 oxidation regulation and has been used in numerous photosynthetic studies.
However, Wada et al. revealed that pgr5-1 was a double mutant with exaggerated PSI
photoinhibition [5]. pgr5-1 significantly reduced growth compared to the newly isolated
PGR5-deficient mutant pgr5hope1. The introduction of PGR5 into pgr5-1 restored P700
oxidation regulation but maintained a pale-green phenotype, indicating that pgr5-1 had
additional mutations. Both pgr5-1 and pgr5hope1 tended to cause PSI photoinhibition by
excess light, but pgr5-1 exhibited an enhanced reduction in PSI activity [5].

In the work by Fatima et al., the combined response of exclusion of solar ultraviolet
radiation (UV−A+B and UV−B) and static magnetic field (SMF) pretreatment was studied
on soybean (Glycine max) leaves using synchrotron imaging [6]. The solar UV exclusion
results suggested that ambient UV caused a reduction in leaf growth, which ultimately
reduced photosynthesis in soybean seedlings, while SMF treatment enhanced leaf growth
along with photosynthesis, even in the presence of ambient UV-B stress. The results
suggested that SMF pretreatment of seeds diminishes the ambient UV-induced adverse
effects on soybean [6].

Principal component analysis of foliar pigment composition revealed that Malva was
similar to fast-growing annuals, while Lemna was similar to slow-growing evergreens [7].
Overall, Lemna exhibited traits reminiscent of those of its close relatives in the family
Araceae, with a remarkable ability to acclimate to both deep shade and full sunlight.
Overall, duckweed exhibits a combination of traits of fast-growing annuals and slow-
growing evergreens with foliar pigment features that represent an exaggerated version of
that of terrestrial perennials combined with an unusually high growth rate [7]. Duckweed’s
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ability to thrive under a wide range of light intensities can support success in a dynamic
light environment with periodic cycles of rapid expansion [7].

The efficacy of microbial endophytes in promoting plant growth and their comparison
with exogenously applied hormones have not been investigated until now. The aim of
the work by Ismail et al. was the isolation, identification, and characterization of bacterial
and fungal endophytes from the roots of the Phaseolus vulgaris plant and the exploration of
their potentiality compared to two common exogenously applied hormones on the growth
and biochemical properties of P. vulgaris plants to explore the possibility of applying these
microbial isolates as biofertilizers for the improvement of the growth performance and
metabolites of crops. Their results indicated that the endophyte Brevibacillus agri (PB5)
provides high potential as a stimulator for the growth and productivity of common bean
plants [8].

Photosynthesis is an important target of action of numerous environmental factors;
in particular, stressors can strongly affect photosynthetic light reactions. Considering the
reactions of photosynthetic light to electron and proton transport, it can be supposed that an
extremely low-frequency magnetic field (ELFMF) may influence these reactions; however,
this problem has been weakly investigated [9]. Sukhov et al. experimentally tested a
hypothesis about the potential influence of ELFMF on photosynthetic light reactions in
wheat and pea seedlings [9]. The authors showed that ELFMF with Schumann resonance
frequencies could influence photosynthetic light processes; however, this effect depends on
the plant species (wheat or pea) and the type of treatment (short-term or chronic).

The effect of abiotic factors on the abundance and photosynthetic performance of
airborne Cyanobacteria and microalgae isolated from the southern Baltic Sea region was
studied by Wisniewska et al. [10]. Their experiments suggest that the adaptive abilities
of microorganisms—particularly those producing toxins—may contribute to the spread,
potentially increasing human exposure to their negative health effects. Any distinctive
adaptations of the genera give them an additional competitive advantage and a greater
chance for territorial expansion [10].

Black spot disease, caused by Alternaria brassicicola in Brassica species, is one of the
most devastating diseases worldwide, especially since there is no known fully resistant
Brassica cultivar. In this context, Macioszek et al. provides a report on the susceptible
interaction between B. oleracea var. capitata f. alba (cultivar ‘Glory of Enkhuizen’) and A.
brassicicola, both from the fungus and host plant perspectives [11]. The authors focused on
the details of fungal development and colony formation and plant-cell reactions during
infection at both light and transmission microscopy levels. Ultrastructural, molecular,
physiological, and transcriptional analyses of infected leaves revealed photosynthesis as
the most downregulated process from the onset of the infection [11]. This finding should be
taken into consideration in further research when composing a strategy for the management
of black spot disease.

One of our most striking observations concerns the significant difference between
the physiological responses of different Synechococcus sp. phenotypes to changeable
environmental conditions. The main aim of Śliwińska-Wilczewska’s paper was to deter-
mine the acclimatization capacity of three Baltic phenotypes of Synechococcus sp. [12], an
important link in forecasting future changes in the occurrence of these organisms in the
context of global warming. Furthermore, the study focused on the effect of irradiance,
temperature, and their mutual interactions on the content and proportions of cell-specific
photosynthetic pigments of the examined cyanobacterial phenotypes. The authors reported
that the detailed characterization of the quantitative and qualitative composition of pig-
ments is important to determine the level of acclimatization of the examined phenotypes of
cyanobacteria to specific environmental conditions. Awareness of the biology and physi-
ology of these organisms obtained by capturing their reactions to various environmental
factors is important for forecasting their possible expansion [12].

A review by Allakhverdiev et al. provides a comprehensive overview of Raman
spectroscopy (RS) and its modifications applied to biological and medical research [13].
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In this review, several existing studies on biological, medical, analytical, photosynthetic,
and algal research using RS have been analyzed and presented. RS is used for a variety of
studies in animals and human research. A greater focus on the application of RS in algal
research will be beneficial for biotechnological purposes and general knowledge of the
mechanisms of biomolecule interactions in algae under natural/environmental conditions.
RS is a very attractive, advantageous, and promising approach for algal research [13].

Plant seeds are an essential input in agriculture; however, during their developmental
stages, seeds can be negatively affected by environmental stresses, which can adversely
affect seed vigor, seedling establishment, and crop production. Seeds resistant to high
salinity, droughts, and climate change can result in higher crop yield [14]. The major
findings suggested in this review by Shelar et al. refer to nano-priming as an emerging
seed technology for sustainable food amid growing demand from the increasing global
population [14]. This novel technology could influence the crop yield and ensure the
quality and safety of seeds in a sustainable way. When nano-primed seeds are germinated,
they undergo a series of synergistic events due to their enhanced metabolism: modulating
biochemical signaling pathways, triggering hormone secretion, and reducing reactive
oxygen species, leading to improved disease resistance. In addition to providing an
overview of the challenges and limitations of seed nanopriming technology, this review also
describes some of the emerging nanoseed priming methods for sustainable agriculture and
other technological developments using cold plasma technology and machine learning [14].

Abiotic stresses, such as drought, salinity, heavy metals, variations in temperature,
and ultraviolet (UV) radiation, are antagonistic to plant growth and development, result-
ing in an overall decrease in plant yield [15]. These stresses have direct effects on the
rhizosphere, severely affecting root growth and thereby affecting plant growth, health,
and productivity. However, the growth-promoting rhizobacteria that colonize the rhizo-
sphere/endorhizosphere protect the roots from the adverse effects of abiotic stress and
facilitate plant growth by various direct and indirect mechanisms [15]. In the rhizosphere,
plants constantly interact with thousands of these microorganisms, yet it is unclear when
and how these complex root, rhizosphere, and rhizobacteria interactions occur under
abiotic stresses. A review by Khan et al. focuses on root–rhizosphere and rhizobacterial
interactions during stress, how roots respond to these interactions, and the role of rhizobac-
teria under these stresses. Furthermore, the review focuses on the underlying mechanisms
employed by rhizobacteria to improve root architecture and plant tolerance to abiotic
stresses [15].

The original research and review articles collected in this Special Issue will be of inter-
est to a broad audience of scientists studying photosynthesis under conditions of biotic and
abiotic environmental stress, addressing all aspects of photosynthesis, including regulatory
mechanisms, as well as their value in agriculture, forestry, ecology, and biotechnology. We
hope that interdisciplinary applications of knowledge in this Special Issue will stimulate
future research.

We would like to express our sincerest thanks to our readers, authors, anonymous
peer reviewers, editors, and all the people working for the journal, all of whom have made
substantial contributions to this Special Issue. This would not have been possible without
your support. For the details of the Special Issue “Photosynthesis under Biotic and Abiotic
Environmental Stress “please click here (https://www.mdpi.com/journal/cells/special_
issues/Photosynthesis_Biotic_Abiotic_Environmental_Stress, accessed on 1 June 2020).
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Abstract: The potential of cyanobacteria to perform a variety of distinct roles vital for the biosphere,
including nutrient cycling and environmental detoxification, drives interest in studying their biodiver-
sity. Increasing soil erosion and the overuse of chemical fertilizers are global problems in developed
countries. The option might be to switch to organic farming, which entails largely the use of biofer-
tilisers. Cyanobacteria are prokaryotic, photosynthetic organisms with considerable potential, within
agrobiotechnology, to produce biofertilisers. They contribute significantly to plant drought resistance
and nitrogen enrichment in the soil. This study sought, isolated, and investigated nitrogen-fixing
cyanobacterial strains in rice fields, and evaluated the effect of Mo and Fe on photosynthetic and
nitrogenase activities under nitrogen starvation. Cyanobacterial isolates, isolated from rice paddies
in Kazakhstan, were identified as Trichormus variabilis K-31 (MZ079356), Cylindrospermum badium J-8
(MZ079357), Nostoc sp. J-14 (MZ079360), Oscillatoria brevis SH-12 (MZ090011), and Tolypothrix tenuis
J-1 (MZ079361). The study of the influence of various concentrations of Mo and Fe on photosynthetic
and nitrogenase activities under conditions of nitrogen starvation revealed the optimal concentrations
of metals that have a stimulating effect on the studied parameters.

Keywords: cyanobacteria; heavy metals; photosynthesis; nitrogenase; heterocyst

1. Introduction

The most important direction in the development of organic agriculture is the cre-
ation of microbial biotechnologies that help maintain fertility and intensify agricultural
production. Soil fertility is directly related to the diversity, quantity, and activity of the
soil microbiota, which determine the transformation, migration, and accumulation of sub-
stances in the soil ecosystem, and provide plants with all necessary assailable nutrients.
At the same time, it is known that the increase in crop yields largely depends on access
to mineral nutrients, especially nitrogen. The natural sources of nitrogen in the soil are
microorganisms, which can fix molecular nitrogen from the atmosphere [1–4].
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In this context, one of the most interesting groups of microorganisms are cyanobacteria,
which, in addition to the ability to fix nitrogen, have a wide range of adaptations to differ-
ent soil and hydrothermal conditions [5–7]. Herewith, both types of cyanobacteria (with
heterocysts and without them) have the ability to fix nitrogen. However, in heterocystous
cyanobacteria, the processes of photosynthesis and nitrogen fixation occur simultaneously
and independently of the time of day, while in non-heterocystous cyanobacteria, these
processes occur separately: nitrogen fixation, at night; photosynthesis during the day [8].
In the cyanobacterial species that form heterocysts, the nitrogenase is located in the hete-
rocyst and is, thus, protected from the inhibitory effects of oxygen [9–13]. They are more
attractive in terms of productivity and can enrich the soil with 20–30 kg N ha−1 per year,
which is a great economic advantage for agriculture. In addition, they are technologically
advanced, can grow on cheap media without sources of organic compounds and mineral
nitrogen, and do not require expensive equipment [14,15]. Considering the main factors
affecting nitrogenase activity, it is worth outlining the role of biogenic metals in nitro-
genase enzyme cofactors that determine the intensity of nitrogen fixation by free-living
cyanobacteria [16,17].

Despite the large amount of data available in the literature indicating the high metabolic
potential of cyanobacteria in nitrogen fixation, there are still some problems related to their
productivity that limit their widespread use in agro-biotechnology. Therefore, the attention
given to this group of organisms is focused on the study of the basic cultivation conditions
that increase their nitrogen fixation abilities.

In this regard, scientific research aimed at potentially enhancing the nitrogen-fixing
ability of cyanobacteria is currently very relevant. Primarily, research in this area should
focus on finding new, more productive strains of nitrogen-fixing cyanobacteria and devel-
oping new approaches to increase the efficiency of their metabolic activity.

Therefore, this work aims to select and study new strains of nitrogen-fixing cyanobac-
teria. The article demonstrates the results of isolation, investigation, and identification of
five cyanobacterial strains isolated from rice paddies in Kazakhstan and the influence of
Mo and Fe on their photosynthetic and nitrogenase activity.

2. Materials and Methods

2.1. Research Objects

Five different strains of cyanobacteria, including Nostoc sp. (J-14), Cylindrospermum sp.
(J-8), Anabaena variabilis (K-31), Oscillatoria brevis (SH-12), and Tolypothrix tenuis (J-1), were
isolated from the Kyzylorda region. The strains were isolated from the rice fields and aquatic
ecosystems of the Zhanakorgan and Shieli districts of the Kyzylorda region (rice paddies of
Avangard, Akzhol, and Zhayilma villages, and water basins adjacent to rice fields, i.e., the
tributaries of the Syr-Darya river: Kuday Kul, Zhayilma).

2.2. Isolation and Cultivation of Cyanobacterial Strains

Eighteen water samples and twenty-six composite samples of soil and cyanobacte-
rial mats collected from the surface of plants using classical algological methods served
as material for this study. Identifiers of freshwater microalgae and cyanobacteria were
used to determine the species. In order to obtain enrichment cultures of cyanobacteria,
5 mL of aliquot samples were placed in 100 mL flasks containing 5 mL of BG-11 [18],
Allen [19], Bold basal liquid [20] culture medium with the addition of cycloheximide
(Biochem Chemopharma, Cosne-Cours-sur-Loire, France) at a concentration of 50 μg mL−1

to inhibit the growth of eukaryotes. Simultaneously, samples were inoculated into Petri
dishes with solid medium (1% agar) BG-11. Cultivation was carried out in parallel at tem-
peratures of 18–22 ◦C with a constant illumination of 50 μmol (photons) m−2 s−1. Unialgal
cultures of cyanobacteria were obtained through the periodic inoculation of the enrichment
culture on solid nutrient medium BG-11, Allen, Gromov, and Bold, using capillary pipettes
to separate the cyanobacterial filaments from the mixed microbial suspension. Several
antibiotics (penicillin, gentamicin, tetracycline, neomycin, ampicillin, chloramphenicol, and
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kanamycin) at different concentrations from 1500 unit (U) mL−1 to 25,000 U mL−1 and their
combinations with a total concentration of 20,000 U mL−1 were used to purify isolated
cyanobacterial cultures from satellite bacteria. The calculated concentrations of antibiotics
were added to the culture media after sterilization. The strains of isolated cyanobacteria
were cultured on liquid and agar nutrient media of standard composition BG-11 and Allen
in flasks in the luminostat. Preliminary morphological identification was performed under
a light microscope (Micro Optix C600, Wiener Neudorf, Austria). Morphological identifi-
cation was based on some characteristic morphological features, such as cell size, shape,
location of cells, presence or absence of mucus, etc., using taxonomic literature and various
photo galleries. The determination of the species composition of phototrophic eukaryotes
was based on morphological and cultural characteristics using various determinants [21,22].
Before conducting an experiment, the cyanobacterial culture was subcultured from the
liquid medium with the stored culture on Petri dishes with a freshly prepared nutrient
medium of the same composition.

2.3. Molecular Identification of Cyanobacterial Strains

Cyanobacterial species were identified using molecular genetic research methods by
sequencing the conserved DNA locus. To accomplish the tasks assigned, the following
steps were performed: the isolation of genomic DNA, sample preparation and polymerase
chain reaction, DNA sequencing for a fragment of the conserved locus, and an analysis of
the nucleotide sequence of the conserved 16S rRNA locus [23].

2.3.1. Isolation of Genomic DNA of Cyanobacteria

Genomic DNA was isolated following the protocol proposed by Dale et al. [24].
Cyanobacterial cells were pelleted via centrifugation at 4000× g for 5 min, the super-
natant was removed, and the cells were suspended in 1 mL of extraction buffer with the
following composition: 200 mmol Tris-HCl (pH-8.0), 400 mmol LiCl, 25 mM EDTA, and
1% SDS. Acid-treated glass beads with a diameter of 425–600 μm (Sigma-Aldrich, Darm-
stadt, Germany) were added to the suspension. The resulting suspension was shaken
vigorously for 30 s and then incubated on ice for 30 s. This procedure was repeated 5 times.
The resulting mixture was centrifuged at 3000× g for 15 min at 4 ◦C. The supernatant
was then transferred to a sterile microtube containing 600 μL of ice-cold isopropanol and
mixed by pipetting, then centrifuged at 16,000× g for 20 min at 4 ◦C. The precipitate was
dissolved in 100 μL TE buffer (2 mmol Tris-HCl (pH-8.0), 1 mmol EDTA). Then, 10 μL 3 M
sodium acetate (pH-5.2) and 300 μL of 96% ethanol were added and incubated at −20 ◦C for
2 h. The precipitate was centrifuged. Another round of centrifugation was performed for
30 min with 16,000× g at 4 ◦C. The pellet was washed with 70% ethanol, oven-dried, and
dissolved in 50 μL TE buffer. DNA concentration was determined using a Nanovue plus
spectrophotometer (Biochrom, Boston, MA, USA). The concentration of isolated genomic
DNA was adjusted to 100 ng μL−1.

2.3.2. Sample Preparation and Polymerase Chain Reaction

The ribosomal DNA gene was selected as a conservative DNA locus for the cyanobac-
terial identification. The amplification of a 16S rRNA gene fragment from bacterial genomic
DNA was performed using primers: 8f, 806r, M23f, M23′f, 27f, 1492r, 1525r [25–27]. The
separation of the amplification products was carried out via DNA electrophoresis using
1% agarose gel in TAE buffer containing ethidium bromide (15 μg mL−1). The resulting
PCR products were treated with a mixture of Exol exonuclease and FastAP alkaline phos-
phatase to remove the remaining primers and dNTPs. To 10 μL of each amplicon, 1 μL of
Exol and FastAP was added and incubated for 30 min at 37 ◦C. The inactivation of enzymes
was carried out at 85 ◦C for 15 min [28].
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2.3.3. DNA Sequencing Using the Fragment of the Conserved Locus

DNA sequencing using the Sanger method was used to determine the nucleotide
sequence of the conserved locus [29]. The analysis of chromatograms and their comparison
with the reference sequence was carried out using the VectorNTI version 11 software
package and the NCBI database using the BLAST (Basic Local Alignment Search Tool)
service [30].

2.4. Methods for Quantification of Microalgal Cells and Determination of Biomass
Growth Productivity

The change in the concentration of cyanobacterial biomass was determined by mea-
suring the optical density on a PD-303UV spectrophotometer (Apel, Saitama, Japan) at
a wavelength of 540–590 nm. The biomass productivity was determined according to
Tsarenko et al. [31]. The cells were precipitated using a 5810R centrifuge (Eppendorf,
Hamburg, Germany) at 5000× g for 5 min at 25 ◦C. The growth rate coefficient of the
cyanobacterial cultures was calculated based on the increase in the cell number in the
experimental vessels, taking into account the initial cell number and the cell number after a
certain time.

2.5. Determination of the Heterocyst Formation Frequency

The frequency of heterocyst formation was analysed on nitrogen-free BG0-11 [32]
medium, and the control was a BG-11 nutrient medium with a standard composition.
Before the experiment, the cultures were kept in a stationary phase without nutrients for
3 days to minimize the effects of the previous BG-11 starting medium on the growth of
the cyanobacteria studied. Then, the cyanobacterial cells were centrifuged in the 5810R
centrifuge at 1000× g for 10 min and the pellets were washed twice in saline solution to re-
move residual N and P from the cell surface. Cells were then incubated in flasks containing
two versions of fresh media—BG-11 and BG0-11 without N—at the same temperature and
light intensity as described above. The frequency of heterocyst appearance was recorded
daily for 9 days under a light microscope (Micro Optix OPTIX C600, Wiener Neudorf,
Austria) at magnifications of 200 and 400. For this purpose, 4 mL of the sample was taken
with a micropipette, and a crushed droplet was prepared and analysed. Heterocysts were
identified by their thickened cell wall, pale colour, and the formation of the poles compared
to neighbouring cells [33]. The frequency of heterocysts was calculated as the percentage of
heterocyst density to the total density of vegetative cells when at least 10 fields of view were
counted per sample. Thus, the number of vegetative cells per heterocyst was determined
for 10 heterocysts, and the data are expressed as mean ± standard deviation. If there were
not enough cyanobacterial cells to count 10 heterocysts, the data were noted as too small
to count.

2.6. Determination of Photosynthetic Activity

Chlorophyll fluorescence parameters were measured using a Multi-function Plant
Efficiency Analyzer (M-PEA-2, Hansatech Instruments, King’s Lynn, UK) after 24 h of culti-
vation. The following fluorescence parameters were recorded during the experiments: F0 is
the fluorescence value at open reaction centres, and Fm is the maximum fluorescence after
a series of light flashes saturate the photosynthesis reaction centres. Before measurement,
samples were kept in the dark for 15 min. These measured quantities were used to calculate
the following parameters [34,35]:

FV = Fm − F0 is the maximum variable fluorescence;
FV/Fm is the maximum quantum yield of PSII of the primary photochemical reaction

in open PSII reaction centres: FV/Fm = ϕPo.
All measurements were carried out in at least five repetitions. The figures show data

of average values.
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2.7. Determination of Nitrogenase Activity Using the Acetylene Method

The cultures of cyanobacteria were cultivated in the light until the beginning of the
stationary phase of the cells. Then, they were centrifuged at 16,000× g for 20 min at
4 ◦C. The obtained biomass was adjusted to OD720 = 1.5, then 15 mL thick biomass was
transferred to 25 mL GC vial. Next, a gas mixture of 10% acetylene and 90% argon was
introduced into the GC vial within 30 min [36]. The cells inside the vial were cultured for 1,
2, 4, 8, 24, and 32 h at a photosynthetic photon flux density of 70 μmol (photons) m−2 s−1.
After incubation, 500 μL gas samples were withdrawn and the concentration of ethylene in
the gas mixture was determined. The redox activity of acetylene was determined on gas
chromatograph GC-15A (Shimadzu, Kyoto, Japan) in the form of nmol ethylene mg−1 DW
(dry weight) h−1.

2.8. Effect of Different Concentrations of Mo and Fe on Nitrogenase Activity

The influence of these metals on the cultures was studied in Allen’s medium. Of
the metals studied, Mo (0.017 μmol) is present in this medium as a trace element in trace
amounts and Fe (0.36 μmol) is present in an insignificant concentration. The study of the
stimulatory effect of these metals on nitrogenase and photosynthetic activities was carried
out with their additional introduction at different concentrations. Both metals were not
excluded from the medium because they are of crucial importance, since Fe, in addition
to the process of nitrogen fixation, is also necessary for cell growth, in particular for the
processes of photosynthesis and respiration.

Salt (FeCl3 × 6H2O) was added to the nutrient medium in concentrations of 1, 5,
10, and 15 μmol and Na2MoO4 in concentrations of 0.1, 0.5, and 5 μmol. The control for
all variants of the experiment was the Allen0 medium (without nitrogen source), which
contained Mo and Fe in concentrations equal to the composition of the standard medium.
The cyanobacterial cultures were first cultured in Allen’s medium for 7 days under light
at a temperature of 26 ◦C, then the cultures were transferred to Allen0 medium, which
also contained various concentrations of metals, and then the strains were cultured for an
additional 7 days until anaerobic conditions were established and the amount of ethylene
was recorded. Nitrogenase activity was determined after 1, 2, 4, 8, 24, and 32 h.

2.9. Pigment Content

To determine the quantitative composition of pigments, cyanobacterial isolates were
cultured for 14 days in Allen and Allen0 media, as well as in experimental variants with
added metals, and then pigment content was analysed. From each variant analysed, 4 mL of
a suspension of 14-day cyanobacterial culture was taken and then centrifuged at 15,000× g
for 7 min, and the supernatant was discarded. Then, 4 mL of pre-chilled (+4 ◦C) methanol
was added. The sample was homogenized by stirring (Silamat S6, 2 s), shaking (2000× g,
4 s), and pipetting. Then, the samples were covered with aluminium foil and incubated at
+4 ◦C for 20 min to extract pigments from the cells. Next, the samples were centrifuged
at 15,000× g, +4 ◦C for 7 min and the precipitate was discarded. The content of pigments
(chlorophyll a, carotenoid, and phycocyanin) was determined using a spectrophotometer at
wavelengths (A) of 470, 615, 650, 652, 665, and 720 nm using methanol as a control [37–39].

The concentration of the pigment content was calculated using Equations (1–3):

Chlorophyll a (μg m−1) = 12.9447 (A665 − A720) (1)

Carotenoid (μg mL−1) = 1000 (A470 − A720) − 2.86 (2)

Phycocyanin (μg mL−1) = (A615 − 0.474A652)/5.34 (3)

2.10. Statistical Analysis

The studies were conducted in 3–5 repetitions. The statistical data processing was
conducted using the RStudio software (version 1.3.959, R Studio PBC, 2020). An ANOVA
was used for the evaluation of significance. When the ANOVA proved a significant
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difference, Tukey’s HSD test was performed to compare. Based on Tukey’s HSD test,
treatments were categorized (into letters in descending gradation). To create graphs on the
evaluation of the nitrogenase and photosynthetic activities of cyanobacteria isolated from
rice paddies, Microsoft Office Excel 2013 was used. A phylogenetic tree was constructed
using the neighbour-joining method in Mega software 6.0 with 1000 bootstrap values [40].

3. Results

3.1. Isolation of Cyanobacteria Axenic Cultures from Rice Fields

To study the biodiversity of phototrophic microorganisms and isolate nitrogen-fixing
cyanobacteria, water, soil, algal mat, and plant samples were collected twice from rice fields
at the end of the rice seedling and tillering phases. The study of rice fields in the Kyzylorda
region, Republic of Kazakhstan (GeoCoordinate: 43◦54′16” N 67◦15′04” E), revealed a rich
biodiversity of algoflora consisting of 58 species, forms and varieties of microalgae belonging to
5 phyla, 10 classes, 19 orders, 26 families, and 29 genera. The taxonomic structure of the studied
algoflora is as follows: Cyanobacteria—25 (45%), Bacillariophyta—5 (10%), Euglenophyta—5 (3%),
Chlorophyta—18 (33%), and Charophyta—5 (8%).

At the same time, it must be noted that there is a certain seasonality in the occur-
rence of the species studied. Thus, if at the end of the rice seedling phase there was
a high frequency of occurrence of green algal species of the Chlorophyta and Charophyta
phyla, which form a bright green mass on the surface and in the water layer, at the end
of the tillering phase, they were replaced by representatives of the Cyanobacteria phylum,
especially Microcystis pulverea, Anabaena variabilis, Cylindrospermum sp., Merismopedia elegans,
Gloeocapsa minuta, Stranonostoc linkia, Oscillatoria limosa, Spirulina major, Phormidium ambiguum,
and Nostoc pruniforme. They are found in the water layer and on the surface, on the leaves and
stems of rice and weeds, and on the thallus of dying macroalgae. Representatives of diatoms
were more common at the rice seedling phase.

To isolate cyanobacteria, samples of the algal mat were taken towards the end of the
rice tillering phase. From the collected water, soil and algal mat samples and 18 enrichment
cultures of the dominant species of phototrophic microorganisms were obtained on enriched
media. Thirteen cyanobacterial and microalgal isolates, characterised by stable growth
under laboratory conditions, were obtained using the serial passage method, nine of which
were unialgal cultures.

Since the purpose of this work was to search for and study nitrogen-fixing cyanobacte-
rial strains, our attention was focused only on the filamentous forms of the isolated strains.
Thus, five promising isolates, namely SH-12, J-14, J-8, K-31, and J-1, had a filamentous
structure and probably belonged to cyanobacteria.

The microscopic examination of these isolates showed that the isolates J-14, K-31, J-8,
and J-1 belonged to the order of the Nostocales according to the morphological characteristics
and differed from isolate SH-12 in the form and function of cell differentiation. Thus, the
single, straight, sometimes slightly curved trichomes of these isolates consisted of blue-
green, spherical or cylindrical, isodiametric vegetative cells, narrowed or not at the ends,
with pronounced or slightly pronounced constrictions at stigma sites. A distinctive feature
of these isolates was the formation of the terminal and intercalary heterocysts when the
medium was exhausted on days 8–15 of cultivation; their size was not significantly different
from that of the vegetative cells. In addition, the formation of akinetes was observed in
the three isolates, J-14, K-31, and J-8, which were significantly different in size and shape
from the vegetative cells, especially isolate J-8. They consisted of cylindrical or oval cells,
were 5.1–7.7 × 2.6–3.4 μm in size, green, light-brown, yellow, granular and bordered on
being heterocystous. The formation of akinetes was not observed in isolate J-1. In addition,
this isolate was characterised by pronounced false branching of the trichomes, which made
the culture appear bushy. The morphological characteristics of the fifth isolate SH-12
resembled those of the genus Oscillatoria, order Oscillatoriales, whose main feature was the
non-differentiation of the trichomes. The culture consisted of homocytic, single, straight,
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single-rowed trichomes derived from small, homogeneous, cylindrical vegetative cells
lying close together.

A detailed description of each isolate studied is given below (Figure 1):

1. Culture J-14. Filamentous cyanobacteria. The trichomes are single, straight, not
narrowed at the ends and have pronounced constrictions at the stigma sites and
consist of blue-green spherical vegetative cells (length of 6–8 μm, width of 3–5 μm).
The heterocysts are, in most cases, intercalary, solitary, and light-brown. Akinetes
are rare, barely noticeably oval, their size does not differ from the size of the cells,
and they are characterised by a granular content. They reproduce by hormogonia.
Cultural characteristics: Grows well on Allen, Gromov, Bold, and BG-11 media at a
temperature of 23–28 ◦C, with an initial pH of 7. At the same time, on a solid medium,
prostrate growth is characteristic; on a liquid culture medium, growth is in the form
of films both on the surface and at the bottom of the flask. In the old culture or on
a medium with nitrogen deficiency, the development of heterocysts and akinetes is
observed. According to the systematic position, it is classified as cyanobacteria, class
Hormogeneae, order Nostocales, genus Nostoc, Nostoc sp.

2. Culture J-8. Filamentous cyanobacteria. Cells form straight, loose, immobile (weakly
motile) trichomes up to 15 μm in length, comprising up to 10 cells. The cells are cylin-
drical, isodiametric, sometimes barrel-shaped, and 1.8–6.8 × 2.3–4.3 μm in size. The
cells in the trichome are light, blue-green, uniform, and not granular. The heterocysts
are terminal, unipolar, spherical or elongated, yellow-green, and 3.0–5.9 × 2.3–3.2 μm
in size. The akinetes are mainly cylindrical, oval, large (5.1–7.7 × 2.6–3.4 μm), light-
brown, yellow, granular, and adjacent to the heterocysts. Sometimes there are two
akinetes at one end of the trichome. Reproduction is by binary cell division, in one
plane only. Cultural characteristics: On a solid medium they form slimy colonies, first
green, and then brownish in colour. They grow well at a temperature of 25–30 ◦C
on Allen and Bold media in the light at an initial pH of 7. Old cultures (10–15 days
of cultivation) contain both heterocysts and akinetes. Culture J-8 exhibited several
morpho-characteristics identical to Cylindrospermum badium [41], including similar size
dimensions of trichomes, vegetative cell, heterocysts, and akinete, and a flattened ex-
ospore. Therefore, the isolate J-8, after preliminary morphological identification, was
assigned to cyanobacteria, class Hormogeneae, order Nostocales, genus Cylindrospermum,
and species Cylindrospermum badium.

3. Culture K-31. The cells are cylindrical, barrel-shaped or spherical, pale- or light-
blue- or olive-green, with gas bubbles (vacuoles) or without, but sometimes with
granular contents. The terminal cells are slightly elongated, not vacuolated. The
heterocysts are intercalary, solitary, spaced apart, oval, sometimes spherical, and
usually slightly larger than the vegetative cells. The development of heterocysts was
observed when the medium was exhausted (on the 8–15th day of cultivation). The
akinetes are spherical, solitary, and located in the middle between two heterocysts.
This cyanobacterium reproduces by hormogonia. Cultural characteristics: On solid
culture medium, they form mucilaginous colonies, on liquid culture medium, they
precipitate mucilaginous amorphous tangles, and the walls of the flasks are fouled by
the culture. They were isolated on Allen’s culture medium and grow well on Bold’s,
Chu-10, and BG -11 media. The development of heterocysts was observed when the
medium was emptied at 8–15 days of cultivation. Optimal growth on this medium
was observed at a temperature of 25–28 ◦C [42,43]. Morphological identification of
the isolate shows that the isolate belongs to cyanobacteria, class Hormogeneae, order
Nostocales, family Nostocaceae, genus Trichormus, species Trichormus variabilis.

4. Culture J-1. Filamentous cyanobacteria. The cells formed straight, sometimes slightly
curved, immobile trichomes up to 10–15 μm in length. At the same time, bushiness
(bushy growth) is observed in some places due to the false branching of the trichomes,
which often occurs at the sites of heterocyst formation. The cells in the trichomes are
often cylindrical, isodiametric, and 1.3–3.2 μm in size. The cells in the trichome are
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light, green, uniform, and non-granular. The heterocysts are intercalary, spherical or
elongated, yellow-green, and 3–3.2 × −5.9 μm in size. The presence of akinetes was
not observed. Reproduction is by binary cell division, only in one plane. Cultural
characteristics: Yellow-green colonies form on a solid medium. They grow well at a
temperature of 25–30 ◦C on BG-11, Allen, and Bold media in the light, at an initial
pH of 7. According to taxonomic affiliation, they are assigned to cyanobacteria, class
Hormogeneae, order Nostocales, family Scytonemataceae, genus Tolypothrix, and species
Tolypothrix sp. [44].

5. Culture SH-12. A filamentous cyanobacterium with a mucilaginous sheath. No active
movement of the trichomes was observed, but some rocking of the trichome tips was.
The width of the cell is 2.6–5 μm, i.e., it is two- to three-fold shorter than the length.
They reproduce by binary cell division and in one plane only. Cultural characteristics:
On a liquid medium, the suspension is blue-green in mass, slightly mucous-like, and
precipitates into an amorphous precipitate that is easily stirred up. The strain develops
regardless of the season and remains axenic during storage. This cyanobacterium is
isolated on Gromov’s culture medium and grows well on Allen’s and BG-11 media.
Blue-green trichome balls form on the surface of Gromov’s agar medium. Optimal
cultivation conditions are on Gromov’s medium at an incubation temperature of
25–28 ◦C, medium pH was 7.5–8. Based on the morphological characteristics, which
are congruent with the description reported in previous literature, the isolated strain
was identified as Oscillatoria brevis [45,46]. According to the systematic position, they
belong to the cyanobacteria, class Hormogeneae, order Oscillatoriales, genus Oscillatoria,
and species Oscillatoria brevis.

Figure 1. Microscopic images of the cyanobacterial isolates: (A) Nostoc J-14, (B) Cylindrospermum J-8,
(C) Trichormus K-31, (D) Tolypothrix J-1, and (E) Oscillatoria SH-12. Formation of the different cell
types are marked in arrow colours: white—vegetative cells; red—heterocysts; blue—akinetes.

The isolated pure cultures are stored in the biotechnology laboratory of the Department
of Biotechnology of Al-Farabi Kazakh National University in the Collection of microal-
gae and cyanobacteria CCMKazNU (Culture Collection of microalgae, Al-Farabi Kazakh
National University).

13



Cells 2022, 11, 904

3.2. Genetic Identification of Isolated Strains and Phylogenetic Tree Construction

For the molecular identification of the isolated strains, DNA fragments of different
lengths were obtained. These DNA fragments were amplified with 16 rRNA universal
primers, and similar strands were identified in the NCBI BLAST online database.

Based on the data obtained, eight entries in the chain with high similarity were selected,
and several alignments were performed using the MUSCLE program. The phylogenetic
tree was constructed using MEGA 6 software based on the evolutionary distance calcu-
lated using the neighbour-joining method based on the Kimura-2-Parameter algorithm.
The statistical analysis of the tree topology was carried out using a loading analysis of
1000 repeated samples [47].

The phylogenetic tree consists of four main clusters and one group, each represented
mainly by different species of Cylindrospermum, Anabaena, Tolypothrix, and Oscillatoria.
Chlorella antarctica strain CCAP 211/45 (KU291887.1) was used as an outgroup.

Figure 2 shows the phylogenetic relationships of the neighbouring strains and the
topology of the tree, which is the basis for the sequential comparison of the taxa.

Figure 2. Isolated cyanobacterial strains and phylogenetic tree of neighbouring species.

The SH-12 strain (MH341423) was 99.76% close to Oscillatoria tenuis (JN382222.1) and
Uncultured Oscillatoria sp. clone GU3-6 (JN382233.1). The phylogram showed that strain
J-14 belongs to Nostoc genus, similar to Nostoc muscorum with accession number HF678508.1
(sc. = 2326; sim. = 99.38%), and Nostoc sp. with accession number KM019921.1 (sc. = 2298,
sim. = 99.45%). Strain J-1 showed 99.33% affinity to Tolypothrix tenuis (KM019944.1) and
99.41% similarity to Scytonema mirabile (KM019943.1) showed. 1354 nucleotide sequences
were obtained with a combination of two additional primers. The J-8 chains were identified
with universal primers 27f and 1492r and showed a close affinity with Cylindrospermum sp.
BTA1113 (KM652β630.1) (sc. = 785, sim. = 94.36%). The affinity of other neighbouring
species was 90.47%, such as Desmonostoc salinum (sc. = 702), Desmonostoc sp. (90.36%).
The results showed that strain K-31 was closely related to Nostoc sp. SAG 34.92, Anabaena
variabilis BTA with 96.62% and Trichormus variabilis 94.21% similarity. Despite the fact that
the percentage of similarity with Anabaena variabilis is greater, according to morphological

14



Cells 2022, 11, 904

features (the location of akinetes in relation to heterocysts), strain K-31 is assigned to the
genus Trihormus. The genus Trihormus was isolated from the genus Anabaena within the
subfamily Nostocoidae. According to the information available in the literature, the genus
Trichormus includes A. variabilis, A. azollae Strasb., A. doliolum Bharadw, and a number of
other species, and thus the names A. variabilis and T. variabilis (Kütz.) Kom. and Anagn. at
one time were considered synonyms [48]. However, despite this, the genus Trichormus is
characterized by the formation of akinetes from vegetative cells in the middle, between two
heterocysts, while in Anabaena cells, akinetes are formed nearby with heterocysts, and their
growth is directed away from the heterocysts. In the K-31 strain, akinetes were located
in the middle between two heterocysts at an equal distance; therefore, this strain was
assigned to the genus Trichomus. According to the research results, a genetic analysis of five
cyanobacterial cultures was performed based on phylogenetic analysis, their close groups
were identified, and phylogenetic trees were formed. The resulting nucleotide chains
were uploaded to the GenBank database (NCBI) and accession numbers were assigned.
Through phylogenetic and morphological analyses, the isolated new cyanobacterial isolates
were identified as follows: Trichormus variabilis K-31 (MZ079356), Cylindrospermum badium
J-8 (MZ079357), Nostoc sp. J-14 (MZ079360), Oscillatoria brevis SH-12 (MZ090011), and
Tolypothrix tenuis J-1 (MZ079361).

3.3. Investigation of the Productivity of Isolated Cyanobacterial Strains on a
Nitrogen-Free Medium

The next step was to investigate the ability of the isolated cyanobacteria to grow on
a nitrogen-free nutrient medium (Allen0) while determining the formation of heterocysts
on the filament and the nitrogenase activity of the strains under these conditions. For
this purpose, the cultures of four heterocystous cyanobacterial strains were grown on the
nutrient medium Allen0, and the number of heterocystous (HC) and vegetative cells (VC)
within a filament, as well as the growth rate coefficient of the cultured cyanobacteria, were
recorded daily. After 14 days, the biomass of the cyanobacteria was separated from the
culture fluid and dried and, thereafter, the yield of dry biomass was determined. The
results obtained are summarised in Table 1.

Table 1. The productivity results of isolated microalgal strains on a nitrogen-free medium (Allen0).
The data are presented as mean +/− SE (n = 3), p < 0.05.

Strain Growth Coefficient, μ (per Day) DW, g L−1

Trichormus variabilis K-31 0.28 ± 0.02 1.06 ± 0.09
Nostoc sp. J-14 0.27 ± 0.02 1.01 ± 0.09

Cylindrospermum badium J-8 0.19 ± 0.02 0.87 ± 0.08
Tolypothrix tenuis J-1 0.24 ± 0.02 0.91 ± 0.07

In general, it can be stated that all strains examined were able to grow on a nitrogen-
free medium. However, compared to the control, a significant prolongation of the lag phase
of culture growth on a nitrogen-free medium was observed. In the course of cultivation,
the growth rate coefficient of the examined strains reached different values, whereby the
most active growth was observed in the representatives of the order Nostocales—the strains
Trihormus variabilis K-31 and Nostoc sp. J-14—whose yield of dry biomass at the end of the
experiment was 1.06 ± 0.09 and 1.01 ± 0.09 g L−1, respectively.

The results obtained indicate a significant difference in the productivity of the represen-
tatives of the order Nostocales on a nitrogen-free medium: the highest productivity among
the strains studied was observed in Trihormus variabilis K-31 and Nostoc sp. J-14. The ability
to grow on a medium without nitrogen in all the cultures studied already indicates the
presence of nitrogen-fixing activity in isolated cultures of cyanobacteria. The registration
of the number of heterocysts showed that an increase in the number of heterocysts was
observed in all cultures on a nitrogen-free medium, despite a slight decrease in the growth
rate. After 9 days of culturing the strains on a nitrogen-free medium, it was found that
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there were no significant differences between the cultures grown on both Allen nutrient
medium and Allen0 nitrogen-free medium. In the experiment in Allen nutrient medium,
three strains were characterised by the active formation of heterocysts. It was found that
the cells of Trihormus variabilis K-31 formed 5 HC/filament, Nostoc sp. J-14, 3 HC/filament,
and the strains Cylindrospermum badium J-8 and Tolypothrix tenuis J-1 released a maximum of
4 HC/filament. These values are about two- to three-fold higher than in the control, where
the number of heterocysts correlates positively with cell density or biomass (Figure 3).

Figure 3. The frequency of heterocyst formation during nitrogen starvation in isolated cyanobacterial
strains. The species were grown in the Allen medium for 14 days. The biomass was collected and
transferred to the Allen0 medium. Then, heterocyst formation was studied under a light microscope.
Different letters on the bar and line chart indicate a significant difference at p < 0.05.

Then, five isolated cyanobacterial strains were tested for nitrogenase activity, in-
cluding Oscillatoria brevis SH-12. A cyanobacterial strain that does not form heterocysts
(Synechocystis sp. PCC 6803) was used as a control. The results of gas chromatography
showed that all strains of nitrogen-fixing cyanobacteria exhibited nitrogen activity in the
acetylene medium. However, their ability to reduce acetylene to ethylene was found to
vary. According to the results, among the species studied, the strain Oscillatoria brevis
SH-12 showed no nitrogenase activity, as expected, while the strain Trichormus variabilis
K-31 had the highest ethylene content (3.57 ± 0.26 nmol ethylene mg−1 DW h−1). In addi-
tion, the strains Nostoc sp. J-14 (2.82 ± 0.07 nmol ethylene mg−1 DW h−1) and Tolypothrix
tenuis J-1 (2.22 ± 0.06 nmol ethylene mg−1 DW h−1) showed good results. In the strain
Cylindrospermum badium J-8, this indicator was 1.36 ± 0.05 nmol ethylene mg−1 DW h−1

(Figure 4).
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Figure 4. Nitrogenase activity of isolated cyanobacterial strains. The cells were cultured until the
beginning of the stationary phase of the cells. Next, collected biomass was transferred to the Allen0

nitrogen-free medium. After 24 h, the concentration of ethylene was measured. The data are presented
as mean +/− SE (n = 3). Different letters on the bar indicate a significant difference at p < 0.05.

Thus, based on the experiments, it was found that four out of five isolated cyanobacte-
rial strains have some ability to fix nitrogen. The best results were obtained for representa-
tives of the order Nostocales. The strains Trihormus variabilis K-31 and Nostoc sp. J-14 had
the highest nitrogen fixation activity.

3.4. Influence of Mo and Fe on Photosynthetic and Nitrogenase Activities of Isolated
Cyanobacterial Strains

The effect of the investigated biogenic metals on the photosynthetic activity of the
isolated strains was assessed using some fluorescence parameters and the biomass pig-
ment composition. Using an M-PEA-2 fluorimeter, which allows for the simultaneous
measurement of induction fluorescence curves and the redox conversions of photosystem
components in the microsecond range, the effect of different concentrations of molybdenum
(Mo) and iron (Fe) on the maximum quantum yield of PSII of the primary photochemical
reactions Fv/Fm (ϕPo) was investigated as a first step. This indicator was determined at
the time of the peak of nitrogenase activity in a nitrogen-free medium (i.e., according to
preliminary data, this is about 24 h).

According to the data obtained, the maximum quantum yield of PSII of the primary
photochemical reactions Fv/Fm correlated positively with an increase in the Fe concen-
tration in the medium in both strains. In Trihormus variabilis K-31, a linear increase in the
Fv/Fm parameter was observed with increasing Fe concentration, from values of 0.31 to
0.58 at 1 to 10 μmol Fe concentrations. With a further increase in the metal concentration to
15 μmol, a sharp decrease in the Fv/Fm value to 0.28 is observed (Figure 5).

The strain Nostoc sp. J-14 showed a similar pattern and differed from Trichomus variabilis
K-31 with lower values. In general, a clear relationship between Fe concentration and PSII
photochemical quantum yield was also observed. Thus, Fv/Fm values for Nostoc sp. J-14 were
50% lower under conditions of low metal concentration (1 μmol) and were 0.26 compared to
conditions of medium enrichment with 10 μmol Fe (0.50).
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Figure 5. Maximum quantum yield of PSII (Fv/Fm) of primary photochemical reactions at different
Mo and Fe concentrations for Trihormus variabilis K-31. The culture was grown on Allen medium for
7 days. The obtained biomass was transferred to the medium containing different concentrations of
Fe (1, 5, 10, and 15 μmol) and Mo (0.1, 0.5, 1, and 5 μmol) metals. Then, the ratio of Fv/Fm values
was measured. The data are presented as mean +/− SE (n = 4). Different letters on the bar indicate a
significant difference at p < 0.05.

It should be noted that in the experiments with Mo, despite its stimulating effect on
nitrogenase activity in cyanobacteria, the parameters of the maximum quantum yield of
PSII of the primary photochemical reactions Fv/Fm were significantly lower compared
to Fe.

Thus, within the investigated Mo concentrations, the maximum value of the Fv/Fm
parameter was found at a Mo concentration of 1 μmol. For the strain Trihormus variabilis
K-31, this value was 0.42, for Nostoc sp. J-14, 0.32. The ratio of Fv/Fm values for both strains
at different Mo and Fe concentrations in comparison is shown in Figure 6.

Figure 6. PSII maximum quantum yield Fv/Fm (ϕPo) of primary photochemical reactions at different
Mo and Fe concentrations for Nostoc sp. J-14. The culture was grown on Allen medium for 7 days.
The obtained biomass was transferred to the medium containing different concentrations of Fe (1,
5, 10, and 15 μmol) and Mo (0.1, 0.5, 1, and 5 μmol) metals. Then, the ratio of Fv/Fm values was
measured. The data are presented as mean +/− SE (n = 4). Different letters on the bar indicate a
significant difference at p < 0.05.
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To investigate pigment composition, the strains were cultured for 14 days in Allen
medium without nitrogen, after which the resulting biomass was analysed for chlorophyll
a, carotenoid, and phycocyanin content. Metal concentrations were selected based on
preliminary studies. Since the yield of dry biomass was different in the different variants
of the experiment, the content of pigments was recalculated for 1 mg g−1 DW. The results
obtained are summarised in Table 2.

Table 2. Pigment composition of cyanobacterial isolates under the influence of the metal. Different
letters within one pigment indicate a significant difference at p < 0.05.

Strain Metal
Concentration,

μmol

Pigment Content, mg g−1 DW

Chlorophyll a Carotenoid Phycocyanin

Trichormus
variabilis K-31

Mo 1 0.38 ± 0.024 0.18 ± 0.016 0.19 ± 0.011
Fe 10 0.46 ± 0.018 0.23 ± 0.014 0.58 ± 0.018

Control A 1 NA 3 0.29 ± 0.015 0.14 ± 0.012 0.15 ± 0.011
Control B 2 NA 0.45 ± 0.014 0.22 ± 0.011 0.18 ± 0.012

Nostoc sp. J-14
Mo 1 0.31 ± 0.021 0.23 ± 0.023 0.13 ± 0.013
Fe 10 0.37 ± 0.019 0.25 ± 0.016 0.47 ± 0.015

Control A 1 NA 0.31 ± 0.011 0.22 ± 0.011 0.11 ± 0.012
Control B 2 NA 0.35 ± 0.011 0.24 ± 0.019 0.21 ± 0.015

1 Allen0 medium. 2 Allen medium. 3 NA— not added.

The obtained results show that the metals concentrations optimal for nitrogen fixa-tion
affect the process of photosynthesis in different ways, especially the pigments content.
As expected, the addition of Fe to the medium compared to Mo increases the photosyn-
thetic activity of both cyanobacterial strains under nitrogen deficiency. Thus, considering
Trichomus variabilis K-31, the content of chlorophyll a in control A (medium without nitro-
gen) was 0.29 ± 0.015 mg g−1 DW being significantly higher in the presence of 10 μmol
Fe (0.46 ± 0.018 mg g−1 DW). In control B (Allen medium with standard composition) the
content of chlorophyll a was 0.45 ± 0.014 mg g−1. The content of carotenoid in the presence
of Fe was amounted to 0.23 mg g−1, which corresponded to control B—0.22 ± 0.011 mg g−1,
while this indicator on the medium without nitrogen was 0.14 ± 0.012 mg g−1. A slightly
different picture was obtained for phycocyanin. The best accumulation of phycocyanin
was observed in the presence of Fe (0.58 ± 0.018 mg g−1) compared to the controls and the
Mo variant.

The influence of the selected Mo and Fe concentrations on the nitrogenase activity of
Trichormus variabilis K-31 and Nostoc sp. J-14 was determined after 1, 2, 4, 8, 24, and 32 h.

The results obtained proved the stimulating effect of the investigated metals on the
nitrogenase activity of the cyanobacteria.

Thus, in Trichomus variabilis K-31, when exposed to 1 μmol Mo, the maximum accumu-
lation of C2H4 was observed after 24 h and 5.2 ± 0.6 nmol ethylene mg−1 DW h−1, which
is 48% higher than in the control (Figure 7). According to the data obtained, nitrogenase
activity was high up to 24 h, and the amount of ethylene decreased in the following hours.
This, in turn, is closely related to a decrease in glycogen stores. As you know, nitrogen
fixation is an energy-rich process in which the nitrogenase releases three identical products
simultaneously. Sufficiently good results were obtained with Fe addition, and the maxi-
mum oxidation of C2H4 showed 4.2 ± 0.8 nmol ethylene mg−1 DW h−1 at a concentration
of 5 μmol after 24 h of the experiment.

It should be noted that nitrogenase activity was significantly lower in the control. The
content of ethylene reached 1.6 ± 0.5 nmol ethylene mg−1 DW h−1 in the first hours of the
experiment, which increased to a maximum point of 3.6 ± 0.5 nmol ethylene mg−1 DW h−1

after 24 h of the experiment.
In the experiment with the strain Nostoc sp. J-14, the isolate also showed ethylene

activity when exposed to the investigated metals; however, the oxidation of C2H4 was
comparatively lower than that of Trichormus variabilis K-31. At 1 μmol Mo, 1.5 ± 0.2 nmol
ethylene mg−1 DW h−1 C2H4 was measured after 1 h. A high rate of oxidation of C2H2
to C2H4 was observed after 24 h (4.4 ± 2.6 nmol ethylene mg−1 DW h−1), which is 57%
more than in the control. Under the influence of Fe, the maximum oxidation of C2H4
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at a concentration of 10 μmol after 24 h of the experiment was 3.8 ± 0.7 nmol ethylene
mg−1 DW h−1 (35% more than in the control), in the following hours, a noticeable decrease
in this indicator was observed (Figure 8).

Figure 7. Metal-induced increase in nitrogenase activity in Trichormus variabilis K-31 cells. The culture
was grown on Allen medium for 7 days. Then, the cells were transferred to media containing Mo
(1 μmol) and Fe (10 μmol) at time 0. Acetylene yield was measured at 1, 2, 4, 8, 24, and 32 h after the
addition of the Mo and Fe containing salts. The data are presented as mean +/− SE (n = 5). Different
letters on the bar indicate a significant difference at p < 0.05.

Figure 8. Metal-induced increase in nitrogenase activity in Nostoc sp. J-14 cells. The culture was
grown on Allen medium for 7 days. Then, the cells were transferred to media containing Mo (1 μmol)
and Fe (10 μmol) at time 0. Acetylene yield was measured at 1, 2, 4, 8, 24, and 32 h after the addition
of the Mo and Fe containing salts. The data are presented as mean +/− SE (n = 5). Different letters on
the bar indicate a significant difference at p < 0.05.

According to the results obtained, it was found that the examined concentrations of
each metal have a stimulating effect on nitrogenase activity and operation.
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4. Discussion

Soil erosion and the restoration of arable land after the excessive use of chemical
fertilisers can be improved by switching to organic farming, and restoration is generally
ensured by the use of biofertilisers as well as by restoring the biological components of
the soil. Cyanobacteria, fulfilling many different functions in the soil ecosystem, can be
considered to be as promising objects in agrobiotechnology to produce biofertilisers. It is
known that the absorption activity of plant root systems leads to an increased outflow of
nitrogenous metabolites from the soil. The replenishment of this pool can be maintained by
the high activity of the cyanobacterial nitrogenase complex. The study of the phototrophic
microorganism biodiversity in the rice fields of Kazakhstan and the isolation of nitrogen-
fixing cyanobacteria from water, soil, algal mat, and plant samples was carried out to search
for active strains of great practical interest.

The observed rich biodiversity of microalgae and cyanobacteria in the algoflora of
the rice fields of the Kyzylorda region, with the characteristic seasonality of the species
encountered, is certainly primarily related to the hydrological regime and soil properties, as
well as the rice cultivation phase, the use of agrotechnical methods of rice cultivation, and
seasonal temperature phenomena. Thus, during the period characterised by increased rice
development, increasing shading of the water surface is observed, leading to a noticeable
change in the ratio of the green species number, and they are replaced by shade-tolerant
species of blue-green algae and diatoms, which form continuous films on the bottom of the
rice fields.

The study of the morphological characteristics of the isolated strains J-14, K-31, J-8, J-1,
and SH-12 allowed us to determine their affiliation to the orders Nostocales and Oscillatoriales,
and through the analysis of phylogenetically similar species, they were identified as follows:
Trichormus variabilis K-31 (MZ079356), Cylindrospermum badium J-8 (MZ079357), Nostoc sp.
J-14 (MZ079360), Oscillatoria brevis SH-12 (MZ090011), and Tolypothrix tenuis J-1 (MZ079361).

An examination of the ability of the isolated heterocystous cyanobacteria to grow on a
nitrogen-free nutrient medium, the heterocysts formation on a filament, and the nitrogenase
activity of the strains under these conditions showed that all the strains examined could
grow on a nitrogen-free medium. The results indicate a difference in the productivity
of the representatives of the order Nostocales on a nitrogen-free medium. The cells of
Trichormus variabilis K-31 and Nostoc sp. J-14 showed the highest productivity among
the strains studied. The ability of all cultures examined to grow on a medium without a
nitrogen source already indicates the presence of nitrogen-fixing activity in the isolated
cyanobacterial cultures. However, compared to the control, a significant prolongation
of the lag phase was observed on a nitrogen-free medium, which is apparently related
to the adaptation of the cells to these conditions and the subsequent differentiation of
some vegetative cells into heterocysts, with a corresponding shift in all phases of microbial
population development. As is known, the formation of heterocysts begins after about 20 h
of nitrogen starvation. This is because the genes for nitrogen fixation (nif ) are expressed
about 18–24 h after nitrogen deprivation [49].

Thus, the registration of the number of heterocysts in our studies showed that an
increase in the number of heterocysts was observed in all cultures on a nitrogen-free
medium, despite a slight decrease in the growth rate. Our results confirm the influence of
nitrogen availability for cyanobacterial cells on the frequency of heterocyst formation and
the species specificity of this factor. According to data in the literature, in the absence of a
nitrogen source in the culture medium, 5–10% of the cells of the filaments of nitrogen-fixing
cyanobacteria differentiate into heterocysts within about 24 h [50]. Heterocysts supply the
vegetative cells with fixed nitrogen and receive carbohydrates from them in return [51,52].
This mutual exchange of balanced nutrients is regulated at the gene level to ensure their
optimal growth and adaptation for long-term survival. At the same time, the genes
responsible for heterocyst differentiation control their ratio to the number of vegetative
cells on the filaments, ensuring an adequate balance between fixation by vegetative cells
and nitrogen fixation by heterocysts. Thus, the NtcA-regulated patD gene is reported to
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control the ratio of heterocysts relative to vegetative cells on the filaments of Anabaena sp.
PCC 7120 [53]. It should be noted that according to our results, the frequency of heterocyst
formation was even significantly higher under nitrogen deficiency in the medium in some
strains. Thus, in the filamentous cyanobacterium Trichormus variabilis K-31, 15–20 cells
differentiated into heterocysts with an average initial frequency of 8.2 ± 1.8 vegetative cells
per heterocyst, indicating the species specificity of this factor.

Subsequently, five isolated cyanobacterial strains were tested for their nitrogenase
activity, including Oscillatoria brevis SH-12. Although this strain does not form heterocysts,
according to recent data, the ability to fix nitrogen is characteristic not only of heterocys-
tous strains, but also of those in which the processes of nitrogen molecule reduction and
photosynthesis are separated in time and regulated by a circadian rhythm [54]. Based on
the experiments, it was found that four of the five isolated cyanobacterial strains have some
ability to fix nitrogen. Consequently, the best results were obtained for representatives
of the order Nostocales. The strains Trihormus variabilis K-31 and Nostoc sp. J-14 had the
highest nitrogen fixation activity. In contrast to the existing data on the nitrogenase activity
of species of the genus Oscillatoria [55], we could not detect nitrogenase activity in the cells
of Oscillatoria brevis SH-12 in our study.

The activation of the process of nitrogen fixation is not only closely linked to the pool
of nitrogen in the medium, but also depends on various external factors, including the
content of various heavy metals. The process of nitrogen fixation is ensured by the work of a
complex enzyme with several subunits and substrates called nitrogenase, which contains a
metal in its active centre, and undoubtedly depends on their concentrations in the medium.
Depending on the metal contained in the active centre, three types of nitrogenase are
distinguished: Mo-nitrogenase (Mo), V-nitrogenase (V), and Fe-nitrogenase (Fe). In this
context, it was advisable to investigate the effects of different Mo and Fe concentrations
on the nitrogenase activity of the isolated strains and to select the optimal concentrations.
For this purpose, two productive strains of the cyanobacteria Trihormus variabilis K-31 and
Nostoc sp. J-14, which were proven to be the most active in previous studies, were selected.

The results obtained evidenced the stimulating effect of certain concentrations of the
investigated metals on the cyanobacterial nitrogenase activity. The best results in the study
of nitrogenase activity of Trichormus variabilis K-31 were obtained when it was exposed to
Mo at a concentration of 1 μmol and 10 μmol Fe.

Thus, according to the research results, it was found that a certain amount of each metal
studied has a stimulating effect on the operation of nitrogenase. According to the available
literature data, nitrogenase responds to the availability of Fe and Mo in the media [56]. In
our studies, the best results were obtained for both cyanobacterial cultures in the variants of
the experiment with Mo at a concentration of 1 μmol and 10 μmol Fe. The results obtained
confirm the presence of both types of nitrogenases in the cyanobacterial isolates studied. It
is known that in such cases when the Mo concentration in the medium becomes limited, the
work of alternative nitrogenases is expressed [57,58]. Thus, when Mo availability is higher,
an increased efficiency of Mo nitrogenase is observed compared to V- and Fe-dependent
enzymes [59]. In contrast to another metal studied, Mo is involved in nitrogen metabolism
only in cyanobacterial cells and, although the cellular requirement for Mo is very low, this
metal plays an essential role in the functioning of nitrogenase, the key element in nitrogen
fixation [60]. A deficiency of Mo, which is part of the Fe-Mo cofactor of the enzyme, leads
to a decrease in nitrogen fixation despite higher heterocyst and pigment concentrations [61].
When molybdate is excluded from the medium and vanadate is absent, the nitrogenase
genes nif 1 and vnf are expressed in heterocysts. However, since they cannot produce
nitrogenase, these nitrogen-depleted cells produce a very high frequency of heterocysts
and overexpress nitrogenase genes [62,63]. Our observations suggest the stimulatory effect
of Mo on the activation of the enzyme. Increasing the Mo concentration to 1 μmol increases
the activity of nitrogenase. The results obtained correlate with the data available in the
literature. Thus, according to the data presented, the growth rate of A. variabilis was almost
the same under the influence of V and Mo, but the catalytic efficiency of the alternative

22



Cells 2022, 11, 904

nitrogenase was significantly lower than that of the MoFe-nitrogenase [64]. It was also
found that the activity of VFe-nitrogenase in Azotobacter was about 1.5-fold lower than that
of MoFe-nitrogenase under the same cultivation conditions [65].

Iron plays an equally important role in the process of nitrogen fixation. As is known,
nitrogen fixation is an Fe-dependent process, since the nitrogenase complex contains
38 Fe atoms per holoenzyme [66]. Among the strains examined, nitrogenase activity was
significantly higher after Fe addition in the culture of Trichormus variabilis K-31 (4.2 nmol
ethylene mg−1 DW h−1) compared to Nostoc sp. J-14 (3.8 nmol ethylene mg−1 DW h−1). At
the same time, among the concentrations that were studied, 10 μmol was optimal, a lower
concentration (1 μmol) was not effective enough, and a high concentration (15 μmol) had a
toxic effect, leading to negative changes in culture growth and low nitrogen fixation. The
need for Fe in nitrogen reduction processes is related to the fact that these processes require
Fe both in enzymes and for the ferredoxin-mediated provision of the restorative energy
of photosynthesis or respiration [67]. Nitrogen fixation metabolism requires the synthesis
of Fe and Fe-Mo subunits. In nitrate reduction (either from nitrogen fixation or from an
external source), Fe is directly involved in nitrite reductase and, as a ferredoxin cofactor,
for nitrate reductase. An iron limitation has been reported to reduce nitrate reductase
levels in algae [68]. The entire pathway of nitrogen reduction (from either dinitrogen or
nitrate) requires a flux of reducing agents from photosynthesis, resulting in an increased
cellular demand for these Fe compounds [69]. It has been reported that nitrogen-fixing
cyanobacteria require up to 10-fold more Fe than the same species growing at the same rate
on nitrates [70,71].

The chosen concentrations of these metals were optimal for both nitrogen fixation
and photosynthesis. At the same time, as expected, the addition of Fe in a nitrogen-free
medium compared to Mo increased the photosynthetic activity of both cyanobacterial
strains compared to control A (Allen medium without N source). It is known that Fe
is necessary as a redox catalyst in photosynthesis and nitrogen assimilation for electron
transfer and the formation of NADPH. Iron deficiency can reduce the concentration of
chlorophyll and carotenoid in the cells of phototrophic microorganisms [5,72].

5. Conclusions

The broad spectrum of activity of cyanobacteria and their importance for the biosphere
and the economy of humankind are good reasons to study and understand their diversity,
conservation, and use in the interest of our society. Nitrogen-fixing cyanobacteria, for
example, which have the simplest nutrient requirements in nature, make an enormous
contribution to the nitrogen cycle and, thus, to the greening of agriculture. Maintaining an
equilibrium of nitrogen input into the soil as a result of the process of nitrogen fixation is
crucial for maintaining soil fertility over long periods. Although a large amount of data has
been collected today on the diversity of cyanobacteria in aquatic and soil ecosystems, the
search for new strains of cyanobacteria that have great potential for agricultural biotechnol-
ogy and the replenishment of microbial collections is very important and relevant. This
paper presents the results of isolating new nitrogen-fixing cyanobacterial strains and study-
ing their photosynthetic and nitrogenase activities, as well as the prospects for stimulating
their nitrogenase activity with two metals important for the process of nitrogen fixation. The
optimal concentrations for cyanobacterial growth and stimulation of nitrogenase activity
were determined.
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Abstract: Varying the spectral composition of light is one of the ways to accelerate the growth of
conifers under artificial conditions for the development of technologies and to obtain sustainable
seedlings required to preserve the existing areas of forests. We studied the influence of light of
different quality on the growth, gas exchange, fluorescence indices of Chl a, and expression of key
light-dependent genes of Pinus sylvestris L. seedlings. It was shown that in plants growing under
red light (RL), the biomass of needles and root system increased by more than two and three times,
respectively, compared with those of the white fluorescent light (WFL) control. At the same time, the
rates of photosynthesis and respiration in RL and blue light (BL) plants were lower than those of
blue red light (BRL) plants, and the difference between the rates of photosynthesis and respiration,
which characterizes the carbon balance, was maximum under RL. RL influenced the number of
xylem cells, activated the expression of genes involved in the transduction of cytokinin (Histidine-
containing phosphotransfer 1, HPT1, Type-A Response Regulators, RR-A) and auxin (Auxin-induced
protein 1, Aux/IAA) signals, and reduced the expression of the gene encoding the transcription factor
phytochrome-interacting factor 3 (PIF3). It was suggested that RL-induced activation of key genes of
cytokinin and auxin signaling might indicate a phytochrome-dependent change in cytokinins and
auxins activity.

Keywords: photomorphogenesis; Pinus sylvestris; light of various spectral composition; photosynthesis;
chlorophyll fluorescence; gene expression; pigment content

1. Introduction

The quality of light is an important factor in regulating plant growth and development
during ontogenesis, including germination, photomorphogenesis, flowering induction,
etc. At the beginning of ontogenesis, most plants are forced to vegetate under shading
conditions while growing underneath taller plants, which also leads to a decrease in the
quality of light. Green and far-red light (FRL) predominate under the forest canopy because
light in the red and blue ranges of the spectrum is effectively absorbed by the chlorophyll
of taller plants. This forces the seedlings of most woody plants to adapt to indifferent
light qualities [1]. For example, plants growing under a forest canopy acclimatize to a low
red:far red (R:FR) ratio, which causes shoot elongation [1]. It was previously shown that
blue light (BL), on the contrary, inhibits shoot growth [2,3]. This leads to plants with a high
BL level and a high R:FR ratio growing low but with an increased leaf surface, which in
turn affects the intensity of photosynthesis [4].

The observed changes in the global climate under all forecast scenarios suggest a
decline in coniferous species in the temperate zone of Europe [5]. In this regard, the
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development of technologies for obtaining sustainable seedlings is required to preserve the
existing areas of coniferous forests. Varying the spectral composition of light can be one
of the simplest ways to accelerate the growth of seedlings under artificial conditions [6].
However, to select the optimal spectral composition of light under artificial light conditions,
it is necessary to know how the light of different spectral ranges affects the growth and
photosynthetic parameters of seedlings of coniferous plants.

Plants have several types of photoreceptors that respond to changes in environmental
light conditions. Under natural light, plants are simultaneously exposed to light of dif-
ferent wavelengths, resulting in cross-signaling of light between multiple photoreceptors.
Phytochromes are among the most characterized photoreceptors. They are RL and FRL
sensors and they regulate many developmental processes, including seed germination and
hypocotyl growth [1]. Other well-known receptors, the cryptochromes, perceive light in
the blue and UV ranges of the spectrum. They are involved in the growth processes and
de-etiolation of seedlings and are also involved in circadian rhythms [7]. Photoreceptors
have been studied in detail in Arabidopsis thaliana. They include five phytochromes (PHYA
to PHYE) and two major cryptochromes (CRY1 and CRY2). In gymnosperms, PHYN is
orthologous to PHYA of angiosperms, while PHYO is orthologous to PHYC [8]. In addition,
gymnosperms have PHYP, which genetically occupies an intermediate position between
the PHYB of Oryza sativa and the PHYE of Arabidopsis thaliana [9]. From the experiments
carried out by Clapham et al., 2002, it was found that pine and spruce react to the RL/FRL
ratio differently than angiosperms, which confirms the uniqueness of the phytochrome
system of gymnosperms [10].

In addition to the quality of light, plant growth is also affected by hormonal bal-
ance [11]. The lighting conditions cause the level of hormones in plants to change, which
leads to a change in photosensitivity. For example, exogenous hormones can stimulate
plant growth by acting as mediators in the processes of light signal transduction [12]. In
turn, light by photoreceptors regulates the metabolism of various hormonal signals. Thus,
PHYA affects the metabolic pathways of gibberellins and indoleacetic acid [11], as well
as key components of light signaling, such as the transcriptional factors (TFs): PIF3, PIF4,
and HY5 [13]. The main phytohormones are associated with light-mediated growth regula-
tion [14–16], while the stimulation of cell growth involves auxins and cytokinins [17–19].
The light of different spectral compositions affects the activity of endogenous hormones
through the regulation of secondary metabolism; for example, blue light promotes the
accumulation of flavonoids, which in turn affects the polar transport of auxin [20].

The aim of this work was to understand how the conditions of light of different
spectral composition affect the growth, morphometric, and photosynthetic characteristics
of Pinus sylvestris seedlings. At the same time, special attention was given to the possible
relationships of the processes of growth, photosynthesis, and respiration with the intensity
of expression of the main genes encoding proteins of photosystems, and the genes involved
in light and hormonal signalling of Pinus sylvestris plants under light of various spectral
quality. The obtained results can be used to create artificial lighting systems in forest
nurseries to accelerate the cultivation of planting material, and they also have applications
in biotechnology.

2. Materials and Methods

2.1. Plant Materials and Experimental Design

Seeds of Scots pine (P. sylvestris L.) were collected in the Bryansk region (Bryansk,
Russia) from high-productivity pine stands in complex forest types. Seeds were germinated
and grown in hydroculture on individual substrates in polypropylene cartridges filled
with 1% agar bungs in individual boxes of the climatic chamber under red (maxima of
660 nm), blue (maxima of 450 nm), red + blue (maxima of 660 and 450 nm) LEDs, as well
as under fluorescent lamps (58 W/33–640, white fluorescent lamps (Philips, Pila, Poland),
130 ± 10 μmol (photons) m−2 s−1) for 6 weeks. (Figure 1).
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Figure 1. Emission spectra of the light sources used in the experiments. Spectra of blue light (BL)
with a peak at 450 nm (1), blue + red (BRL) with two maxima at 445 nm and 660 nm (2), white
fluorescent lamps (WFL) with a set of peaks in the visible spectral region (3), and red light (RL) with
a peak at 660 nm (4).

After seed coat rupture and cotyledon expansion, the seedlings were transferred to a
nutrient solution [21]. The seedlings were cultivated in 6 L plastic trays (171 seed beds per
tray) in a growth chamber that provided a constant air temperature of 24 ± 2 ◦C and a 16 h
photoperiod. The nutrient solutions were constantly aerated and renewed once a week.
During the week, a constant volume of the nutrient solution was maintained by adding
distilled water.

The fresh biomass of the roots and needles was determined using an analytical balance
(Scout Pro SPU123, Ohaus Corporation, Parsippany, NJ, USA) with an accuracy of 1 mg,
after which the samples were fixed in liquid nitrogen and stored at −70 ◦C until biochemical
analyses. The fixation was carried out under the conditions of the light in which the plants
grew without exposure to another light.

2.2. Pigment Contents

The contents of chlorophyll a (Chl a) and b (Chl b) and total carotenoids (Car) in
pigment extracts of all studied needles were determined spectrophotometrically in 80%
acetone [22].

2.3. Measurements of CO2 Gas Exchange

The photosynthetic rate (Pn) was determined in a closed system under light conditions
using an LCPro + portable infrared gas analyser from ADC BioScientific Ltd. (United
Kingdom) connected to a leaf chamber. The CO2 uptake per leaf area (μmol m−2s−1) was
determined. The rate of photosynthesis of the leaves in the second layer from the top was
determined at a saturating light intensity of 1000 μmol (photons) m−2 s−1. Previously,
we recorded the light curves in the interval of intensities from 0 to 1200 μmol (photons)
m−2 s−1. The light intensities in the region from 600 to 1200 μmol (photons) m−2 s−1 were
saturated. After measuring the rate of photosynthesis, the light was turned off, and the
rate of dark respiration was measured.
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2.4. Determination of Photochemical Activity

Fluorescence parameters characterizing the state of the photosynthetic apparatus
were calculated on the basis of induction fluorescence curves obtained using data from
the JIP test, which is usually used to evaluate the state of PSII. Chlorophyll (Chl) fluo-
rescence induction curves (OJIP curves) were recorded with the setup Plant Efficiency
Analyser (Handy-PEA, Hansatech Instruments Ltd., London, UK). For the JIP test, OJIP
curves were measured under illumination with blue light at an intensity of 3500 μmol
(photons) m−2 s−1 for 1 s.

On the basis of induction fluorescence curves (OJIP curves), the following parameters,
which characterize the PSII photochemical activity, were calculated: Fv/Fm, the PSII
maximum quantum photochemical yield, and PIABS, the PSII performance index [23,24].
Here, Fv is the value of variable fluorescence, equal to the difference between Fm and F0;
F0 is the minimum amplitude of fluorescence (F), and Fm is the maximum amplitude of
fluorescence. For calculation of the PIABS, the following formula was used:

PIABS = (Fv/Fm)/(M0/Vj) × (Fv/F0) × (1 − Vj)/Vj); M0 = 4 × (F300μs − F0)/(Fm − F0); and Vj = (F2ms − F0)/(Fm − F0)

where M0 is the average value of the initial slope of the relative variable fluorescence of
Chl a, which reflects the closing rate of the PSII reaction centers, and Vj is the relative level
of fluorescence in phase J after 2 ms.

PAM fluorimetry (Junior-PAM, Walz, Germany) was used to evaluate the photo-
synthetic apparatus state. The values F0, Fv, Fm, Fm

′, and F′, as well as the PSII maxi-
mum (Fv/Fm) and effective Y(II) (Fm

′−Ft)/Fm
′ photochemical quantum yields and non-

photochemical quenching (NPQ) (Fm/Fm
′−1), were determined. Here, Fm and Fm

′ are the
maximum Chl fluorescence levels under dark- and light-adapted conditions, respectively.
Fv is the photoinduced change in fluorescence, and Ft is the level of fluorescence before
a saturation impulse is applied. F0 is the initial Chl fluorescence level. Actinic light was
switched on for 10 min [I = 125 μmol (photons) m−2 s−1].

2.5. RNA Extraction and qRT-PCR

RNA isolation was performed according to the method of Kolosova et al. (2004) [25]
with some modifications suggested by Pashkovskiy et al. (2019) [26]. The quantity and
quality of the total RNA were determined using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). cDNA synthesis was performed using the
M-MLV Reverse Transcriptase Kit (Fermentas, Canada) and the oligo (dT) 21 primer for
genes of nuclear coding and random 6 (Evrogen, Moscow, Russia) for chloroplast coding
genes expression. The expression patterns of the genes were assessed using the CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The transcript lev-
els were normalized to the expression of the Actin 1 gene. The mRNA levels were expressed
as a ratio of the corresponding values for the WFL plants. The relative gene-expression
signal intensity at the WFL plants was considered to have a value of 1. Gene-specific
primers (Table 1) for photosystem II protein D1 (psbA, ABO77179.1), cryptochrome 1 (Cry1,
K7R334), cryptochrome 2 (Cry2, T2FFB6), phytochrome P (phyP, AIY54822.1), phytochrome
N (phyN, AFV79519.1), phytochrome O (phyO, A7Y6Q6), phytochrome-interacting factor
3 (PIF3, D5ABG4), chalcone synthase (CHS, AF543757.1), stilbene synthase (STS, S50350.1),
histidine-containing phosphotransfer 1 (HPT1, ALN42232.1), type-A response regulators
(RR-A, FJ717710.1), and auxin-induced protein 1 (Aux/IAA, AY289600.1) were selected us-
ing nucleotide sequences from the National Center for Biotechnology Information (NCBI)
database (Available online: http://www.ncbi.nlm.nih.gov (accessed on 15 May 2021))
and database www.uniprot.org (Available online: http://www.uniprot.org (accessed on
20 May 2021)) with Vector NTI Suite 9 software (Invitrogen, Carlsbad, CA, USA).
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Table 1. The primers for qRT-PCR analysis.

Gene Bank ID Gene Description Plant Gene
Primer 5′-3′

Forward Reverse

1 ALN42232.1
(uniprot.org)

Histidine-containing
phosphotransfer 1 Pinus pinaster HPT1 GCTCAAGTAT-

AGGAGCGCGG
CCAGCTTGTTT-
TTCACGAGGT

2 FJ717710.1
(ncbi.nlm.nih.gov)

Type-A Response
Regulators Pinus pinea RR-A CAGAAGGCGC-

TCAAGAGTTT
TTGTTGGTCCC-

TGGATCTTC

3 AY289600.1
(ncbi.nlm.nih.gov)

Auxin-induced
protein 1 (IAA1) Pinus taeda Aux/IAA GCCACCTGTC-

AAAGATTTCAG
TGAGGTCCACC-

TTTCTGAGA

4 ABO77179.1
(uniprot.org)

Photosystem II
protein D1

Pinus
sylvestris psbA TGAAGGTTAC-

AGATTCGGTCA
TGAATATGCAA-
CAGCAATCCA

5 K7R334
(uniprot.org) Cryptochrome 1 Pinus

sylvestris Cry1 TATGGTGCACA-
GGGCAGATG

AAGCTGCAGAA-
GCTGTTCCT

6 T2FFB6
(uniprot.org) Cryptochrome 2 Picea abies Cry2 TTCCCTGGCT-

GCAACAGAAA
CCCAACATTGC-

TAGGCAGGA

7 AIY54822.1
(uniprot.org) Phytochrome P Pinus

sylvestris phyP GGCATGTCCC-
TTGTTCAGGA

CTTCTGTGGGCC-
AAAGGTCT

8 AFV79519.1
(uniprot.org) Phytochrome N Pinus

sylvestris phyN GGCTCAGAGG-
AGGACAAAGG

TTCTGCCCGGTC-
ACATCTTG

9 A7Y6Q6
(uniprot.org) Phytochrome O Pinus

sylvestris phyO AGATGTGACG-
TGGCAAAGGA

TGCGGGATTCC-
ACTCAGAAC

10 D5ABG4
(uniprot.org)

Phytochrome-
interacting

factor 3
Picea sitchensis PIF3 ATCAGCACTT-

CCTGGTTCCG
CAGGCTGAGTT-

GTTCCAGGT

11 AF543757.1
(ncbi.nlm.nih.gov) Chalcone synthase Pinus

uliginosa CHS ATGGCTGCAG-
GAATGATGAAGG

AGTGCCAATAG-
CGAGGATG

12 S50350.1
(ncbi.nlm.nih.gov) Stilbene synthase Pinus

sylvestris STS TCCGACTGGA-
ACAAGTTGTTC

GCTTGGCCTCC-
ACCCGATCAAG

13 CBB44933.1
(uniprot.org) Actin 1 Pinus

sylvestris Act1 TTAGCAACTGG-
GATGACATGGA

CCTGAATGGCA-
ACATACATAGCA

2.6. Histochemical Studies of the Hypocotyls

Anatomical studies were performed using light microscopy methods on live prepara-
tions of cross-sections of hypocotyls of P. sylvestris seedlings prepared immediately before
the study. Sections 10–30 μm thick were prepared using an HM650 V vibrating blade micro-
tome (Thermo Fisher Scientific, Waltham, MA, USA) through the central part of the organ.
The obtained sections were stained with 3% phloroglucinol/HCl reagent (Sigma, P3502)
for 2 min and then washed with phosphate buffered saline (70 mM, pH = 7.4) [27]. The
sections were photographed under an Imager D1 light microscope (Carl Zeiss, Oberkochen,
Germany) using a Levenhuk M800 PLUS digital photo attachment with a resolution of
8.0 MPI (Levenhuk, Tampa, FL, USA). The resulting images were processed with the public
domain software ImageJ v.1.49 (NIH; http://rsb.info.nih.gov/ij). The diameter of the
hypocotyl, the number of lignified xylem cells, the sectional area of the hypocotyl, the area
of the xylem, and the average sectional area of one xylem cell were determined on the
sections of the hypocotyls.

2.7. Statistics

The number of biological replicates for the determination of the fresh biomass of
the roots and needles ranged from 27 to 39; 13 biological replicates were performed for
the histochemical studies of the hypocotyls, and 6 biological replicates were used for
photosynthetic and respiration rates as well as photochemical activity. Each plant sample
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fixed in liquid nitrogen was treated as a biological replicate; therefore, there were six
biological replicates for the pigment contents and gene expression analyses.

The data were statistically analyzed using SigmaPlot 12.3 (Systat Software, San Jose,
USA) with one-way analysis of variance (ANOVA) followed by Duncan’s method for
normally distributed data (in the figures, significant differences are denoted by different
capital letters). Kruskal–Wallis one-way ANOVA was performed on ranks followed by
a Student-Newman–Keuls post hoc test or by a Dunn’s post hoc test for non-normally
distributed data and data with unequal variance (in the figures, significant differences
are denoted by different italic letters for the Student-Newman–Keuls post hoc test or by
different boldface italic type for the Dunn’s post hoc test). Different letters were used to
indicate significance at p < 0.05. The values presented in the tables and figures are the
arithmetic means ± standard errors.

3. Results

3.1. Growth and Morphological Parameters

Narrowband light caused marked changes in plant morphology and growth (Figure 2).

Figure 2. The morphological changes of P. sylvestris seedlings with dependence on light quality.
WFL (A), BRL (B), BL (C), and RL (D).

Thus, RL increased the weight of the needles by 2.6 times, and BL increased the
weight of the needles by 2.1 times relative to the WFL taken as a control (Figure 3A). BL
caused hypocotyl elongation, and plants with RL formed short, larger plants. In addition,
plant root weights in the RL variant were 3.8 times higher than the root weight in the
control (WFL) and, on average, 2.7 times higher than in the other experimental variants
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(Figure 3B). Moreover, there was an increase in both the fresh and dry weight of the root
in RL (Figure 3B,E) and dry weight of needles in BL and RL in relation to WFL control
(Figure 3D). In general, RL led to a more intensive development of the root system of
the seedlings and an increase in the number of lateral roots of the first and second orders
(Figure 2). Under the influence of RL, in the hypocotyls of the seedlings, 1.7 times more
xylem cells were formed compared to the other variants of the experiment (Figure 3C),
in the absence of any differences in the total area of the hypocotyls (Figure 3F). It is
important to note that the growth of xylem under RL was not accompanied by thickening
of the hypocotyls (Figure 3F), but the area of the xylem increased relative to other tissues
(Figure 3G,H), while the diameter of xylem cells did not differ significantly (Figure 3I).

Figure 3. Effect of light quality on the needle (A) and root (B) fresh weight (mg); number of xylem
cells (C) (pieces); needle (D) and root (E) dry weight (mg, DW); hypocotyl diameter (F) (mm); xylem
cross-section area (G) (mm); xylem cross-section area and hypocotyls cross-section area ratio (H) (%);
xylem cell cross-section area (I) (μm2); and content of Chl a (J) mg/g DW, Chl b (K) mg/g DW, and
total carotenoids (L) mg/g DW in P. sylvestris seedlings. Values are the mean ± SE. Different capital
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letters denote statistically significant differences in the means at p < 0.05 (ANOVA followed by
Duncan’s method). Different italic letters denote statistically significant differences in the means at
p < 0.05 (Kruskal–Wallis ANOVA of the ranks followed by the Student-Newman-Keuls post hoc test).
Different boldface italic letters denote statistically significant differences in the means at p < 0.05
(Kruskal–Wallis ANOVA of the ranks followed by the Dunn’s method).

3.2. Contents of Photosynthetic Pigments

When grown on a narrowband RL and BL, a reduced content of chlorophylls and
carotenoids was observed (by an average of 10–20%), while the BRL and WFL variants
were comparable (Figure 3J–L).

3.3. Fluorescence Parameters and CO2 Gas Exchange

The photosystem II (PSII) maximum quantum yield (Fv/Fm) was approximately
0.81 and did not depend on the light quality used in the experiments (Table 2).

Table 2. Effect of light quality on the net photosynthetic and respiration rates, R/Pn ratio, (Pn–R) difference, PSII maximum
quantum yield (Fv/Fm), effective quantum yield Y(II), performance index PSII (PIABS), and nonphotochemical fluorescence
quenching (NPQ) in 6-week-old P. sylvestris seedlings. Values are the mean ± SE. Different normal-type letters denote
statistically significant differences in the means at p < 0.05 (ANOVA followed by Duncan’s method).

Parameter WFL BRL BL RL

Pn, μmol CO2 m−2 s−1 14.4 ± 2.1 ab 16.3 ± 0.2 a 13.7 ± 0.3 b 12.1 ± 0.3 c

R, μmol CO2 m−2 s−1 8.7 ± 0.8 a 8.8 ± 0.1 a 5.1 ± 0.2 b 2.1 ± 0.1 c

R/Pn 0.62 ± 0.12 a 0.54 ± 0.06 a 0.37 ± 0.02 b 0.17 ± 0.01c

(Pn – R), μmol CO2 m−2 s−1 5.7 ± 0.5 d 7.5 ± 0.2 c 8.6 ± 0.1b 10.0 ± 0.2 a

Fv/Fm 0.814 ± 0.005 a 0.803 ± 0.001 a 0.815 ± 0.007 a 0.812 ± 0.006 a

PIABS 7.73 ± 0.39 b 7.85 ± 0.64 b 6.45 ± 0.82 b 10.21 ± 0.59 a

YII 0.52 ± 0.01 b 0.44 ± 0.03 c 0.50 ± 0.01 b 0.57 ± 0.01 a

NPQ 0.86 ± 0.10 b 1.67 ± 0.21 a 0.95 ± 0.12 ab 0.66 ± 0.17 b

The PSII effective quantum yield (Y(II)) was the lowest in BRL plants (0.44); at the
same time, in BL and WFL plants, this indicator remained at a comparable level and
amounted to approximately 0.51. The highest value of the Y(II) parameter was observed
when growing seedlings under RL (0.57) (Table 2). The non-photochemical quenching
(NPQ) parameter was the smallest in RL plants. When plants were grown on BL and WFL,
NPQ was comparable and amounted to approximately 0.90; the highest NPQ value (1.67)
was observed in the BRL plants (Table 2).

The intensity of CO2 gas exchange did not differ noticeably between the samples.
The largest value of the parameter Pn (16.3 μmol CO2 m−2 s−1) was observed in the BRL
variant, and the smallest value was 12.1 μmol CO2 m−2 s−1 in the RL variant, while the
photosynthesis rate in the seedlings under the WFL and BL conditions was intermediate
(Table 2).

The respiration rate (R) in the WFL and BRL variants was the highest (approxi-
mately 8.8 μmol CO2 m−2 s−1), while in BL and RL plants, this value was reduced to
5.1 and 2.1 μmol CO2 m−2 s−1, respectively. As a consequence, the calculated parame-
ters of the R/Pn ratio and the Pn–R carbon balance changed accordingly. The respira-
tion/photosynthesis ratio was the highest in the WFL and BRL variants, lower in the BL
variant, and the lowest in the RL plants (0.17). At the same time, the highest value of
the carbon balance, assessed by the difference between the rates of photosynthesis and
respiration, was observed in the RL variant (Table 2).

The PSII performance index (PIABS) was on average 1.5 times higher in the RL variant
than in the other variants. At the same time, all other options did not differ significantly
among themselves (Table 2).
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3.4. Gene Expression

The transcript level of genes involved in hormonal signaling of cytokinins and auxins
significantly changed in the variants of narrow-band light. Expression of the HPT1 gene in
the needles of RL plants was increased almost two times, and in the roots, it was 2.7 times
higher than that in the WFL control (Figure 4A,D).

Figure 4. Effect of light quality on the transcript levels of different groups of genes in P. sylvestris
seedlings. HPT1, RR-A, and Aux/IAA in needles (A–C) and roots (D–F). The mRNA levels of the
genes were expressed as the BRL, BL, RL/WFL ratio (fold change BRL, BL, RL/WFL). Values are
the mean ± SE. Different capital letters denote statistically significant differences in the means
at p < 0.05 (ANOVA followed by Duncan’s method). Different italic letters denote statistically
significant differences in the means at p < 0.05 (Kruskal–Wallis ANOVA of the ranks followed by the
Student-Newman-Keuls post hoc test).

At the same time, the level of RR-A transcription in the RL variant was 3.3 and 3.0 times
higher than that in WFL needles (Figure 4B) and roots (Figure 4E), respectively. In contrast,
in the roots of the BL variant, RR-A expression was more than 2-fold lower than that in
the WFL control (Figure 4E). In the needles of the seedlings, the expression of the Aux/IAA
gene in the RL and BL plants was, on average, 2.8 times higher than that in the WFL control
(Figure 4C). At the same time, in the roots, the level of Aux/IAA transcripts was higher only
in the RL variant (Figure 4F).

We also studied the transcription of genes responsible for light signaling and the
synthesis of secondary metabolites, such as the transcription factors PIF3, CHS, and STS.
The expression level of the PIF3 gene in the RL variant compared to that of WFL was
reduced in needles by 30% (Figure 5A), while that of the CHS gene, on the contrary,
increased 1.5 times compared to those of BRL and WFL (Figure 5B).

An increase in the transcript level of the STS gene was also observed more than
11 times in needles (Figure 5C) and more than 23 times in roots (Figure 5F) in the RL
variant, and approximately 4 times in needles and 6 times in roots in the BL variant
(Figure 5C,F).

Over the course of the experiment, the gene expression of the main proteins of photo-
systems I and II was studied. Among the large number of analyzed genes (psbA,B,C,D,S;
petA,C,D,E; psaA,B; flvA,B; Lhc1,2), only the transcription levels of psbA encoding the PSII
key protein D1 changed significantly and reliably. Thus, in variants BRL and BL, a twofold
increase in the level of psbA transcripts was observed, while RL did not cause changes in
the expression of this gene (Figure 6A).
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Figure 5. Effect of light quality on the transcript levels of different groups of genes in P. sylvestris
seedlings. PIF3, CHS, and STS in needles(A–C), and roots (D–E). The mRNA levels of the genes
were expressed as the BRL, BL, RL/WFL ratio (fold change BRL, BL, RL/WFL). Different italic letters
denote statistically significant differences in the means at p < 0.05 (Kruskal–Wallis ANOVA of the
ranks followed by the Student-Newman–Keuls post hoc test).

Figure 6. Effect of light quality on the transcript levels of different groups of genes in P. sylvestris
needles. psbA (A), Cry1 (B), and Cry2 (C); and phyP (D), phyN (E), and phyO (F). The mRNA levels of
the genes were expressed as the BRL, BL, RL/WFL ratio (fold change BRL, BL, RL/WFL). Values
are the mean ± SE. Different capital letters denote statistically significant differences in the means
at p < 0.05 (ANOVA followed by Duncan’s method). Different italic letters denote statistically
significant differences in the means at p < 0.05 (Kruskal–Wallis ANOVA of the ranks followed by the
Student-Newman–Keuls post hoc test).

In addition, the gene expression of apoproteins of the main blue and red light pho-
toreceptors was studied (Figure 6B–D,F). Significant differences were observed in the phyN
gene transcripts, the level of which was reduced by almost 2-fold in BL and RL relative to
the WFL control (Figure 6E). Significant but negligible differences were observed in the
transcript levels of Cry1 and Cry2 genes (Figure 6B,C).

4. Discussion

Seedlings of P. sylvestris are photophilous; however, in the first few seasons of their
life, they can only be higher than the surrounding herbaceous plants for a short period of
time, which causes a lack of light, primarily in the red and blue spectral ranges. It is known
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that RL, in contrast to BL, has a significant effect on the stem growth, stem diameter, and
size and dry weight of Picea abies needles [20]. Thus, in contrast to growing under BL and
WFL, RL increased the biomass and stem diameter of Brassica oleracea plants [28]. At the
same time, photosynthesis in RL plants was noticeably higher than in other variants, which
probably led to an increasing biomass [28]. In our work, RL influenced the morphology of
P. sylvestris seedlings, which was manifested in an increase in the mass of the root system
by more than 3.8 times, complications of root branching, and an increase in the mass of
the needles by 2.6 times in comparison with WFL. At the same time, RL caused a slight
decrease in CO2 gas exchange, as well as a significant (more than four times) decrease
in respiration intensity relative to those of the WFL control (Table 2). This indicates a
greater assimilation of carbon in RL plants. The slight difference in the pigment content is
consistent with the fact that their photosynthetic apparatus is not dependent on light.

Regarding photochemical processes, the effective PSII quantum yield Y(II) was the
highest in RL plants but the value of NPQ was small. We suppose that the increased Y(II)
and complementary decreased NPQ are due to preferential excitation of photosystem I
(PSI) by RL with a wavelength >685 nm. The contribution of the long-wave light is quite
significant in red LEDs spectrum (Figure 1). Such light can lead to faster re-oxidization of
the plastoquinone pool and reopening of PSII reaction centers [29]. As a result, reaction
centers use absorbed light more efficiently.

Gymnosperms have the ability to synthesize chlorophyll in the dark due to the pres-
ence of the three genes of light-independent protochlorophyllide oxidoreductase L, N, and
B (ChlL, ChlN, and ChlB) involved in the light-independent reduction of protochlorophyl-
lide to chlorophyllide [30]. This also confirms the presence of special light regulation in
conifers, which makes them a unique object of research.

The features of development and metabolism in plants induced by light of differ-
ent spectral composition are primarily mediated by changes in the expression of light-
dependent genes [20,30], including those encoding chloroplast proteins, photoreceptor
apoproteins, transcription factors, and enzymes involved in the biosynthesis of secondary
metabolites [31] and phytohormone signaling. In our work, we showed that several genes
involved in the response to RL or BL are expressed in different ways. For example, the
level of transcription of the psbA gene of the PSII main protein D1 increased in BL and
BRL plants but decreased in RL plants (Figure 6A). This response to RL, as well as the
accumulation of psbA transcripts under BL and RL conditions, is a typical response for
most flowering plants [32]. Unfortunately, we did not observe noticeable changes in the
expression of photoreceptor genes, with the exception of phyN (Figure 6B–F); on the other
hand, under conditions of prolonged exposure to light of different spectra, it is impossible
to exclude the presence of a sufficient number of active forms of photoreceptors, as well as
the presence of regulation at the level of light signaling. In another work, it was shown that
phyN is able to respond to different ratios of BL and RL in Scots pine seedlings of different
growing regions [6].

The quality of light influences photomorphogenesis, photosynthesis, and plant growth
through appropriate photoreceptors [33,34]. However, no significant difference in the
expression level of photoreceptor genes was found between the light variants BL and RL,
which is consistent with previous studies performed on A. thaliana seedlings [35]. The
gene expression profiles of A. thaliana plants grown under BRL, RL, and BL were similar
in all variants, and a significant proportion of differentially expressed genes under BL
were also induced under RL. This indicates that the expression of light-regulated genes
in P. sylvestris is not a unique response to BL or RL and that light of different spectral
composition is able to regulate metabolic patterns in a similar way through the regulation
of light signaling genes.

Transcription factors play an important role in the regulation of photosynthetic ap-
paratus sensitivity to light of different spectral composition, since they, together with
photoreceptors, are involved in the transduction of both light and hormonal signals. Phy-
tochrome signaling transcription factors (PIFs) are important negative regulatory proteins
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that can alter the expression of a number of associated genes [6,36]. We observed a 30%
decrease in the expression of the PIF3 gene in RL plants, which may be associated with
the activation of light signaling at the level of transcription of the corresponding genes
(Figure 5A,D). These results demonstrate that the mechanisms by which light of different
spectral composition controls the growth of P. sylvestris may involve angiosperm light
signaling pathways. Transcription factors, together with photoreceptors, can influence the
expression of hormonal signaling genes. Thus, a direct link between cytokinin signaling
and light was found in a study demonstrating the key role of A-type RR regulators of
cytokinin signaling [37–39]. RL induces RR-A expression in a PHYB-dependent manner.
Thus, the overexpressing RR-A leads to hypersensitivity to RL [37]. Later research showed
an important role for RR-A in photomorphogenesis [40,41]. RR-As are able to interact
with PHYB via the cytokinin receptor (AHK). In support of this, we observed an increased
expression of one of the main proteins of cytokinin signaling transduction (HPT1) by
more than two times in roots and needles in the RL variant (Figure 4A,D). In addition,
the PIFs are also involved in phytochrome-mediated regulation of auxin signaling under
RL conditions, since these TFs are able to bind to the promoter regions of the Aux/IAA
genes. PIFs modulate plant growth by directly controlling the expression of auxin signaling
genes [11]. We assume that this, to a certain extent, explains the greater number of xylem
cells in hypocotyls in the RL variant and, as a consequence, a greater accumulation of plant
biomass (Figure 4C,F).

Along with the growth and development of plants, changes in the spectral composition
of light also affect secondary metabolism. Chalcone synthase, the first enzyme in the
biosynthesis of flavonoids, is expressed in needles of RL plants and in roots of BL plants
(Figure 5B,E). In our study, RL stimulated gene families associated with the biosynthesis of
the flavonoids (CHS, STS). Stilbenes are a family of polyphenolic secondary metabolites that
act as phytoalexins [42,43]. Previously, it was shown that treatment with RL suspension
culture of grape cells increased the biosynthesis of stilbenes [44,45]. In our study, we
observed an increase in STS expression in roots and needles by more than 3.5 times in BL
plants and more than 10 times in RL plants (Figure 5C,F). It can be assumed that, as in grape
plants, stilbenes are involved in the photoadaptation of P. sylvestris plants to narrow-band
RL and BL.

5. Conclusions

In this work, we tried to answer the question of what spectral range of light can
be most favorable for the growth of P. sylvestris seedlings. It was shown that the RL
spectral range is most favorable for growing P. sylvestris seedlings in a hydroculture, which
manifested itself in both a greater mass of aboveground and underground organs and in
an increase in the number of xylem cells. We found an increase in the level of transcripts
of genes for auxin and cytokinin signaling (HPT1, RR-A, and Aux/IAA) and a decrease
in the expression of TF PIF3, which in turn could activate the expression of a number of
genes associated with the synthesis of secondary metabolites (CHS, STS). Based on the data
obtained, we assumed that the large biomass of P. sylvestris plants under the RL might be
due to a large accumulation of carbon in the needles, which corresponds to a better balance
between photosynthesis and respiration, as well as to the increased activity of cytokinins
and auxins in seedlings. Although P. sylvestris seedlings are able to grow in conditions
of low RL content at the beginning of ontogenesis, better RL radiation can significantly
improve their growth and development. The obtained results can serve as a basis for the
development of a technology for the accelerated cultivation of planting material during
reforestation when growing seedlings under artificial lighting, and they can also be used
in biotechnology.
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Abstract: Cerium oxide nanoparticles (CeO2 NPs) and zinc oxide nanoparticles (ZnO NPs) are
emerging pollutants that are likely to occur in the contemporary environment. So far, their combined
effects on terrestrial plants have not been thoroughly investigated. Obviously, this subject is a
challenge for modern ecotoxicology. In this study, Pisum sativum L. plants were exposed to either
CeO2 NPs or ZnO NPs alone, or mixtures of these nano-oxides (at two concentrations: 100 and
200 mg/L). The plants were cultivated in hydroponic system for twelve days. The combined effect of
NPs was proved by 1D ANOVA augmented by Tukey’s post hoc test at p = 0.95. It affected all major
plant growth and photosynthesis parameters. Additionally, HR-CS AAS and ICP-OES were used to
determine concentrations of Cu, Mn, Fe, Mg, Ca, K, Zn, and Ce in roots and shoots. Treatment of the
pea plants with the NPs, either alone or in combination affected the homeostasis of these metals in
the plants. CeO2 NPs stimulated the photosynthesis rate, while ZnO NPs prompted stomatal and
biochemical limitations. In the mixed ZnO and CeO2 treatments, the latter effects were decreased by
CeO2 NPs. These results indicate that free radicals scavenging properties of CeO2 NPs mitigate the
toxicity symptoms induced in the plants by ZnO NPs.

Keywords: combined effect; Pisum sativum L.; nanoparticles; cerium oxide; zinc oxide; metal uptake;
photosynthesis; hydroponic culture

1. Introduction

Nowadays, synthetic nanomaterials (NMs) are finding applications in almost all
material aspects of human life and are particularly vital for contemporary technology
and medicine [1–5]. The most important are sustainable energy production and storage,
electronic devices, catalysts, sensors and adhesives, high-quality petro- and agrochemi-
cals [6–14]. Their widespread use raises fundamental questions related to the environment,
pollution, and safety [15–17].

In the diverse world of nanomaterials metal oxides firmly occupy a unique position.
Their global market in 2020 was worth almost USD 5.3 billion with several forecasts
indicating its steady rise to USD 9.3 billion in 2027 [18]. Obviously, this growing stream of
NMs cannot be completely isolated from soil, air, or water and finally will find its way to
terrestrial living organisms. Therefore, complex interactions of nanoparticles (NPs) with
the biota and their further environmental fate deserve additional studies.

In a number of comprehensive papers on interactions of nanoparticles with living
organisms, the authors investigated the role of chemical composition, particle shape, size,
and mechanisms of aggregation of NPs [19–22]. The beneficial or harmful effects of NPs
were also examined. Owing to their unique properties, nanomaterials can be successfully
used in fertilizers, pesticides, or as dedicated chemical carriers or sensors [23–25]. This
increasing flux of diverse nanomaterials approaching soil and plant environments should
not be left without comprehensive studies on their migrations, uptake, and toxicities.

Cells 2021, 10, 3105. https://doi.org/10.3390/cells10113105 https://www.mdpi.com/journal/cells42
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The emerging picture suggests dynamic processes which act in complicated matrices.
Identification of interactions among various substances poses a real challenge.

Obviously, nanoparticles affect plant metabolism in a number of ways and finally
introduce changes to plant physiology at cellular, organ, and individual plant levels [26–29].
In particular, photosynthesis—the essential, bioenergy-generating process [30]—may be
either facilitated or hampered by nanoparticles [31–36]. As pointed out by Du et al. [37] and
Tighe-Neira et al. [35], the latter may be conveniently examined by gas exchange parameters
augmented with the contents of photosynthetic pigments. Unfortunately, results are rarely
completely consistent and a wide range of plant responses to nanoparticles could be
expected. Notably, metal oxide NPs usually alter the photosynthesis rate, photochemical
fluorescence, and quantum yield in plants [37] with ZnO and CeO2 being among the most
active. Mukherjee et al. [38] described the negative effect of ZnO NPs at soil concentrations
125–500 mg/L on chlorophyll activity in Pisum sativum L. It results from the substitution
of the Mg atoms at chlorophyll centers by Zn which finally hampers the photosynthesis
process. The opposite effect was observed by Reddy Pullagurala et al. [39] during cilantro
(Coriandrum sativum) cultivation. Supplementation with 100 or 200 mg/L ZnO NPs induced
photosynthetic pigments production and boosted photosynthesis.

The ambient character of nanoparticulate cerium oxide combined with its increas-
ing abundance in the environment makes this substance a useful agent to study plant
metabolism effects triggered by anthropogenic nanomaterials. In particular, Wu et al. [32]
demonstrated that CeO2 NPs (nanoceria) are a reactive oxygen species (ROS) scavenger
in leaf mesophyll cells and defend the chloroplast photosynthetic machinery from abiotic
stresses. On the other hand, the negative effect of nanoceria on photosynthesis in soybean
plants was investigated by Li et al. [40]. They pointed out several aspects which are at stake,
namely: inhibited conversion efficiency of C5 to C3 in the Calvin–Benson cycle, destruction
of thylakoid membranes, and reduced chlorophyll synthesis and activity. All these factors
participate in the final plant destruction.

Regrettably, the most relevant works on the subject are aimed at particular types of
nanoparticles. Investigations of combined, mutual effects induced by either mixture of NPs
or their additives and stabilizers are quite scarce. In real ecosystems, nanoparticles rarely
play a solo performance, which is especially important in modern efficient agriculture.
Increasing pressure on massive food production for the rapidly growing population has
prompted the development of new, smart, and efficient agrochemicals [41–44].

The fertilizing effect of CeO2 and ZnO NPs attracted the attention of several research
groups. It is quite well documented that cerium oxide NPs can alleviate plant salinity
stress, act as a catalyst in chlorophyll production, and in scavenging reactive oxygen species
which stabilize the chloroplast structure and cell walls [45–47]. On the other hand, nanopar-
ticulate zinc oxide may be used to counteract cadmium toxicity in wheat and elevate zinc
concentrations in plants. Thus, it can be a useful agent for Zn biofortification in cereals
plantations and help to overcome the well recognized hidden hunger in humans resulting
from the deficiency of Zn in cereals [25]. In this respect, optimization of photosynthetic
efficiency by nanoparticles is a highly promising approach for a smart increase of crop
production [48].

Mixtures of nanoparticles that are present in the growth environment affect plant
development in a different way than single species [49–51]. In particular, the combined,
mutual interactions between ZnO and CeO2 are quite likely indeed. Both substances
often coexist in all compartments of the environment and their simultaneous presence
in the environment is more than likely. Our previous works on Pisum sativum L. were
related to metal migration strategies as induced by single stressors such as CeO2 or ZnO
nanoparticles [52,53]. We have shown that zinc species alter Cu, Mn, and Fe uptake and
their further migration in green pea. On the other hand, low concentrations of cerium oxide
NPs increased the photosynthesis rate. Those investigations had a model character and
did not account for combined effects as triggered by ZnO and CeO2 together in real plant
matrices. This study enhances this approach significantly. Here, we examine the mixture of
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nanometric cerium and zinc oxides. The methodology has been based on hydroponic pot
experiments [54]. Pea is frequently applied in system biology experiments and is treated
as a non-model plant with a roughly complete genome structure [55,56]. It is cultivated
worldwide [57] and additive interactions which affect nutrient uptake and enhance plant
growth yield are of practical relevance.

2. Materials and Methods

2.1. Nanoparticles Characteristic

CeO2 NPs and ZnO NPs were purchased from the Byk (Byk-Chemie GmbH, Wesel,
Germany) as commercially available products. The properties of nanoparticles, including
average particle size, transmission electron microscopy (TEM) images, and zeta potential
are given in Table S1 [52,54].

2.2. Plants Growth Conditions and Treatments

Pisum sativum L. plants were cultivated under hydroponic conditions in Hoagland’s
nutrient solution. The composition of the growing medium and the detailed setup of the
experiment were described previously [53,54]. The seeds, (“Iłówiecki” sugar pea, “PNOS”
Co., Ltd., Ożarów Mazowiecki, Poland), sterilized in 70% ethanol were germinated in dark
for 3 days. Next, the seedlings (at BBCH 09 phenological stage [58]) were transferred to
perforated plastic plates and placed in containers with the nutrient solution. Each growing
vessel contained 26 pea seedlings. Pisum sativum L. was grown in Hoagland’s nutrient
solution for 4 days in a controlled environment: light of 170 μmol/m2 intensity, average
temperature 21 ± 3 ◦C, and 16/8 h day/night photoperiod. On the 5th day, the nutrient
solutions were supplemented with nanoparticles. The treatments were as follows, CeO2
NPs: 100 mg (Ce)/L; CeO2 NPs: 200 mg (Ce)/L; ZnO NPs: 100 mg (Zn)/L; ZnO NPs:
200 mg (Zn)/L; two mixtures of CeO2 and ZnO NPs: 100 mg (Ce)/L + 100 mg (Zn)/L and
200 mg (Ce)/L + 200 mg (Zn)/L. Plants grown in Hoagland’s nutrient solution served as
the control group. In each variant of the experiment, six growing vessels were used. Fresh
liquid media were supplied every 48 h. Pisum sativum L. was harvested after 12 days of
exposure when plants reached the BBCH 15 phenological stage.

2.3. Growth Parameters

Root and stem lengths were measured at the end of cultivation (Figure 1). Next, the
roots were thoroughly rinsed with deionized water and separated from the shoots. The
fresh weight of roots and shoots was measured and calculated per single plant (mg/plant).
Prior to the chemical analysis, the collected fresh plants material was dried to a constant
weight at 55 ◦C.

2.4. Elements Content

The dried samples of roots and shoots were digested in the mixture of concentrated
HNO3 and HCl (6:1, v/v) using a Multiwave 3000 Anton Paar microwave reaction system
(Anton Paar GmbH, Graz, Austria). The concentrations of Cu, Mn, Zn, Fe, and Mg were
determined by a High-Resolution Continuum Source Atomic Absorption spectrometer
HR-CS AAS (contrAA300, Analytik Jena, Jena, Germany). Additionally, the digested
solutions were analyzed for Ce, Ca, and K concentrations by an Inductively Coupled
Plasma–Optical Emission spectrometer ICP-OES (PlasmaQuant PQ 9000, Analytik Jena,
Jena, Germany). Certified reference material of plant leaves of Oriental Basma Tobacco
Leaves (INCT-OBTL-5) obtained from the Institute of Nuclear Chemistry and Technology,
Warsaw [59] was used to check the reliability of the applied analytical procedures. Recov-
eries ranging from 96% to 108% were obtained. The detailed numerical data are given in
Table S2.
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Figure 1. The influence of nanoparticulate CeO2 and ZnO on: (a) root and stem length and (b) fresh
weight of root and shoot as determined for a single pea plant. Concentrations of nanoparticles are
given in mg/L of elemental cerium or zinc, the cultivation time was 12 days. Roots are represented
by grey while above-ground parts are in green. Vertical bars represent standard deviations (n = 6).
Distinct letters show the statistically significant differences among treatments as calculated with
Tukey’s HSD post hoc test. The probability level p = 0.95 was applied.

2.5. Tolerance Index (TI) and Translocation Factor (TF)

Tolerance indices (TI) and translocation factors (TF) were calculated for plants treated
with nanoparticulate oxides. TI is defined as the ratio between the root length of treated
plants and that of plants in the control group [60,61]. The effectiveness of metal transloca-
tion from roots to shoots was assessed using TF, defined as the ratio of average element
content in shoots to that in roots [62,63].

2.6. Photosynthetic Pigments

Contents of photosynthetic pigments, i.e., chlorophyll a and b and carotenoids in Pisum
sativum L. leaves were determined following the method developed by Oren et al. [64]. All
pigments were extracted from leaves with 80% acetone and kept in the dark at 4 ◦C. The
absorbance of extracts was measured at wavelengths 470, 646, and 663 nm by SpectraMaxi3x
(Molecular Devices, San Jose, CA, USA) on samples centrifugated at 4000 rpm for 10 min.
Contents of pigments were calculated by the formula proposed by Lichtenthaler and
Wellburn [65]. For comparison, the nondestructive measurements of relative chlorophyll

45



Cells 2021, 10, 3105

content in fully expanded leaves at the fourth node were performed by the Soil Plant
Analysis Development SPAD-502Plus chlorophyll meter (Konica–Minolta, Inc., Osaka,
Japan).

2.7. Photosynthetic Parameters

Photosynthetic parameters, such as: leaf net photosynthesis (A), sub-stomatal CO2
concentration (Ci), transpiration (E), stomatal conductance (gs), photosynthetic water
use efficiency (WUE), and photosynthetic CO2 response curve (A/Ci) were determined
with a portable gas exchange analyzer (CIRAS-3; PP Systems, Amesbury, MA, USA).
Measurements were performed 12 days after the administration of nanoparticles on fully
expanded leaves at the fourth node. PARi levels at 1000 μmol/m2s were obtained from
an LED Light Unit (RGBW) connected to the gas analyzer. The temperature within the
chamber was kept at 25 ◦C, relative humidity at 80%, and reference CO2 concentration at
390 μmol/mol. Photosynthetic CO2 response curves were collected at a CO2 concentration
gradient ranging from 0 to 1500 μmol/mol. All measurements were performed on fully
expanded leaves at the fourth node. The acclimatization time between measurements
was 120 s. The results from each CO2 level were recorded three times. Two biochemical
parameters: maximum carboxylation rate (Vcmax) and maximum electron transport rate
(Jmax) were calculated in Rstudio (v.3.4.2; R Foundation for Statistical Computing, Vienna,
Austria) [66] using the “plantecophys” package developed by Duursma [67].

2.8. Statistical Analysis

All treatments were replicated six times, numerical results are accompanied by their
± SD (standard deviation). Statistical analysis was performed with the OriginPro 2016
(OriginLab Corporation, Northampton, MA, USA) software. The normality of the sample
distributions was proved by the Shapiro–Wilk test [68]. The initial hypothesis on equal
variances of investigated populations was validated with the Bartlett test [69]. A one-way
ANOVA with Tukey’s post hoc approach was applied to validate differences between
means. The probability level p = 0.95 was applied.

3. Results and Discussion

3.1. Growth Parameters

Several plant growth parameters were determined after twelve days of exposure time
to illustrate the pea plant behavior under the combined treatments of nanoparticulate CeO2
and ZnO. Roots and stem lengths and their fresh weights are shown in Figure 1.

Almost all supplementations decreased roots length of pea as compared to the control
treatment. Nevertheless, this effect is less pronounced for plants cultivated with the
addition of ZnO (100 and 200 mg/L) than for the CeO2 (100 and 200 mg/L) treatments. It is
directly correlated with the nanoparticles concentration applied. Notably, supplementation
with mixed NPs resulted in roots shortening similar to that observed for relevant sole
nanoceria concentrations. The order of tolerance indices (TI) supports above observations:
(Zn 100) ≈ (Zn 200) > (Ce 100 + Zn 100) ≈ (Ce 100) > (Ce 200 + Zn 200) ≈ (Ce 200). Numbers
in brackets represent supplementations of nanoparticles given in mg/L of elemental cerium
or zinc, numerical values are presented in Table S3. Stem elongation was triggered by
(Ce 100) and (Ce 200). A reverse effect was observed for (Zn 200) and (Ce 200 + Zn 200)
administrations. Notably, the majority of treatments left the root mass unchanged with
(Ce 100) and (Ce 200 + Zn 200) being the chief exceptions (Figure 1b). The biomass of the
above-ground parts decreased upon all supplementations. The only exception was (Ce 100)
with a biomass similar to that of a control sample.

3.2. Cerium and Zinc Concentrations

Cerium and zinc concentrations in roots and shoots along with their translocation
factors are summarized in Table 1. The highest cerium content was determined for (Ce 200)
treatment while the lowest levels were observed for combined (Ce 100 + Zn 100) and
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(Ce 200 + Zn 200) administrations. Respective translocation factors were remarkably low,
which indicates that plants accumulate cerium primarily in roots. Cerium was not detected
in plants grown in Hoagland’s nutrient solutions which were not supplemented with this
element. Zinc is an essential element necessary for proper plant development [70,71]. The
amounts of zinc accumulated by pea cultivated in solutions supplemented with the ZnO
NPs alone were substantially larger than those observed for control samples. Combined
treatments, namely (Ce 100 + Zn 100) and (Ce 200 + Zn 200) decreased Zn levels in both
roots and shoots as compared to respective sole ZnO NPs administrations. However, all
relevant concentrations highly exceeded critical toxic zinc level 300 mg/kg as suggested by
Broadley et al. [70,71]. Similar to nanoceria administrations, the vast majority of zinc was
immobilized in roots.

Table 1. Zinc and cerium concentrations in root and shoot of Pisum sativum L. grown under the sole or combined CeO2

and ZnO NPs treatments accompanied by translocation factors (TF). Concentrations of nanoparticles are given in mg/L of
elemental cerium or zinc, respectively. The cultivation time was 12 days. Data are the means ± SD (n = 6). Distinct letters
show the statistically significant differences among treatments as calculated with Tukey’s HSD post hoc test (p = 0.95). nd:
concentration below the detection limit (18 μg/L).

Treatment
Zinc Concentration (mg/kg DW)

TF
Cerium Concentrations (mg/kg DW)

TF
Root Shoot Root Shoot

Control 97.8 ± 4.5 d 61.4 ± 1.1 d 0.63 nd nd nd
Ce 100 74.3 ± 5.5 d 52.4 ± 2.3 d 0.71 14,874 ± 495 b 110 ± 11 c 0.01
Ce 200 68.3 ± 6.2 d 51.5 ± 2.2 d 0.75 16,977 ± 1067 a 206 ± 14 a 0.01
Zn 100 25,921 ± 2307 b 1160 ± 61 bc 0.04 nd nd nd
Zn 200 30,522 ± 2140 a 1455 ± 54 a 0.05 nd nd nd

Ce 100 + Zn 100 18,192 ± 703 c 1079 ± 113 c 0.06 6058 ± 824 d 120 ± 7 bc 0.02
Ce 200 + Zn 200 28,097 ± 3773 ab 1236 ± 88 b 0.04 10,301 ± 1484 c 142 ± 10 b 0.01

3.3. Photosynthetic Pigments

Measurements of photosynthetic pigments provide useful information on the physi-
ological status of plants [72]. Concentrations of chlorophylls and carotenoids which are
involved in the absorption and further transfer of light energy are prone to changes induced
by inorganic chemical stressors [73]. Contents of chlorophyll a (Chl a), chlorophyll b (Chl
b), and carotenoids (Car) in leaves of pea treated with nano-oxides are summarized in
Figure 2a.

Significant differences among those parameters were observed. Almost all treatments
prompted a decrease in photosynthetic pigments. The highest reduction was observed
under (Zn 200) administration. Similar results were obtained by Hu et al. [74] who found
that the lowest level of photosynthetic pigments in Salvinia natans grown in hydroponic
conditions was reached in cultures supplemented with nanometric ZnO at 50 mg/L.
Pea plants exposed to (Zn 100) and (Zn 200) showed initial symptoms of leaf chlorosis
(Figure 2b). The chlorophyll loss associated with chlorosis is one of the typical symptoms
of Zn excess in plants [75–77]. In this study, Zn levels in pea shoots under (Zn 100) and (Zn
200) administrations (Table 1) were significantly higher than the critical Zn toxicity level
(>300 mg/kg) as quoted in the highly respected Marschner’s Mineral Nutrition of Higher
Plants [71].

Moreover, the lowest Chl a, Chl b, and Car concentrations were observed for the sole
(Zn 200) treatment. Acute effects of nanoparticulate (Zn 200) were reduced by the (Ce 200)
addition. It prompted the mutual, combined interactions which elevated photosynthetic
pigments levels and significantly relieved leaf chlorosis symptoms. Following Wang
et al. [75] and Broadley et al. [70], Zn may induce chlorosis of leaves by stimulating Mg, Fe,
and Mn deficiency. These elements are crucial in the synthesis and stability of chlorophyll.
A decline of green photosynthetic pigments in plants under ZnO NPs treatment was
also reported by Zoufan et al. [78] who explained it by peroxidation of the chloroplast
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membrane due to exacerbation of oxidative stress. Oxidative damage triggered by ZnO
NPs was also reported by Salehi et al. [79]. In turn, CeO2 NPs have the ability to quench
ROS, mainly produced in chloroplasts [80–82], and presumably mitigate stress induced by
nanoparticulate ZnO.

Figure 2. The influence of nanoparticulate CeO2 and ZnO on: (a) photosynthetic pigments: chloro-
phyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car) in Pisum sativum L. The pigments were
extracted from mature leaves after 12 days of contact with a particular nano-oxide. Vertical bars
represent standard deviations (n = 6). Treatments with the same letter are not significantly different
according to Tukey’s post hoc test (p = 0.95) (b) appearance of pea leaves from each treatment.

Apart from the conventional wet chemical methods based on extraction of the chloro-
phyll pigments and their further spectrophotometric determination, the nondestructive
measurements using the Soil Plant Analysis Development SPAD-502Plus chlorophyll meter
were also performed (Figure 3). The results obtained by all those methods are highly corre-
lated. The reduction in chlorophyll content expressed in SPAD units in Pisum sativum L.,
cultivated in soil supplemented by nanoparticulate ZnO, was also observed by Mukherjee
et al. [38], and following Küpper et al. [83] was attributed to the Mg substitution by Zn.
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Figure 3. The influence of nanoparticulate CeO2 and ZnO on chlorophyll content in Pisum sativum L.
expressed in SPAD units. All measurements were performed on mature leaves on the 12th day from
administration of the nanoparticles. Vertical bars represent standard deviations (n = 10). Treatments
with the same letter are not significantly different according to Tukey’s post hoc test (p = 0.95).

3.4. Photosynthesis Parameters

Photosynthesis efficiency is usually assessed with the gas exchange analysis of plant
leaves [84–86]. Leaf net photosynthesis (A), transpiration rate (E), stomatal conductance
(gs), sub-stomatal CO2 concentration (Ci), and water use efficiency (WUE) determined
under either sole or combined nanoparticles treatments are collected in Figure 4. Net
photosynthesis was encouraged by CeO2 supplementations and significantly reduced by
ZnO additions, Figure 4a. The latter follows reduced chlorophyll content as induced by
elevated zinc concentrations [75,87]. This effect is partially released by the nanoceria addi-
tion in combined (Ce 100 + Zn 100) and (Ce 200 + Zn 200) treatments. Zinc is an essential
metal necessary for proper plant development [70]. However, above certain concentrations,
it affects chlorophyll synthesis and photosystem II efficiency [88,89]. Transpiration and
stomatal conductance behave in a similar way with the highest values observed for (Ce 100)
and (Ce 200) treatments and their substantial decline induced by either (Zn 100) and (Zn
200) supplementations (Figure 4b,c). The sub-stomatal CO2 concentrations exhibit a more
uniform pattern and are significantly less prone to ZnO supplementations (Figure 4d). The
largest water use efficiency was observed for (Ce 100) and (Zn 100) treatments, Figure 4e.
High concentrations of (Ce 200) and (Zn 200) nanoparticles prompted a decrease in WUE.
Maximum rates of ribulose 1,5-bisphosphate (RuBP) carboxylation as catalyzed by Rubisco
(Vcmax), electron transfer driving the regeneration of RuBP (Jmax), and CO2 compensation
points for pea plants cultivated in Hoagland’s solution supplemented with either sole or
combined CeO2 and ZnO NPs are in Table 2 and Supplementary Figure S1. The highest
Vcmax values were observed for the sole nanoceria augmentations [(Ce 100) and (Ce 200)]
while the strongest decreases were induced by the sole (Zn 100) and (Zn 200) NPs additions.
The electron transfer rates Jmax followed patterns observed for the RuBP regeneration. The
lowest carbon dioxide compensation point was determined for the (Ce 100) treatment, the
largest was obtained for (Zn 200).

Nanoceria is an effective free radicals scavenger and mimics the activity of several en-
zymes, namely superoxide dismutase (SOD), catalase (CAT), and oxidase (OXD) [32,90–92].
In this respect, it was classified by Korsvik et al. [93] as the first antioxidant nanoen-
zyme [90]. Stimulation of photosynthesis under abiotic stress mitigated by nanoceria in
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Arabidopsis thaliana was investigated by Wu et al. [32,94]. They pointed out that nanopar-
ticulate CeO2 reduced the stress induced by reactive oxygen species, namely •OH, which
are not tackled by the usual plant enzymatic scavenging pathways. Those NPs had en-
tered chloroplasts through the nonendocytic pathways, reduced the ROS concentrations,
and finally increased the quantum yield of photosystem II, carbon assimilation rates, and
chlorophyll content. The latter processes are governed by the reversible redox reactions
between the Ce4+ and Ce3+ species which are followed by the oxygen vacancy generation
or elimination [95–97]. Moreover, Cao et al. [22,98] identified a strong correlation between
photosynthesis parameters and the applied doses of CeO2 NPs in soybean. The resulting
photosynthesis enhancement was explained by the elevated Rubisco activity (Vcmax) and
promotion of the NADPH regeneration rate which prompted the RuBP synthesis.

Figure 4. Leaf net photosynthesis A (a), transpiration E (b), stomatal conductance gs (c), sub-stomatal
CO2 concentration Ci (d), and water use efficiency (WUE) (e) for Pisum sativum L. grown under
the sole or combined CeO2 and ZnO NPs treatments. Concentrations of nanoparticles are given
in mg/L of elemental cerium or zinc, respectively. The cultivation time was 12 days. Vertical bars
represent standard deviations (n = 6). Distinct letters show the statistically significant differences
among treatments as calculated with Tukey’s HSD post hoc test (p = 0.95).
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Table 2. Maximum ribulose 1,5-bisphosphate carboxylation rates (Vcmax), maximum electron transport rates (Jmax) and
CO2 compensation points determined for Pisum sativum L. plants grown under the sole or combined CeO2 and ZnO NPs
treatments. Distinct letters show the statistically significant differences among treatments as calculated with Tukey’s HSD
post hoc test (p = 0.95), n = 6.

Treatment Vcmax (μmol/m2 s) Jmax (μmol/m2 s) CO2 Compensation Point (μmol/mol)

Control 62.22 ± 1.22 c 80.31 ± 0.93 b 57.40 ± 1.12 b
Ce 100 71.07 ± 1.30 a 87.84 ± 0.69 a 43.00 ± 0.62 c
Ce 200 66.39 ± 0.58 b 85.02 ± 1.10 a 58.84 ± 1.00 b
Zn 100 50.29 ± 1.07 d 73.96 ± 1.27 c 97.51 ± 0.91 a
Zn 200 50.21 ± 0.82 d 67.82 ± 1.00 c 97.95 ± 1.28 a

Ce 100 + Zn 100 60.75 ± 1.41 c 79.09 ± 1.01 b 96.91 ± 1.34 a
Ce 200 + Zn 200 53.81 ± 2.58 d 72.78 ± 1.80 c 57.39 ± 3.27 b

Nanometric ZnO affected the CO2 assimilation process in a roughly opposite way
than CeO2 NPs. At low concentrations, zinc is a micronutrient necessary for proper plant
development. At elevated levels (above 300 μg/g, plant dry weight), zinc becomes a toxic
pollutant responsible for the generation of ROS [99,100]. It alters stomata morphology
and formation. The decreased gs and E indicated an increased stomatal closure and
restriction of the transpiration rate. Carbon dioxide enters pea leaves by diffusion through
stomatal pores. The major photosynthesis limitations result either from diffusion-controlled
restrictions in CO2 supply to the carboxylation sites or reduction in its consumption
through the mitigated Rubisco activity and RuBP regeneration [101]. The decrease in
the net photosynthesis A was correlated with the intercellular CO2 concentration Ci and
accompanied by the simultaneous reduction in Vcmax and Jmax. These results suggest that
ZnO NPs induced either stomatal or biochemical photosynthesis limitations. In the mixed
ZnO and CeO2 treatments, the latter effects are attenuated by the free radical scavenging
properties of nanoceria.

3.5. Elements Content

Copper, manganese, iron, magnesium, calcium, and potassium contents were deter-
mined in plants from all treatments. The results are presented in Figure 5 and Table S4.
Roots and shoots were treated separately. A one-way ANOVA was initially used to evaluate
concentrations of macro- and micronutrients in pea plants. The 0.95 probability level was
applied. Both nano-oxides altered the uptake of elements and their further translocation to
the green parts of pea (Table S5).

Nanoceria in both tested concentrations [(Ce 100) and (Ce 200)] significantly reduced
the uptake of all three investigated heavy metals (Cu, Mn, and Fe) by the roots. On the
other hand, nanoparticulate ZnO [(Zn 100) and (Zn 200)] behaved in a less obvious way.
Roots uptake was increased for copper and decreased for manganese. The uptake of iron
by the roots was not affected by (Zn 100) and was reduced by high zinc supplementation
(Zn 200). The combined treatments, either (Ce 100 + Zn 100) or (Ce 200 + Zn 200), prompted
more complex root responses. For Cu, the resulting uptakes were between those induced
by the administration of either CeO2 or ZnO alone. The manganese levels were as low as
those observed for the sole (Zn 100) and (Zn 200) supplementations. In the combined (Ce
200 + Zn 200) treatment Fe root level was as high as that in the control sample. However,
(Ce 100 + Zn 100) treatment prompted much lower Fe concentrations. In green parts of
the pea plants, the levels of Cu, Mn, and Fe were lower than those in roots. The only
exception was manganese whose concentrations in shoots were higher for all samples
supplemented with nanometric ZnO. Zinc hampers manganese uptake by roots. The latter
element is essential for the water-splitting process during the light-dependent phase of
photosynthesis. These circumstances facilitate Mn migration from roots to shoots. A quite
similar situation was observed for magnesium and calcium. The former is an important
chlorophyll cofactor while the latter is a structural component of photosystem II. Both ions
are crucial for the overall photosynthesis yield. The additions of (Ce 100) and (Ce 200) NPs
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alone decreased potassium levels in roots and shoots. Both were inversely proportional to
the Ce supplementations. The nanometric ZnO in either sole or combined administrations
further restrained potassium contents in pea roots. However, unlike in the case of the
nanoceria additions, higher K levels were observed in shoots.

Figure 5. Copper (a), manganese (b), iron (c), magnesium (d), calcium (e), and potassium (f) con-
centrations in roots and shoots of Pisum sativum L. grown under the sole or combined CeO2 and
ZnO NPs treatment. Concentrations of nanoparticles are given in mg/L of elemental cerium and
zinc, respectively. The cultivation time was 12 days. Vertical bars represent standard deviations
(n = 6). Distinct letters show the statistically significant differences among treatments as calculated
with Tukey’s HSD post hoc test (p = 0.95).

4. Conclusions

Nanomaterials alter plant metabolism in a number of ways with photosystems I
and II being their important targets. This paper continues our investigations on plant
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metabolism and uptake of nutrients in a model hydroponic environment subjected to
nanoparticles pollution. Steadily increasing usage of nanomaterials in smart agriculture
prompts thorough studies on their interactions with plant organisms. Nanoparticles rarely
exist in the environment alone and their combined interactions can hardly be neglected.

Regrettably, relevant studies on their impact on plant photosynthesis are scarce. In
this study, pea plants were cultivated in Hoagland’s solutions supplemented with either
sole or mixed cerium and zinc nano-oxides at 100 mg/L or 200 mg/L Ce or Zn levels.
Despite relatively high sole CeO2 administration (200 mg/L), no morphological symptoms
of phytotoxicity were detected in Pisum sativum L. Leaf net photosynthesis, water use
efficiency, and fresh biomass production were stimulated at the 100 mg/L Ce concentration
and only slightly suppressed at its higher level. Contrarily, ZnO NPs applied alone
caused serious impairment of metal homeostasis, decreased the level of photosynthetic
pigments, induced leaf chlorosis, and finally hampered photosynthetic efficiency. We
proved that ZnO NPs induced stomatal and biochemical limitations of photosynthesis.
Such dysfunctions could lead to the overproduction of ROS in chloroplast and induce
oxidative stress. In mixed CeO2–ZnO NPs treatments, the beneficial effect of nanoceria was
observed. In particular, pigments concentrations, leaf net photosynthesis, and maximum
electron transport rate (Jmax) depressed by ZnO NPs were significantly alleviated when
CeO2 NPs were present in the growing medium. It is well recognized that nanoceria has
the potential to quench ROS. Therefore, we conclude that CeO2 NPs moderate ZnO NPs
toxicity by protecting the photosynthetic apparatus in Pisum sativum leaves from oxidative
stress trigged by Zn. Additionally, we observed that both nano-oxides affected the nutrients
uptake and transport at all concentrations applied.

Reactive oxygen species are by-products of aerobic metabolic processes in plants [102,103].
They usually increase membrane permeability and initiate stress signals often leading to pro-
grammed cell death [104]. At certain concentrations, the presence of NPs in growing media
elevates ROS levels and induces oxidative damage in plant species. On the other hand, plant
organisms have developed advanced antioxidant systems which involve either enzymatic
or non-enzymatic pathways stabilizing ROS levels [105]. Those systems are enhanced under
exposure to NPs, perhaps as an adaptive response to alleviate stress. We speculate that either
CeO2 or ZnO nanoparticles trigger oxidative stress in pea but only cerium dioxide acts as an
antioxidant and reduces the stress symptoms while zinc oxide is mainly a prooxidant.

Our future studies will be aimed at the binary activity of nanoceria in agricultural
plants. Namely, at high concentrations, it is a plant stressor that triggers ROS production
while at certain, low levels nanoceria exhibits a ROS scavenging ability and supports the
plant’s defense mechanisms. The latter effect may find applications in agriculture and
deserves further investigation.
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Pisum sativum L. plants across all treatments., Table S5: Translocation factors (TF) of nutrients from
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treatments, Figure S1: Comparison of CO2 response curves (A/Ci) between control and treated
plants.

Author Contributions: Conceptualization, E.S. and W.M.W.; methodology, E.S., M.P. and S.G.;
validation, E.S. and W.M.W.; formal analysis, E.S. and M.P.; investigation, E.S. and M.P.; writing—
original draft preparation, E.S., M.P. and W.M.W.; writing—review and editing, E.S., M.P., S.G. and
W.M.W.; visualization, E.S. and M.P.; supervision, E.S. and W.M.W. All authors have read and agreed
to the published version of the manuscript.

53



Cells 2021, 10, 3105

Funding: This work received support from the Regional Fund for Environmental Protection and
Water Management in Lodz, Poland (Grant Number: 58/BN/D2018); additional funding from the
Institute of General and Ecological Chemistry of Lodz University of Technology is also acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors wish to thank Lilianna Chęcińska for consultations on the solid
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Abstract: PSI photoinhibition is usually avoided through P700 oxidation. Without this protective
mechanism, excess light represents a potentially lethal threat to plants. PGR5 is suggested to be
a major component of cyclic electron transport around PSI and is important for P700 oxidation in
angiosperms. The known Arabidopsis PGR5 deficient mutant, pgr5-1, is incapable of P700 oxidation
regulation and has been used in numerous photosynthetic studies. However, here it was revealed
that pgr5-1 was a double mutant with exaggerated PSI photoinhibition. pgr5-1 significantly reduced
growth compared to the newly isolated PGR5 deficient mutant, pgr5hope1. The introduction of PGR5
into pgr5-1 restored P700 oxidation regulation, but remained a pale-green phenotype, indicating that
pgr5-1 had additional mutations. Both pgr5-1 and pgr5hope1 tended to cause PSI photoinhibition by
excess light, but pgr5-1 exhibited an enhanced reduction in PSI activity. Introducing AT2G17240, a
candidate gene for the second mutation into pgr5-1 restored the pale-green phenotype and partially
restored PSI activity. Furthermore, a deficient mutant of PGRL1 complexing with PGR5 significantly
reduced PSI activity in the double-deficient mutant with AT2G17240. From these results, we con-
cluded that AT2G17240, named PSI photoprotection 1 (PTP1), played a role in PSI photoprotection,
especially in PGR5/PGRL1 deficient mutants.

Keywords: proton gradient regulation 5 (PGR5); PGR5-like photosynthetic phenotype 1 (PGRL1);
photosynthetic electron transport; PSI photoinhibition; oxidation of P700; oxidative stress

1. Introduction

Photosynthesis consists of two steps: the electron transport reaction and the carbon
fixing reactions. The electron transport reaction converts light energy absorbed in chloro-
plast thylakoid membrane to chemical energy (NADPH and ATP), while the subsequent
carbon fixing reaction (Calvin–Benson cycle) consumes NADPH and ATP to fix CO2. These
reactions are regarded as an electron source-sink relationship. The electron transport reac-
tion consists of photophysical and biochemical processes, while the carbon fixing reaction
is biochemical; therefore, the impacts of environmental stresses (such as strong light, tem-
perature, drought, etc.) are expected to be different between these reactions, despite the
activities of the two reactions being tightly linked [1].

An imbalance between electron source and sink can cause fatal damage to the pho-
tosynthetic apparatus, especially on photosystem I (PSI). When the electron transport
chain is full of electrons, O2 can be easily reduced into the superoxide radical (O2

−) on the
components with the lowest redox potential, in other words, the acceptor side of PSI [2].
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Sejima et al. (2014), [3], devised an experimental method called repetitive short-pulse
(rSP) illumination that promoted the electron accumulation in the electron transport chain
without activation of the carbon fixing reaction. This rSP-illumination drives the electron
source while suppressing the drive of the electron sink. That is, rSP-illumination induces
the imbalance of the electron accumulation between them. Consequently, rSP-illumination
induced O2

−dependent PSI-specific inactivation. The acceptor side of PSI is the main
generation site for reactive oxygen species (ROS) which cause oxidative damage to PSI
(PSI photoinhibition) [2,4,5]. Photo-inactivated PSI has been shown to take days or weeks
for full recovery [6–9], causing severe reductions in CO2 fixation rate [3,10,11]. Thus, PSI
photoinhibition can severely affect growth and may even be lethal for plants.

However, in nature, PSI photoinhibition rarely occurs in wild plants [12]. Under
unsuitable environments for photosynthesis, coordinated linkage of the electron source
and sink promotes oxidation of the PSI reaction center, P700, avoiding PSI photoinhibi-
tion [1,3,4]. P700 transports electrons as part of a redox cycle with three energy states. The
oxidized form, P700+, receives electrons from PSII via plastocyanin (PC) and is reduced
into P700. The reduced form P700 is photo excited to P700*. P700* then passes the elec-
tron to the next electron acceptor and is re-oxidized to P700+. The increase of oxidized
P700 suggests that the rate-determining step in the P700 redox cycle is the reduction of
P700+ [1]. Under stress conditions, where CO2 fixation (electron sink) was suppressed,
P700 was generally more oxidized [13–17]. Theoretically, a decrease in the electron sink
would predict a significant reduction of P700 (electron source). However, at this time, the
trans-thylakoid ΔpH is increased, suppressing the electron transport activity of Cyt b6f [18].
Additionally, the redox balance of the plastoquinone (PQ) pool also slows the electron flow
at the Cyt b6f [19]. The extent of the suppression of electron flow to PSI was larger than
that of the decrease in the electron sink, resulting in oxidized P700 more [1,20]. Conversely,
under the specific conditions (chilling and rSP-illumination) where PSI photoinhibition was
observed, P700 oxidation was not induced [3,9]. PSI photoinhibition has also been observed
in some mutants that could not promote P700 oxidation [21,22]. Oxidation of P700 avoids
the accumulation of electrons in the acceptor side of PSI where ROS are generated, while
oxidized P700 cannot use the light energy absorbed in PSI for electron transport but can
directly dissipate it as heat [23–25]. In plants, promoting P700 oxidation can be regarded as
a robust mechanism of avoiding ROS generation and protecting PSI.

Proton gradient regulation 5 (PGR5), a protein tethered in the thylakoid membrane,
was identified in an Arabidopsis deficient mutant, pgr5 [21], renamed as pgr5-1 [26]; here-
after, also referred to as “pgr5-1” in this study. pgr5-1 reduced proton gradient formation
and P700 oxidation under high light [21,27]. PGR5 complexing with PGRL1 has been
proposed to be a major component in cyclic electron flow around PSI [28]; however, the
molecular function of PGR5 remains unclear. Under high light, preferential PSI photoinhi-
bition was often observed in pgr5-1 [21,26,29–31], and it was assumed that ROS production
was accelerated by the accumulation of reduced iron-sulfur centers due to the loss of P700
oxidation. Moreover, pgr5-1 significantly reduced survivability and growth under natural
light conditions [32], indicating that PSI photoprotection by P700 oxidation is necessary for
acclimation to natural light. Therefore, pgr5-1 has been used as a valuable tool to investigate
PSI photoinhibition, possible lethal damage caused by natural light stress [31–33].

In this study, we newly isolated a PGR5 deficient mutant named pgr5hope1. Coinci-
dentally, pgr5hope1 and the known pgr5-1 mutant were revealed as having the same point
mutation in PGR5 gene, although, pgr5-1 grew smaller and had lower photo-oxidizable
PSI (Pm) than pgr5hope1 under both constant and natural light conditions. The phenotypic
differences suggested the presence of additional factors besides PGR5, which was assumed
to be related to the PSI photoprotection. So far, little is known about the factors involved in
PSI photoprotection. Therefore, we aimed to find the novel factor, which we named PSI
photoprotection 1 (PTP1). Whole-genome sequencing and complemented transformants
revealed that PTP1 was encoded in AT2G17240 gene. AT2G17240 gene was identified
previously as cgl20a, which interacted with plastidial ribosomes and affected plastome
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translation [34]. A mutation of the PTP1 gene in pgr5-1 enhanced PSI photoinhibition and
exacerbated the growth reduction. Here, we introduce the novel factor involved in PSI
photoprotection in Arabidopsis.

2. Materials and Methods

2.1. Plant Materials and Growth Condition

Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col) gl-1 and Col-0 were used
as wild-type. In mutants used in this study, pgr5hope1 and pgr5-1 were gl-1 backgrounds,
and ptp1-1, npq4 and pgrl1ab were Col-0 backgrounds. pgr5hope1 was screened from an ethyl
methanesulfonate (EMS) mutant population, which was gl-1 background, by chlorophyll fluo-
rescence measurement under low O2 and CO2 free conditions (Supplementary Figure S1) [35].
pgr5-1, ptp1-1, npq4 and pgrl1ab were originated from [21], [34], [36], and [22], respectively.
For the constant light condition, plants were cultivated in a growth chamber (BioTRON
LPH-241, NKsystem, Osaka, Japan) with a light/dark regime of 10/14 h (light intensity;
250 μmol photons m−2 s−1) with the temperature of 24/22 ◦C. For natural light conditions,
plants were cultivated in a greenhouse with supplemental halogen lamps used in the morning
and evening to extend the day length to 14 h and adjusted temperature at 23/20 ◦C, during
March–May in 2020. The greenhouse is located in Kobe University (34◦43′ north latitude,
135◦14′ east longitude). Based on the climate data in Kobe, the daytime light intensity varied
up to around 2000 μmol photons m−2 s−1. The culture soil was a mixture of vermiculite and
horticultural soil (Tanemaki-baido, Takii, Kyoto, Japan) at a ratio of 1:1.

2.2. Transformation

To produce complementation lines, pgr5-1 PTP1, pgr5-1 PGR5 and pgr5hope1 PGR5
constructs expressing PGR5 or PTP1 cDNA under the control of 35S promoter were intro-
duced into pgr5-1 or pgr5hope1 by agrobacterium-mediated transformation (Agrobacterium
tumefaciens strain GV3101). mRNA was isolated from leaves of wild-type gl-1 using RNeasy
plant mini kit (QUIAGEN, Hilden, Germany), which was used for cDNA synthesis by
PrimeScript RT master mix (Takara, Shiga, Japan). Full-length CDS of PGR5 and PTP1
was amplified from the cDNA with specific primers described in Supplementary Table S1.
Amplified CDSs were primarily inserted into the pENTR/D-topo entry vector (Thermo
Fisher Scientific, Waltham, MA, USA) and finally introduced into pBI DAVL-GWR1 desti-
nation vectors (Inplanta Innovations, Yokohama, Japan) by the Gateway cloning system.
Transformation into plants was performed by floral dip methods [37].

2.3. Determination of Phenotypic Recovery in Complementation Lines

The phenotypic recovery was assessed by four different parameters, the shoot fresh
weight, SPAD value, the maximum quantum yield of PSII (Fv/Fm), and the maximum
amount of photo-oxidizable P700 (PSI) (Pm). Sampled plants were weighed and the SPAD
values were measured using a SPAD-502 (Konica Minolta, Tokyo, Japan). Fv/Fm and Pm
were measured by Dual-Pam/F (Walz, Effertrich, Germany). The calculations of Fv/Fm and
Pm were described below.

2.4. Simultaneous Measurement of Gas Exchange, Chlorophyll Fluorescence, and Absorbance
Change Due to P700 Oxidation

Analysis of photosynthesis was conducted on rosette leaves of Arabidopsis about
30 days after sowing. CO2 and H2O gas exchanges were measured by a GFS-3000 system
equipped with a Dual-PAM gas-exchange cuvette (Walz, Effertrich, Germany). For the
measurement, ambient air CO2 concentration (Ca), relative humidity, and leaf temperature
were controlled at 400 ppm, 60%, and 25 ◦C, respectively. CO2 fixation rate (A) was
calculated by the system software based on the method of [38].

Chlorophyll fluorescence and absorbance change were measured using Dual-PAM 100
(Walz) simultaneously with gas exchange. Chlorophyll fluorescence parameters were calcu-
lated as follows based on [39]; Fo, minimal fluorescence in dark-adapted leaf; Fm, maximal
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fluorescence in dark-adapted leaf; Fm’, maximal fluorescence in light-adapted leaf; Fs, flu-
orescence in steady-state; the effective PSII quantum yield (Y(II)), Y(II) = (Fm’ − Fs)/Fm’;
non-photochemical quenching (NPQ), NPQ = (Fm − Fm’)/Fm’. And P700 absorbance
parameters were calculated as follows based on [15]; Pm, the maximal signal of photo-
oxidizable P700; Pm’, the maximal signal of P700 photo-oxidized by saturating pulse flash
under actinic light; P, the signal of P700 photo-oxidized under actinic light; the effective PSI
quantum yield (Y(I)), Y(I) = (Pm’ − P)/Pm; the quantum yield of non-photochemical energy
dissipation due to donor-side limitation of PSI (Y(ND)), Y(ND) = P/Pm; the quantum yield
of non-photochemical energy dissipation due to acceptor-side limitation of PSI (Y(NA)),
Y(NA) = (Pm − Pm’)/Pm. The sum of these quantum yields is 1. (Y(I) + Y(ND) + Y(NA) = 1)
To determine the Fo and Fm, fully dark-adapted leaves (<30 min) were irradiated with a
saturated light pulse (20,000 μmol-photons m−2 s−1, for 300 ms). The maximal quantum
yield of PSII, Fv/Fm, was calculated as; Fv/Fm = (Fm − Fo)/Fm. After Fo and Fm determina-
tion, Pm was determined by a saturating pulse in the presence of far-red light. Then, leaves
were irradiated with actinic light. The light intensity of actinic light was increased stepwise
(8.2, 26.1, 54.8, 110.8, 200.3, 434.6, 709.3, 903.0, 1150.3, 1447.6 μmol-photons m−2 s−1), and
the respective parameters were measured at each light intensity with application of a
saturating pulse. After the photosynthesis measurement, the leaves were excised, frozen
with liquid nitrogen, and stored at −80 ◦C before biochemical analysis.

2.5. Biochemical Analyses

The leaf N, chlorophyll and rubisco protein content were determined according to [40].
Leaf samples were ground with homogenization buffer (50 mM sodium phosphate, 5%(v/v)
glycerol and 1 mM sodium iodoacetate). The aliquot was used for leaf N and chlorophyll
determination based on the Kjeldahl method and [41]. For rubisco protein quantifica-
tion, leaf soluble fractions were applied to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). After Coomassie brilliant blue (CBB) staining, the bands cor-
responding to the large and small subunits of rubisco were excised, and the dye extracted
with formamide was colorimetrically quantified. Bovine serum albumin (BSA) protein
(Bovine Serum Albumin Standard, Thermo Fisher Scientific, Waltham, MA, USA) was used
as a standard sample, and a standard curve was prepared.

2.6. Immunoblotting

Aliquots of leaf homogenate for biochemical analyses were applied for immunoblot-
ting. The total leaf homogenate was combined with an equal volume of SDS-sample
buffer (200 mM Tris-HCl (pH 8.5), 2%(w/v) SDS, 20%(v/v) glycerol, 5%(v/v) 2-ME), boiled
for 2 min and stored at −30 ◦C until analysis. Immunoblotting was carried out with
a 12.5%(w/v) acrylamide gel, a semi-dry blotting apparatus (Trans-Blot Turbo Transfer
System; Bio-Rad, Hercules, CA, USA), a polyvinyldifluoridene (PVDF) membrane (Trans-
Blot Turbo RTA transfer kit, mini, PVDF; Bio-Rad), a chemiluminescence detection kit
(SuperSignal West Dura Extended Duration Substrate; Thermo Fisher Scientific), and
an image analyzer (Ex-Capture MG; ATTO, Tokyo, Japan). All antibodies used in this
study were purchased from Agrisera (Vännäs, Sweden). The product code of PsaA, Lhca1,
PsbA, Lhcb5, PETB, NDHB and NDHH specific antibodies were AS06 172, AS01 005,
AS05 084A, AS01 009, AS18 4169, AS16 4064 and AS16 4065, respectively. The Goat Anti-
Rabbit IgG Horseradish Peroxidase Conjugated (Thermo Fisher Scientific) was used for the
secondary antibody.

2.7. Photoinhibition Experiment

For the photoinhibition in PSII and PSI, attached leaves of plants were exposed
to actinic light (900 μmol-photons m−2 s−1) for 2 h in a Dual-PAM cuvette and Dual-
PAM 100 (Walz, Effertrich, Germany). The experimental condition was the same as in
the measurement of photosynthesis parameters described above. Fv/Fm and Pm were
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determined before tuning on the actinic light and after 30 min dark treatment after turning
off the light.

2.8. Whole-genome Sequences Analysis

The whole-genome sequence analysis was performed with NovaSeq 6000 by Macrogen
(Kyoto, Japan). The TAIR 10.1 was used as a reference genome sequence of Arabidopsis.

3. Results

3.1. Identification of the PSI Photoprotection 1, PTP1; a Recessive Mutation in AT2G17240 Gene
Enhanced the Growth Phenotype of pgr5-1, a Well-known PGR5 Deficient Mutant

We previously performed screening for Arabidopsis mutants in ΔpH formation across
thylakoid membrane by monitoring chlorophyll fluorescence under hypoxic conditions (hope
mutant screening; hunger for oxygen in photosynthetic electron transport reaction) [34]. hope1
was isolated as a high chlorophyll fluorescent mutant in hypoxic conditions
(Supplementary Figure S1A,B) and was identified a mutation in proton gradient regulation 5
(PGR5) gene by genome mapping. Coincidently, the mutation was in the same position (388 G
to A) as pgr5-1, a known PGR5 deficient mutant (Supplementary Figure S1C [21]). The muta-
tion resulted in PGR5 protein deficiency in both pgr5-1 and hope1 (Supplementary Figure S1D
and Supplementary Table S2). As pgr5-1 and hope1 were genetically the same alleles as pgr5
mutants, hereafter, hope1 was referred to as pgr5hope1 in this study.

Figure 1 showed the growth phenotypes of pgr5-1 and pgr5hope1 grown under relatively
high (250 μmol-photons m−2 s−1) constant light (Figure 1A,B), and natural light condition
(varying below 2000 μmol-photons m−2 s−1; Figure 1C,D). Despite the identical mutation,
under both light conditions, pgr5-1 was significantly smaller than pgr5hope1. Although the
growth of pgr5-1 was severely affected by light intensity, the growth declines of pgr5-1
under constant and natural light conditions were consistent with [32,42]. Whereas pgr5hope1

showed almost the same growth as wild-type under constant light conditions, although
it tended to be slightly smaller (Figure 1A,B). Under natural light, pgr5hope1 exhibited a
reduction to around 35% of the fresh weight compared to the wild-type, while pgr5-1
achieved masses around 11% of wild-type (Figure 1C,D). These differences suggested that
the influence of genetic factors other than PGR5 were involved in these growth phenotypes.
All F1 hybrids of pgr5-1 and pgr5hope1 grew the same level as pgr5hope1 (Figure 1A,B). Based
on the fresh weight and the SPAD value, an indicator for chlorophyll amount, the growth
phenotype of the F2 progeny exhibited Mendelian segregation of approximately 1:3 (16:62)
in 78 plants, indicating the existence of a second genetic factor affecting pgr5-1 or pgr5hope1

growth. The growth reduction in pgr5-1 compared to the wild-type was reported to be
mainly due to the PSI photoinhibition [21,43]. We considered that the second mutation
could act positively or negatively on the PSI photoinhibition in pgr5 mutant, resulting in
different phenotypes. Thus, we named this factor PSI photoprotection 1, PTP1.

For genetic identification, we performed whole-genome sequencing on pgr5-1 and
pgr5hope1. So far, pgr5-1 and pgr5hope1 have no phenotypic segregation in hybrid strain
production or backcrossing. Therefore, it was considered that the PTP1 was positioned near
the PGR5 locus on chromosome 2 and was difficult to segregate from PGR5 mutation. The
candidate mutations on chromosome 2 that existed independently in each of these mutants
and that had a severe effect (e.g., amino acid substitution) were listed in Supplementary
Table S3. We selected several candidate mutations from the list and analyzed their T-DNA
insertion mutants. One of them, salk_133989, a T-DNA insertion allele for AT2G17240, exhib-
ited a pale green phenotype which partially resembled pgr5-1 phenotype (Supplementary
Figure S2). AT2G17240 was reported to encode CGL20A protein and the salk_133989
was its defective mutant [34]. A point mutation in AT2G17240 was found in pgr5-1
(Supplementary Table S3) which altered C to T at base 278 of the coding DNA, predicting
an amino acid substitution at position 93 from Pro to Leu (Supplementary Figure S3). Here,
we tentatively termed AT2G17240 gene PTP1, while the mutant alleles, T-DNA insertion
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mutant alleles (salk_133989) and one base substitution in pgr5-1 were named ptp1-1 and
ptp1-2, respectively (Supplementary Figure S3).

Figure 1. The difference of the growth phenotype between pgr5-1 and pgr5hope1. (A) is a picture of
representative plants (wild-type (gl-1), pgr5hope1, pgr5-1, and F1 hybrid of pgr5-1 and pgr5hope1) grown
under constant light conditions (250 μmol-photons m−2 s−1) for 30 days. (B) shows the fresh weight
of plants in (A) Data are means ± sd. (n = 4–5) (C) is a picture of representative plants (wild-type
(gl-1), pgr5hope1 and pgr5-1) grown under natural light condition for 20 days. (D) shows the fresh
weight of plants in (C). Data is means ± sd. (n = 9) In (B,D), Different alphabets indicate significant
differences analyzed by Tukey’s HSD-test. (p < 0.05) Experiments were independently repeated at
least 3 times and showed similar results. Figures showed the representatives.

To determine whether PTP1 caused the phenotypic difference between pgr5hope1 and
pgr5-1, we produced several complementation lines and observed phenotypic recoveries
under constant (Figure 2A–C) and natural light condition (Figure 2D–F). We assessed the
phenotypic recovery as fresh weight and SPAD value (Figure 2B,E), and the maximum
yield of PSII (Fv/Fm) and the maximum amount of photo-oxidizable PSI (Pm; Figure 2C,F).
The genetic background is different between pgr5-1, pgr5hope1 (gl-1) and ptp1-1 (Col-0).
However, the wild-type gl-1 and Col-0 didn’t show any significant differences in their
growth (Figure 1A,D) and measured parameters (Figure 1B,C,E,F). Under the constant light
condition, pgr5hope1 slightly reduced the fresh weight, SPAD value, and Pm compared to
wild-type (Figure 2B,C). The complementation line, pgr5hope1 PGR5, which induced PGR5
in the pgr5hope1 background under the control of 35S promoter, restored these reductions
to the wild-type level (Figure 2B,C). pgr5hope1 significantly decreased in growth and Pm
under natural light, but pgr5hope1 PGR5 restored these decreases to the wild-type level
(Figure 2E,F). These results strongly indicated that pgr5hope1 was a pgr5 single mutant.
In contrast, pgr5-1 significantly reduced fresh weight, SPAD value, and Pm under both
constant and natural light conditions (Figure 2B,C,E,F). pgr5-1 PGR5, which induced
PGR5 in the pgr5-1 background, largely restored growth rate and Pm. However, pgr5-1
PGR5 remained low SPAD value and showed pale green leaves similar to ptp1-1. Partial
phenotypic recovery of pgr5-1 PGR5 suggested the existence of other mutations causing
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the pale green leaves. Whereas pgr5-1 PTP1, which expressed PTP1 in pgr5-1 background,
restored the fresh weight, the SPAD value and Pm to almost the same level as pgr5hope1

under constant light condition (Figure 2B,C). In addition to constant light, pgr5-1 PTP1
restored these parameters to the pgr5hope1 level under natural light (Figure 2E,F). These
recoveries indicated that the introduction of PTP1 in pgr5-1 was largely compensated for
the phenotypic differences between pgr5-1 and pgr5hope1.

Figure 2. The phenotypic recovery in complementation lines. (A–C) and (D–F) were the data of plants grown under
constant (250 μmol-photons m−2 s−1) and natural light conditions, respectively. (A,D) are pictures of representative plants
grown for 22 days and 20 days, respectively. The parentheses indicate the background genotypes of each mutant. The scale
bars in (A,D) are 5 and 8 cm, respectively. (B,E) show fresh weight (white bars) and SPAD values (black bars). Data are
means ± sd. ((B), n = 6; (E), n = 4–5) (C,F) show the maximum quantum yield in PSII (Fv/Fm; white bars) and the maximum
amount of photo-oxidizable PSI (Pm; black bars). Data are means ± sd. (C, n = 5–6; F, n = 4–5) Pm is a relative value with
the value wild-type Col-0 being 1. In (B,C,E,F), the different alphabets indicate significant differences analyzed by Tukey’s
HSD test. (p < 0.05).

To confirm the effect of double mutation of PTP1 and PGR5, we attempted to cross-
breed pgr5hope1 and ptp1-1. However, the double mutant could not be obtained from the
cross-bred strains, probably due to the proximity of their loci on chromosome 2. Alterna-
tively, we produced a double-deficient mutant of PGRL1 and PTP1 (pgrl1ab ptp1-1) and
analyzed the growth phenotypes under constant light conditions (Figure 3). PGRL1 forms
a protein complex with PGR5, and the deficient mutant, pgrl1ab, is incapable of P700 oxida-
tion like PGR5 deficient mutant [22]. pgrl1ab ptp1-1 double mutant significantly reduced
the growth and Pm like pgr5-1, while the pgrl1ab grew similar to wild-type like pgr5hope1

(Figure 3). In addition, we produced a double mutant npq4 ptp1-1 to compare the effect
of PTP1 deficiency in another photodamage susceptible mutant. npq4 mutant is deficient
in PsbS protein, reducing its ability of photoprotective thermal energy dissipation [36].
Consequently, the growth, Fv/Fm and Pm did not change between npq4 and npq4 ptp1-1
(Figure 3), indicated that PTP1 deficiency did not exacerbate the growth inhibition of npq4.
From the results of complementation lines and pgrl1ab ptp1-1, we concluded that the second
genetic factor PTP1 affecting the growth phenotype in pgr5-1 was AT2G17240 gene. As
a result, pgr5-1 was determined to be a double mutant of pgr5-1 ptp1-2. We tried to but
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have been so far unsuccessful in detecting the PTP1 protein, even in wild-type plants.
Therefore, the detailed effect of the ptp1-2 mutation on PTP1 protein in pgr5-1 remained
unclear. However, under constant light conditions, pgr5-1 PTP1 and ptp1-1 deficient mutant
reduced the SPAD value to a similar level (Figure 2B,E) and reduced chlorophyll content to
the same level (Table 1). Furthermore, in comparison with wild-type, the growth reduction
in pgr5-1 was relatively larger than in the pgrl1ab ptp1-1 (Figures 2B and 3B). Thus, it was
estimated that the ptp1-2 mutation in pgr5-1 caused a similar situation to protein deficiency
or further impairment of its function.

Figure 3. The effect of PTP1 mutation on the growth of PGRL1 deficient mutants. (A–C) were the data of plants grown
under constant light conditions (250 μmol-photons m−2 s−1). A is a picture of representative plants grown for 28 days. The
parentheses indicate the background genotypes of each mutant. The scale bar is 7 cm. (B) shows the fresh weight (white
bars) and SPAD values (black bars). Data are means ± sd. (n = 4). (C) shows the maximum quantum yield in PSII (Fv/Fm;
white bars) and the maximum amount of photo-oxidizable PSI (Pm; black bars). Data are means ± sd. (n = 4) Pm is a relative
value with the value wild-type Col-0 being 1. In (B,C), the different alphabets indicate significant differences analyzed by
Tukey’s HSD test. (p < 0.05).

Table 1. The chlorophyll, leaf total N and Rubisco amount in pgr5-1, pgr5hope1 and ptp1-1. After
photosynthesis measurement (Figure 5), leaves were used for the determination of leaf components.
Dara are means ± sd. (n = 4–5) Different alphabets beside the numbers indicate the significant
difference analyzed by Tukey’s HSD test (p < 0.05).

Genotypes
(Background)

Chlorophyll
mmol m−2

Chlorophyll
a/b

Leaf N
mmol m−2

Rubisco
g m−2

wild-type (Col-0) 0.377 ± 0.041 a 3.08 ± 0.20 a 80.6 ± 6.9 a 1.45 ± 0.17 a
wild-type (gl-1) 0.366 ± 0.024 a 3.09 ± 0.40 a 85.8 ± 4.6 a 1.42 ± 0.13 a
pgr5hope1 (gl-1) 0.385 ± 0.009 a 2.96 ± 0.30 a 82.4 ± 5.6 a 1.48 ± 0.15 a
pgr5-1 (gl-1) 0.287 ± 0.030 b 3.30 ± 0.20 a 78.4 ± 4.0 a 1.27 ± 0.09 a
ptp1-1 (Col-0) 0.293 ± 0.019 b 3.29 ± 0.19 a 80.2 ± 5.6 a 1.51 ± 0.11 a

3.2. The Biochemical and Physiological Damages on Photosynthetic Apparatus Caused by the
ptp1 Mutation

pgr allele possessed the second recessive mutation, ptp1-2, and was regarded as a
double mutant, pgr5-1 ptp1-2, whereas pgr5hope1 was regarded as a single PGR5 deficient
allele, based on the phenotypic recovery. To reveal the molecular function of PTP1, we
compared the difference between pgr5hope1 and pgr5-1. First, we determined the total leaf N,
chlorophyll and rubisco content (Table 1), and thylakoid protein levels, mainly in electron
transport chain components of plants grown under constant light conditions (Figure 4). No
significant differences in leaf total N and rubisco content were noted between genotypes.
On the other hand, pgr5-1 and ptp1-1 deficient mutants exhibited significantly reduced
chlorophyll contents compared to wild-type and pgr5hope1; consistent with the SPAD value
and the pale green leaf color (Figures 1A and 2A). But the chlorophyll a/b ratio was not
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significantly changed in pgr5-1 and ptp1-1 (Table 1). Moreover, only pgr5-1 largely reduced
the concentration of the core subunit of PSI (PsaA) to around 66% of wild-type levels,
but not other tested proteins in the electron transport chain (Lhca1, PsbA, Lhcb5, and
PETB). Previous studies have shown that the core subunit of PSI, PsaA, is specifically
degraded in the process of PSI photoinhibition [9,43]. In pgr5-1, the specific decrease of
the PSI core protein was observed with PSI inactivation [32,44], suggesting severe PSI
photoinhibition. However, the PsaA level in pgr5hope1 was only marginally reduced, to
around 90% of wild-type levels (Figure 4). Thus, the PSI photoinhibition in pgr5-1 was
suggested not only due to PGR5 deficiency but was enhanced by the ptp1-2 mutation. In
addition, ptp1-1 deficient mutant was reported a decrease in proteins of NDH complex [34].
We also detected the decrease of NDHB and NDHH proteins in the complex to around
70% of wild-type in ptp1-1 and pgr5-1 (Figure 4). The growth reduction of pgr5-1 was
largely enhanced by crossing with NDH complex deficient mutants (crr2 and crr4) [45].
The reduction of NDH complex by PTP1 mutation may be associated with the growth
phenotype of pgr5-1 and pgr5hope1.

Figure 4. The immunoblotting of proteins in photosynthetic electron transport. Proteins in photosyn-
thetic electron transport were detected with specific antibodies in each plant. Leaves were samples
after measurements of photosynthetic parameters (Figure 5). Samples were loaded based on the
same leaf area. The experiment was repeated at least three times with similar results. The values
in parentheses show relative values of band intensities when the wild-type Col-0 is 100. Data are
means ± sd. (n = 3–4) Different alphabets beside the numbers indicate the significant difference
analyzed by Tukey’s HSD test (p < 0.05). The images were representative.
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Figure 5. The photosynthetic capacity in pgr5-1, pgr5hope1 and ptp1-1. Light intensity-dependent changes in photosynthetic
parameters; (A), CO2 fixation rate, (B), the quantum yield in PSII (Y(II)), (C), non-photochemical quenching, (D), the
quantum yield in PSI (Y(I)), (E), the ratio of oxidized P700 (P700+) in PSI (Y(ND)), (F), the ratio of excited P700 (P700*)
in PSI (Y(NA)). Magenta, blue, green, yellow and orange are wild-type gl-1, wild-type Col-0, pgr5hope1, pgr5-1 and ptp1-
1, respectively. Data are means ± sd (n = 5). Experiments were independently repeated at least 3 times with similar
results. Graphs show representative results. The results of statistical analysis of these data are summarized in the
Supplementary Table S4.

PSI photoinhibition has been shown to cause severe reductions in CO2 fixation
rate [3,10,11]. We next determined CO2 fixation rate (A), chlorophyll fluorescence and
absorbance change simultaneously, using plants grown under constant light conditions
(Figure 5). A in pgr5-1 was significantly reduced, especially under high light
(<500 μmol-photons m−2 s−1), to about 60% of wild-type (Figure 5A). A large reduc-
tion of A in pgr5-1 was previously observed in [42], mainly due to PSI photoinhibition
caused by PGR5 deficiency. pgr5hope1 also reduced A, but not as much as pgr5-1, to about
90% of wild-type levels under high light (<500 μmol-photons m−2 s−1) condition. This
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difference in A between pgr5hope1 and pgr5-1 suggested that the PTP1 mutation largely
enhanced the reduction in A under PGR5 deficient condition. A similar decrease in A
was confirmed between pgrl1ab ptp1-1 and pgrl1ab (Supplementary Figure S4). In contrast,
both pgr5-1 and pgr5hope1 exhibited similarly reduced quantum yields in PSII and PSI,
Y(II) and Y(I), compared to wild-type (Figure 5B,D). pgr5-1 was originally isolated as a
mutant incapable of qE-dependent non-photochemical quenching (NPQ), an indicator
for trans-thylakoid ΔpH formation, and P700 oxidation [Y(ND)] under high light ([21];
Figure 5C,E in this study). pgr5hope1 also showed the same low levels of NPQ and Y(ND)
as pgr5-1. These results indicated that changes in electron transport capacities, including
the loss of P700 oxidation, were due solely to PGR5 deficiency. In contrast, ptp1-1 deficient
mutants showed almost the same photosynthetic capacities as wild-type (Figure 5). These
results indicated that PTP1 was neither necessary in photosynthesis nor directly involved
in P700 oxidation.

3.3. PSI Photoinhibition Was Triggered by PGR5/PGRL1 Deficiency

The specific core protein degradation in PSI and the reduction in CO2 fixation rate sug-
gested that the mutation of PTP1 enhanced PSI photoinhibition in pgr5-1 (Figures 4 and 5A).
Next, we analyzed the extent of photoinhibition in PSII and PSI caused by constant intense
light (900 μmol-photons m−2 s−1), using plants grown under constant light conditions
(Figure 6). In wild-type and ptp1-1, no changes in the maximum quantum yield of PSII
(Fv/Fm) and the maximum amount of photo-oxidizable PSI (Pm) were found before or after
high light irradiation (Figure 6B,C). It suggested that PTP1 deficiency was not a trigger
for PSI photoinhibition. On the contrary, pgr5hope1 and pgr5-1 significantly decreased both
Fv/Fm and Pm, especially Pm, after irradiation. Similar results were observed with the
pgrl1ab mutant (Supplementary Figure S5). These results showed that PSI photoinhibition,
whether PTP1 was present or absent, was primarily induced by PGR5/PGRL1 deficiency.
The reduction rate of Pm was significantly larger in pgr5-1 (53%) than in pgr5hope1 (40%).
However, pgr5-1 exhibited significantly lower Pm before irradiation, suggesting that the
actual difference in PSI damage was even smaller. The low Pm before high light irradiation
also suggested that the damage of PSI photoinhibition was accumulated constantly in
pgr5-1. These results imply that PTP1 did not avoid the occurrence of PSI photoinhibition
but suppressed the damages to PSI.

Figure 6. The extent of photoinhibition by constant intense light. (A) is an illustration of an experi-
mental scheme for photoinhibition by constant intense light. The leaves that had been fully darkened
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(<30 min) were exposed to intense constant light (AL; 900 μmol-photons m−2 s−1) for 2 h under
atmospheric conditions, and then darkened for 30 min. Saturated pulse flush was exposed before AL
on (before irradiation) and after darkness for 30 min with AL off (after irradiation). (B,C) show the
maximum quantum yield in PSII (Fv/Fm) and the maximum amount of photo-oxidizable PSI (Pm)
before and after irradiation, respectively. Black and white bars are before and after irradiation. In (C),
Pm is a relative value with the value wild-type Col-0 before irradiation being 1. Data are means ± sd.
(n = 3) Experiments were independently repeated at least 3 times with similar results. Graphs show
representative results.

4. Discussion

In this study, we identified the AT2G17240 gene, named PTP1, as a novel factor for
PSI photoprotection. Mutations in PTP1 exacerbated PSI photoinhibition and reduced
the growth of pgr5 and pgrl1 mutants. PGR5 and PGRL1 that form a protein complex
are suggested to be the main components of cyclic electron transport around PSI (CEF-
PSI) [21,22], but its actual molecular function has not yet been specified. ptp1-1 deficient
mutant performed the same photosynthetic activity including ΔpH formation (NPQ) as
wild-type plants (Figure 5). In addition, PTP1 was reported as CGL20A to function in
ribosome biogenesis in plastids [34]. Thus, PTP1 was unlikely to be directly involved in the
linear electron transport or CEF-PSI. The physiological roles of CEF-PSI were suggested to
protect PSI from excess light energy by sustaining high ΔpH and produce ATP for CO2
assimilation [28]. However, pgr5hope1 showed significantly larger Pm than pgr5-1 under
both constant and natural light conditions (Figure 2C,F) and showed nearly the same CO2
assimilation level as wild-type under saturated light conditions (Figure 5A). These results
indicated that the physiological roles of CEF-PSI based on the analysis of pgr5-1 could have
been overestimated.

In addition, it was suggested that the existence of CEF-PSI itself needed to be recon-
sidered in other experiments. As for the CEF-PSI pathway carried by PGR5 and PGRL1,
ferredoxin-quinone reductase dependent (FQR) pathway in which electrons transfer from
ferredoxin (Fd) to plastoquinone (PQ) in the electron transport chain is proposed. However,
the electron transport rates at Fd and PSII showed a positive linear relationship without
intercept, suggesting that electron transports other than the linear electron transport were
negligible in abundance [46]. Furthermore, a direct measurement system of CEF-PSI has
not been established so far, and the difference in quantum yield between PSI and PSII
(ΔY(I) = Y(I) − Y(II)), which has been used as an alternative index, is also doubtful as an
evaluation of CEF-PSI. The quantum yield of PSI (Y(I)) at steady state measured by satura-
tion pulse irradiation could be overestimated depending on the redox state of plastocyanin
(PC) [20]. Assuming that ΔY(I) was properly assessing the CEF-PSI, ΔY(I) was not induced
by PGR5/PGRL1 deficient mutants not only under steady-state but also under fluctuating
light [26]. However, the introduction of moss flavodiiron protein (FLV) into pgr5-1 mutant
restored ΔY(I) along with the oxidation regulation of P700 [26]. This recovery was further
confirmed by the introduction of FLV in PGR5-RNAi transformant in rice (Oryza sativa) [47].
FLV, theoretically, played a role as an alternative electron sink for linear electron transport
by transporting electrons to oxygen to generate water (pseudo-cyclic electron transport).
However, FLV stimulated the photosynthetic linear electron transport and oxidized P700
in PSI, which induced the extra electron flux in PSI, ΔY(I), in both wild-type and pgr5-1
plants [26]. These studies indicated that ΔY(I) was not induced by PGR5/PGRL1. In this
study, ΔY(I) was also observed in wild-type, and not in pgr5hope1 and pgr5-1 (Figure 5B,C;
Supplementary Figure S6). However, the reduction of CO2 fixation rate in pgr5-1 was
caused by ptp1-2 mutation, and pgr5hope1 and wild-type exhibited no significant differences
in CO2 fixation rate (Figure 5A). Therefore, it was shown that PGR5-dependent ΔY(I) con-
tributed little to the CO2 fixation reaction even when evaluated functionally. On the other
hand, the light stress sensitivity in pgr5hope1 indicated that PGR5 was necessary for P700
oxidation regulation, and important for the avoidance of PSI photoinhibition (Figure 6).
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However, considering the growth of pgr5hope1 compared to pgr5-1 under constant light and
natural light of some intensity, it was implied that there was a mechanism that suppressed
PSI photoinhibition other than P700 oxidation regulation.

In the Arabidopsis genome, two highly homologous genes encode CGL20, CGL20A
(PTP1; AT2G17240) and CGL20B (AT3G24506). It is interesting to see if these two genes
duplicate the role of PSI photoprotection. The double deficient mutant, cgl20ab, exhibited
significantly reduced plastome-encoded protein production, such as PnsL1-4 and PnSB1-2
in NDH complex, PsbA in PSII, PETB and PETD in Cyt b6f, PsaN in PSI [34]. Not only
in the cgl20ab double knockout mutant, but ptp1-1 (cgl20a single mutant) also showed a
slight reduction in some subunits of NDH complex [34]. We also detected the decrease of
subunits of NDH complex, NDHB and NDHH (Figure 4). NDH complex was Fd-dependent
plastoquinone reductase that was proposed to be responsible for the minor pathway of CEF-
PSI [48]. Although the mechanism was still unclear, pgr5-1 was further reduced in growth
by double deficiency with NDH complex [44]. The reduced NDH complex by the mutation
of PTP1 may reduce the growth of pgr5-1. However, NDH deficient mutants, such as crr2,
did not exhibit pale green phenotypes like ptp1-1 [49]. The effect of PTP1 mutation which
enhanced PSI photoinhibition in PGR5/PGRL1 deficient mutants may have another cause
within the chloroplast. Further investigation of the relationship between NDH complex
and PSI photoinhibition under PGR5 deficiency may help to understand the molecular
mechanisms of PSI photoprotection. On the other hand, pgr5-1 significantly reduced PsaA
level while pgr5hope1 was nearly the same as wild-type (Figure 4). PSI protein turnover was
relatively slow and full recovery is known to take several days [6,44,50]. In PSI, however,
the core protein PsaA showed relatively faster turnover rate than other PSI proteins [51]. If
PTP1 was responsible for PsaA turnover, it might alleviate PSI photoinhibition in its repair
or reassembly process.

PSI photoinhibition is caused by ROS generated at the acceptor side of PSI [3,52,53].
ROS scavenging was considered as a photoprotective mechanism for photosystems [2]. In
the acceptor side of PSI, some ROS scavenging enzymes, such as APX and SOD, function in
the well-known alternative electron flow, the water–water cycle [5]. Arabidopsis has several
APX and SOD genes all of which are encoded in the nuclear genome. Thus, PTP1 was
unlikely to be involved in the expression of these proteins encoded in the nuclear genome.
However, it was reported that chloroplastic Fe-SOD deficient mutant in Arabidopsis, fsd2
and fsd3, showed sensitivity to oxidative stress [54,55], while in cyanobacteria, the lack
of Fe-SOD strain caused the PSI photoinhibition [56]. A reduction in ROS scavenging
capacities may enhance PSI photoinhibition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10112884/s1, Supplementary Figure S1; pgr5hope1 screening method and mutation
identification; Figure S2; The growth phenotype of ptp1-1 (salk_133989) mutant; Figure S3; The
PTP1 mutations in ptp1-1 and pgr5-1; Figure S4; The photosynthesis capacity of pgrl1ab and
pgrl1ab ptp1 mutants; Figure S5; The extent of photoinhibition in PSII and PSI by constant intense
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Abstract: Light plays an essential role in photosynthesis; however, its excess can cause damage to
cellular components. Photosynthetic organisms thus developed a set of photoprotective mechanisms
(e.g., non-photochemical quenching, photoinhibition) that can be studied by a classic biochemical
and biophysical methods in cell suspension. Here, we combined these bulk methods with single-cell
identification of microdomains in thylakoid membrane during high-light (HL) stress. We used
Synechocystis sp. PCC 6803 cells with YFP tagged photosystem I. The single-cell data pointed to
a three-phase response of cells to acute HL stress. We defined: (1) fast response phase (0–30 min),
(2) intermediate phase (30–120 min), and (3) slow acclimation phase (120–360 min). During the
first phase, cyanobacterial cells activated photoprotective mechanisms such as photoinhibition
and non-photochemical quenching. Later on (during the second phase), we temporarily observed
functional decoupling of phycobilisomes and sustained monomerization of photosystem II dimer.
Simultaneously, cells also initiated accumulation of carotenoids, especially G–carotene, the main
precursor of all carotenoids. In the last phase, in addition to G-carotene, we also observed accumula-
tion of myxoxanthophyll and more even spatial distribution of photosystems and phycobilisomes
between microdomains. We suggest that the overall carotenoid increase during HL stress could
be involved either in the direct photoprotection (e.g., in ROS scavenging) and/or could play an
additional role in maintaining optimal distribution of photosystems in thylakoid membrane to attain
efficient photoprotection.

Keywords: high light; thylakoid membrane; microdomains; carotenoids; photoprotection; Synechocystis;
non-photochemical quenching; photoinhibition; photosystems

1. Introduction

Photosynthesis is a key, light-driven bioenergetics process on Earth. The light-
dependent photosynthetic reactions take place in the thylakoid membrane (TM). The
membrane is located either in chloroplast of eukaryotic plants and algae or in the cyto-
plasm of prokaryotic cyanobacteria. Light-photosynthetic reactions in TM include various
processes from light-absorption to electron/proton transport. For the purpose of light
harvesting in cyanobacteria, several large and highly pigmented protein complexes local-
ized in the TM are employed, including photosystem I (PSI), photosystem II (PSII), and
phycobilisomes (PBS; the light-harvesting antennae bound on the TM surface). PSI, PSII,
and PBS can then be for simplicity’s sake called pigment–protein complexes (PPCs) [1].

The mechanisms behind the PPCs’ activity (light absorption, charge separation, elec-
tron transport, etc.) have already been described in vitro for all these isolated com-
plexes [2]. However, much less is known about overall cooperation and interactions
between the PPCs in native TMs and how it is interlinked with their heterogeneous local-
ization in vivo [1]. The meaning of the spatial PPCs’ heterogeneity is an open question in
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photosynthesis [1,3–6]. It has been clearly shown almost 40 years ago [7–9] that, in higher
plants, PSII is mainly present in TM regions called grana (stacked TM areas), while PSI is
found in stroma lamellae (unstacked TM areas). A similar grana/stroma-like heterogeneity
has been recently identified also in cyanobacteria [1], in line with several other works show-
ing spatial variability in PPC localization in thylakoids [10–14]. In the work of Strašková
and co-workers [1], a functional analogy between granal/stromal thylakoid of higher
plants TM and so-called photosynthetic microdomains (MDs) in cyanobacteria has been
proposed. Those MDs represent specific clusters of TM co-localization with a characteristic
PSI/PSII/PBS ratio. Importantly, particular MDs do not fully segregate PSI/PSII and PBS
from each other [1]. The importance of the MD mosaic or PPCs’ heterogeneity in TM for
cyanobacterial photosynthesis has been intensively studied [1,3–6]. However, its variability
in PPCs’ co-localization caused by fluctuation in light is still poorly understood (see some
recent results [3,5,6,15–17]).

Generally, MDs’ organization is rather stable in the range of minutes [1], but it can
vary in the range of hours or days [6]. This slow process of TM acclimation of Synechocystis
sp. PCC 6803 can be triggered at variable growth light conditions (continuous light vs.
light/dark cycle) and it resembles higher plants grana/stroma reorganization defined
as TM plasticity [6]. However, the stability/flexibility of TM organization remains an
open question. Some authors suggested rather dynamic behavior of PPCs at extremely
high-light (HL) irradiation [3,15] or static behavior of PPCs in a minute’s time scale at more
physiological HL intensities [1,5]. Therefore, the effect of HL stress on the overall TM and
PPCs’ organization is still not fully clear.

Light plays an essential role in photosynthesis but can be harmful in the case of excess.
Therefore, all phototrophs including cyanobacterial cells can trigger several fast (in the
range of minutes) photoprotective mechanisms that are well defined based on bulk mea-
surements (i.e., on cell population level [18]). The three most important strategies are rep-
resented by photoinhibition [19], phycobilisome decoupling [20] and non-photochemical
quenching (NPQ) [21]. Photoinhibition, in its broader and the original sense, represents a
light-induced decrease in the photosynthetic rate or photosynthetic efficiency measured
either as the oxygen evolution or CO2 assimilation rates [22]. On the molecular level, pho-
toinhibition is connected with PSII degradation, because PSII complexes are more sensitive
to HL than PSI [23]. The decrease in PSII activity is caused by degradation of the 32-KDa D1
protein [24–30] that needs to be newly synthesized and assembled into PSII complex [31] to
recover PSII activity. Therefore cyanobacteria, under photoinhibition, display a decrease in
the levels of active PSII that can be measured indirectly as a change in variable chlorophyll
(Chl) a fluorescence [32] or directly by the rate of D1 protein turnover [33,34].

The second photoprotective mechanism found in cyanobacteria is represented by
PBS decoupling (reviewed in detail in [20]). In a situation of stress condition, such as
HL or non-optimal (low or high) temperature, PBS can be partially decoupled [16,35],
either functionally or physically detached from the reaction centers [16,17,35,36]. It has
been proposed that the uncoupling process could be followed either by PBS redistribution
between the two photosystems or disassembly of longer-term detached PBS from the
TM [20]. Interestingly, this mechanism has been identified also during the long-term (in
days) acclimation of thylakoid membrane to various cultivation light conditions [6]. The
third photoprotective mechanism, NPQ, is also detectable based on changes in variable
Chl a fluorescence [37]. Even though some previous works have discussed cyanobacterial
NPQ as a PSII reaction center type quenching [38], the dominant part is represented
by fluorescence quenching in PBS [39]. The mechanism is triggered by blue light and
represents a unique cyanobacterial strategy to dissipate excessive light absorbed by PBS.
The process requires protein called orange carotenoid protein (OCP) that acts as a blue
light sensor [40]. The protein contains a carotenoid, echinenone that acts as a sensing
molecule. Interestingly, carotenoids have an essential role in photoprotection in general,
as shown for many other phototrophs [41–43]. Generally, carotenoids can be involved in
the quenching of chlorophyll triplet state [44], in the scavenging of ROS [45] and changes
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in membrane properties [46], that can affect the efficiency of light harvesting [47,48].
However, the role of carotenoids in cyanobacterial photoprotection (except for the OCP-
based mechanism) is less understood [21,49]. Cyanobacterial cells, indeed, contain a large
amount of myxoxanthophyll, zeaxanthin and other carotenoids [50,51]. In contrast to
higher plants, in which these pigments seem to act mainly as part of the PPCs, several
studies pointed to their presence and importance in cyanobacteria in both TM and plasma
membrane [38,40,41].

In the present paper, we studied the overall response of cyanobacterial thylakoids to
acute HL stress. We identified a multiphase response of cyanobacteria to the HL stress (in
line with [5]), with three main phases: (1) fast response phase (0–30 min), (2) intermediate
phase (30–120 min), and (3) slow acclimation phase (120–360 min). During these three
phases, cyanobacterial photosynthesis was affected on several levels including: (1) pro-
tein/pigment composition, (2) TM microdomain organization, and (3) activation of photo-
protective mechanisms. In more details, we observed a more even distribution of PPCs on
HL as it was visible in a smaller spatial variability in PSI/PSII/PBS distribution per cell.
Simultaneously, we identified fast activation of photoinhibition and non-photochemical
quenching (first phase) and temporal process of PBS decoupling (second phase). Finally,
HL stress also caused the accumulation of carotenoids, myxoxanthophyll and γ-carotene.
We suggest that the carotenoid accumulation during the acute HL stress (6 h) could help to
maintain photosynthetic function either by direct photoprotection (e.g., ROS scavenging),
or through indirect tuning in TM fluidity.

2. Materials and Methods

2.1. Growth Conditions and High-Light Treatment

We used the PSI-YFP tagged strain derived from the glucose-tolerant strain of Syne-
chocystis sp. PCC 6803 [52] previously described in Tichý et al. [53]. Photosystem I was
fluorescently tagged on its PsaF subunit as described previously [1,54] (hereafter Syne-
chocystis PSI-YFP). Cells were grown on an orbital shaker (T = 28 ◦C) in BG11 medium at
continuous light (35 μmol photons m−2 s−1, fluorescent tubes). Cells in the exponential
growth phase and with low concentration (OD730 = 0.2–0.3) were used for the experiments.
OD730 was measured with a WPA S800 Diode Array Spectrophotometer (Biochrom Ltd.,
Cambridge, England). High-light (HL) treatment was performed under white diodes
(700 μmol photons m−2 s−1) at 28 ◦C during continuous shaking. The control cells were
kept at 35 μmol photons m−2 s−1 at 28 ◦C during continual shaking for the same time as
for the HL treated cells. Cells were used for measurements at time intervals of 0, 10, 30, 60,
90, 120, 240, 360 min. The minimal effect of YFP tagging at PSI on the cell physiology and
protein composition has been already proved before [1]; we additionally tested the effect
of YFP tagging on light sensitivity of Synechocystis PCC 6803 strain. We did not observe
significant changes between WT strain (without YFP tag at PSI) and Synechocystis PSI-YFP
strains considering PSII photochemistry, pigment composition, single-cell fluorescence and
others. Therefore, only the PSI-YFP tagged strain of Synechocystis PSI-YFP was used to
study the HL effect.

2.2. Characterization of Cell Sizes, Types and Counts

Cell sizes, counts, and types during HL treatment were monitored by cell counter
(Beckman, Multisizer 4, Indianapolis, IN, USA) and by confocal microscope (Zeiss LSM 880;
Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Cells were counted by a Coulter
counter equipped with 50 μm aperture, where size threshold level was set up in the 1–4 μm
range. A total of 50 μL of each sample was diluted in 10 mL of electrolyte solution (0.9%
NaCl in deionized water) and measured 3 times. For comparison, the individual cell counts
and types were also extracted from the confocal images according to Konert et al. [5] and
Canonico et al. [6]. In line with Canonico and co-workers [6], we analyzed 4 characteristic
cell shapes (regular, elongated, dividing, or string) separately. Other used parameters
include fluorescence intensities and size.
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2.3. Biochemical Analysis of Pigment–Protein Complexes

Proteins were separated from isolated thylakoid membranes. First, cells were pelleted,
washed, and resuspended in buffer B (25 mM MES/NaOH, pH 6.5, 10 mM CaCl2, 10 mM
MgCl2, and 25% (v/v) glycerol). Then, they were broken using balotina/zirconia beads and
Mini-Beadbeater-24 (BioSpec Products, Bartlesville, Oklahoma, USA) for 5 cycles of 30 s of
breaking and 1 min in ice. Thylakoid membrane fraction was separated by centrifugation
at 20,000 g for 30 min at 4 ◦C. The fraction containing thylakoid membrane proteins (Chl
content 5 μg) was loaded in the clear-native polyacrylamide gel electrophoresis (CN-PAGE).
Protein complexes from the membrane were solubilized with 10% dodecyl-β-D-maltoside
(DDM) in water to obtain the sample volume/DDM = 10 v/w). Native protein complexes
were separated on 4%–14% gradient polyacrylamide gel (acrylamide to bis-acrylamide ratio
was 60:1) according to Wittig et al. [55]. Native gels were color-scanned and chlorophyll
a fluorescence was obtained by LAS 4000 camera (Fuji, Boston, MA, USA). The color gel
pictures were analyzed by the ImageJ software (FIJI distribution). Each band corresponding
either to PSI (trimer or monomer) or PSII (dimer or monomer) was taken per each time
point. Areas of the peaks were analyzed and normalized to the time 0 min.

2.4. Confocal Microscopy

Cells for confocal imaging were prepared and images acquired by a method slightly
modified from our previous papers [1,5]. We used a laser scanning confocal micro-
scope (Zeiss LSM 880, Carl Zeiss Microscopy GmbH, Germany) equipped with a plan-
apochromatic 63x/1.4 Oil DIC M27 objective. The three channel pictures were obtained by
2 sequential images with different parameters. PBS emission was excited by 633 nm laser
(dichroic mirror: MBS 488/543/633) and detected at 642–677 nm (pixel dwell time between
8 and 33 μs). In the following sequence the chlorophyll a autofluorescence from PSII and
YFP fluorescence from PSI were both excited with 488 nm Argon laser (dichroic mirror:
MBS 488/543/633) and detected at 696–758 nm and 526–580 nm, respectively (pixel dwell
time between 8 and 33 μs). Images were acquired with 8 bit, 512 × 512 pix).

Acquired images were separated into individual cell pictures by our ImageJ script (Fiji
distribution, ver 1.53c) and their shapes were assigned according to equations described in
detail by Canonico et al. [6]. Total cell fluorescence was calculated from whole cell area, and
histograms for inner/outer area of cell were obtained by separation of cells into these two
regions. Outer cell region was marked from end of cell towards inside of cell in thickness
of 10 pixels (520 nm). The remaining core area was marked as inner region.

2.5. Measurements of Variable Chlorophyll a Fluorescence

The maximal quantum yield of PSII photochemistry (parameter Fv/Fm) was measured
by AquaPen-C fluorometer (AP–C100, Photon Systems Instruments, Brno, Czech Republic)
with 630 nm excitation and a 667–750 nm detection range. Maximal fluorescence (Fm)
minimal (F0) and variable (Fv = Fm − F0) for Chl a fluorescence in dark adapted cells (for
20 min) were used to estimate maximal PSII efficiency Fv/Fm.

The extent of non-photochemical quenching (NPQ) was measured by a DUAL- PAM-
100 fluorometer (Heinz Walz GmbH, Effeltrich, Germany) with a Dual-DR detector head
(excitation 620 nm, detection above 700 nm). Cells were dark adapted for 10 min before
the experiment. The values for estimation of NPQ were acquired from a standard protocol
for cyanobacteria (see Figure S1). At first, the minimal fluorescence (F0) was detected for
dark adapted cells, in State II, by a red measuring light (20 Hz, 10 μmol photons m−2 s−1,
λ = 620 nm). Subsequently, cells were transited to State I by low intensity blue light (80 μmol
photons μmol photons m−2 s−1, λ = 460 nm, duration 180 s) and the maximal fluorescence
(Fm) was obtained by a multiple turnover saturating flash (red light λ = 620 nm, 4000 μmol
photons m−2 s−1, duration 400 ms). The NPQ was then induced by high-intensity blue
light (1374 μmol photons m−2 s−1, duration 180 s) and subsequent recovery from NPQ state
was then measured in low blue light (80 μmol photons μmol photons m−2 s−1, λ = 460 nm,
duration 360 s). The maximal value of fluorescence for the light adapted sample (Fm

′) was
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estimated by a multiple turnover flash (red light λ = 620 nm, 4000 μmol photons m−2 s−1,
duration 400 ms) every 10–30 s of the protocol. Fm

′ values were then used to estimate NPQ
based on the Stern–Volmer relationship (NPQ = (Fm–Fm ′ )/Fm′ ). The presented steady-state
values of NPQ then represent Fm

′ after 180 s on high light and its recovery on low blue
light for 360 s.

2.6. Fluorescence and Absorption Spectroscopy

Low temperature fluorescence emission spectra were recorded at 77K by an SM-9000
spectrofluorometer (Photon Systems Instruments, Brno, Czech Republic) (see, e.g., [56] for
details). Cyanobacterial cells were dark adapted for 20 min and then concentrated on a GF–
F filter (Whatman, Maidstone, UK). The filter with cells were then immersed into a Dewar
flask with liquid nitrogen. Fluorescence was excited by monochromatic diodes (λ = 450 or
530 nm) and detected by diode array detector (spectral bandwidth 0.8 nm) in the spectral
range of 200–980 nm. The dark current of the instrument was automatically subtracted
before measurements, based on the method described previously for room temperature
measurements [57]. For data processing, the spectra of cells were baseline-corrected using
a blank sample (filter with BG-11 media).

Room temperature absorption spectra were measured by a Unicam UV/VIS 500
spectrometer (Thermo Spectronic, Cambridge, UK) equipped with an integrating sphere.
Cells were collected on the membrane filters (pore size 0.8 mm; Pragochema, Prague, Czech
Republic) and spectrum in the range 350–800 nm was detected.

2.7. Characterization of Pigment Composition

Pigment concentrations in cells were estimated spectroscopically (absolute chloro-
phyll concentrations by Ritchie’s method [58]) and by HPLC analysis (relative pigment
content). Pigments were isolated from 1 mL of cell suspension (OD range 0.3–0.4) that was
centrifuged (10 min, 2000 g). The supernatant (990 μL) was removed, and the pellet was
re-suspended in 990 μL of methanol (100%), vortexed and kept for 20 min on ice in the
dark. The prepared sample was then centrifuged (10 min, 2000 g) and the supernatant
with pigments in methanol solution was then used for absorption and for HPLC pigment
analysis by an Agilent-1260 HPLC system (Perkin Elmer, Boston, MA, USA) equipped with
a Radiomatic 150 TR scintillation detector and a diode-array detector.

The extracted pigments were injected into the HPLC system and pigments were
separated on a Zorbax Eclipse Plus C18 column (4.6 μm particle size, 3.9 × 100 mm;
Agilent, Santa Clara, CA, USA) on a linear gradient of two solvents: A (35% methanol, 15%
acetonitrile in 0.25 M pyridine) and B (20% methanol, 20% acetone in acetonitrile). Pigments
were eluted with solvent B (30%–95% in 25 min) followed by 95% solvent B at a flow rate of
0.8 mL min−1 at 40 ◦C, as described in [59]. Eluted pigments were identified based on their
absorption spectra and retention times. The presence of γ-carotene in cells was further
identified by comparison with the HPLC analysis of the commercially purchased standard
of G-carotene (analytical standard, purity ≥95%, Sigma Aldrich, Saint Louis, MO, USA).
The pigments were identified based on their absorbance at 440 nm. Resulting values were
normalized to total pigment absorption at 440 nm for all HPLC peaks. The absorption
spectra of extracted pigments from cell suspension were collected by Unicam UV/VIS
500 spectrophotometer (Thermo Spectronic, Cambridge, UK). Absorptions at specific
wavelengths (665 nm and 720 nm) were used to calculate chlorophyll a concentration
(μg/mL): Chl a = 12.9447 (A665−A720) [58].

3. Results

3.1. High-Light Treatment and Cyanobacterial Cell Size

Changes in the size of Synechocystis PSI-YFP during 6 h of HL treatment were estimated
by cell counting (Figure 1). Data were considered in light of the three-phase behavior
published recently [5]. Total number of cells increased only slightly during HL, and there
was only a slight difference between HL and the control samples (Figure 1a). The similar
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increase in the number of cells (for both HL and control) was also visible in the parameter
of optical density (OD730—Figure S2); however, that reflects both difference in cell sizes
and/or cell counts [60]. Therefore, we checked the relative contribution of smaller (diameter
≤1.85 μm) and bigger (diameter >1.85 μm) cells during HL stress directly by cell counter
(Figure 1b). Control cell values were stable over time, in contrast to the HL sample with the
increased/decreased number of bigger/smaller cells (Figure 1b)—this was visible during
the third phase (120–360 min) of HL response. We wanted to observe if we could see the
same trend at the single-cell level. Our automatized approach in cell imaging (see Materials
and Methods) allowed us to test whether the increase in the count of the bigger cells at HL
was due to the higher amount of dividing cells [6]. However, we could not prove/disprove
the hypothesis that the cell cycle was affected by HL treatment (Figure S3). Therefore, we
did not obtain direct proof at the single-cell level to see if Synechocystis PSI-YFP cell division
was delayed by HL treatments as it is indicated by changes in the cell sizes (Figure 1b).

Figure 1. Changes in the number of Synechocystis PSI-YFP cells measured by cell counter during high-light (HL) treatment.
(a) Relative changes in total cell count obtained independently of cell sizes. Data are normalized to time 0 min. (b) Relative
changes in cell count of small (diameter ≤ 1.85 μm) and big (diameter > 1.85 μm) cells. Black lines = control; Red lines = HL
treatment. The three phases of cyanobacterial cell response to HL (see Konert et al. 2019 [5]) are marked by different background
colors and numbers (grey—fast response; white—intermediate phase; striped—acclimation phase). Data represent averages
and SD from three biological replicates, the starting culture (t = 0 min) typically contains n = 106 cells per mL.

3.2. Changes in Organization of Pigment–Protein Complexes during HL Treatment

Because the HL treatment partially affected the proportion of bigger cells (Figure 1b),
we checked whether it resulted in different protein heterogeneity in thylakoids. We esti-
mated the effect of acute HL stress on the pattern of PPC co-localization into MDs (Figure 2),
as defined by Strašková et al. (2019) [1]. We showed the existence of heterogeneous mem-
brane areas in thylakoids called MDs based on co-localization of the three main PPCs: PSI
(tagged by YFP), PSII, and PBS. Our data were in line with several previous results [1,5,6,61].
The three-channel imaging of these complexes gave rise to a mosaic of microdomains in
TM that is visible as RGB (red–green–blue) pictures (see the color scheme in Figure 2a).
It shows heterogeneous organization of PSI, PSII, and PBS inside thylakoids that is also
confirmed by grey-scale pictures (Figure 2a). Particular MDs in the TM mosaic are then
represented by membrane areas of specific PSI/PSII/PBS ratios and they represent specific
cluster inside TM. MDs are visible as differently colored areas of TM (see RGB picture in
the Figure 2a). In line with previous data [1,5,6,61], the two most dominant areas were
represented by magenta MDs (with dominant PSII and PBS content, less PSI) and green
MDs (with dominant PSI, less PSII and PBS content), both representing an analogue of
granal/stromal areas of plant thylakoids [1].
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Figure 2. Microdomain (MD) organization of thylakoid membrane in Synechocystis PSI-YFP during HL treatment. (a) Typical
RGB picture of Synechocystis PSI-YFP cells obtained by three channel confocal imaging (PSII channel—red; PSI–YFP
channel—green; PBS channel—blue). Colors reflect PSI/PSII/PBS co-localization and the most dominant microdomains,
namely magenta MD (dominant PBS and PSII, less PSI-YFP) and green (dominant PSI-YFP, less PSII and PBS) as described
by Strašková et al. 2019. Panels (b) and (c) represent change in MD organization in control (b) and HL treated cells (c) at the
beginning (t = 0 min) and the end of the experiment (t = 360 min). The four typical cell shapes are presented independently
(reg = regular, elo = elongated, div = dividing, str = string). The first row shows three channels’ pictures (RGB, 24-bit)
with PSII, PBS, and PSI-YFP co-localization. The second, the third, and the fourth rows depict intensity of single-channel
fluorescence of PSII, PBS, and PSI-YFP, respectively. Colors reflect intensity of fluorescence signal per channel (heatmap
images) in the 8-bit scale 0–255 (see the color scale bar).

We studied changes in MDs during HL treatment. We have analyzed distribution
of MDs inside single-cell thylakoids (see “RGB” line of Figure 2b,c) and changes in the
intensity of their membrane areas for all three PPCs (see heatmap pictures of “PSI-YFP”,
“PSII”, and “PBS”). Changes were analyzed separately for regular (reg), elongated (elo),
dividing (div), and string (str) shapes of cells representing different stages in the cell cycle
(see [6] for details). We observed a general decrease in fluorescence intensity of all three
PPCs during HL (Figure 2c); the effect was absent in the control sample (Figure 2b). Further,
we also observed a significant decrease in spatial PPCs’ heterogeneity per single cell during
HL (see disappearance of red spots in the heatmap of PSI, PSII, and PBS in Figure 2c).
We noticed that all PPCs were more evenly distributed as a result of HL stress (compare
redundancy of red spots in Figure 2b,c). This was further confirmed by the decrease in the
fluorescence signal variability (visible as standard deviation value) per single cell for all
three PPCs (data not shown). On the other hand, HL did not significantly affect presence of
grana-like (magenta) and stroma-like (green) MDs (see RGB line in Figure 2c). In summary,
our data suggest that the HL treatment induced only a loss in the intensity of high-emission
spots (see red spots in the heatmap of Figure 2b) because PSI-YFP, PSII, and PBS became
more evenly distributed in the thylakoids after acute HL stress.
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3.3. Changes in the Single-Cell Fluorescence during HL Stress

The observed decrease in the fluorescence intensity visible in pictures (Figure 2) was
further quantified and calculated for all three PPCs per single cell from pictures (Figure 3).
Cells exposed to HL lost the fluorescence of PBS, PSI, and PSII over time (Figure 3b) in con-
trast to stable values for control cells (Figure 3a). The relative changes in the PSI/PSII/PBS
fluorescence (relative to sum fluorescence values of all 3 PPCs) showed the three distinct
phases in HL treated cells (Figure 3d), in line with our previous work [5]. The new set
of data represented almost six thousand individual cells from six biological replicates
(Figure 3). The first phase (fast response phase, up to 30 min) was characterized by an in-
crease in relative PSI fluorescence ratio. The second phase (intermediate phase; 30–90 min)
was characterized by stabilization of relative dynamics of all fluorescence ratios (Figure 3d).
The following third phase (slow acclimation phase; 120–360 min) was then characterized by
a fluorescence decrease in the relative PSI signal per cell and the concomitant increase in the
relative PBS signal (Figure 3d). It is important to note that the relative PSII signal per cell
was the most stable from all three PPCs during HL treatment (Figure 3d). In summary, the
relative PSI-YFP fluorescence per cell initially increased and simultaneously PBS decreased
during the first 30 min. These relative values seem to progressively come back to their
initial points during the final slow acclimation phase (120–360 min; Figure 3d). It shows
that, although we observed absolute fluorescence decay during HL due to quenching and
degradation processes (Figure 3b), the relative ratios of PSI, PSII and PBS (all normalized
to sum fluorescence of all three PPCs) per cell tend to recover to almost the same values as
the initial non-stressed condition (Figure 3d).

Figure 3. High-light induced changes in PSI-YFP, PSII, and PBS fluorescence emission detected from the single cells of
Synechocystis PSI-YFP. Single-cell fluorescence intensities were calculated from three channels’ confocal images (see, e.g.,
Figure 2) acquired at particular time spots during HL treatments. Panels (a) and (b) represent normalized fluorescence changes
of single-cell PSII, PSI-YFP, and PBS emission for control (a) and HL treated sample (b). Data were normalized to fluorescence
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intensity at t = 0 min for every channel independently. Panels (c) and (d) show relative fluorescence changes in PSI-YFP,
PSII, and PBS when the presented values are normalized to the sum of all three PPCs’ emission (PSI + PSII + PBS) and to the
initial value at t = 0 min for each channel individually. Data represent control (c) and HL treated cells (d) of six independent
biological replications. The total count of cells used for analysis was n = 5844. The three phases of cyanobacterial cell
response to HL (see Konert et al. (2019) [5]) are marked by different background colors and numbers (grey—fast response;
white—intermediate phase; striped—acclimation phase).

3.4. Effect of HL Treatment on Photosystem II Photochemistry

We identified a three-phase acclimation response of Synechocystis PSI-YFP at the
single-cell level. We aimed to address whether the three-phase behavior on the single-
cell level (Figure 3) correlates with some functional photoprotective processes known
from bulk measurements of variable fluorescence. Therefore, we studied the progress of
photoinhibition (measured as decrease in Fv/Fm—the maximum quantum yield of PSII,
Figure 4a) and NPQ (Figure 4b). Indeed, Fv/Fm decreased significantly during the first
phase (up to 30 min) due to HL treatment (Figure 4a). The kinetics of Fv/Fm decay slowed
down in the second, intermediate phase (30–120 min), and remained constant in the slow
acclimation phase (120–360 min), in line with our previous data [5]. These results point to
the photoinhibition-induced increase in the D1-protein turnover [62] that is visible during
the first 2 h on HL (Figure 4a).

Figure 4. Effect of HL stress on photoprotective mechanism in Synechocystis PSI-YFP cells. (a) Change in maximal quantum
yield of PSII (Fv/Fm) due to photoinhibition in cell suspension. Black/red lines represent control/HL treated sample;
n = 3. (b) Extent of blue light-induced non-photochemical quenching on light (NPQ—squares) and its recovery in dark
(NPQrec—triangles) during HL stress; n = 4. (c) Typical curve of low temperature (77K) fluorescence emission spectra
(excitation 530 nm) for cells exposed to HL for different times (0 min—straight black line; 60 min—straight grey line;
90 min—red line; 240 min—dashed black line; 360 min—dashed grey line). F654, F724, F724 represent the positions of the
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main emission peaks of PBS, PSII and PSI, respectively. (d) The PBS/PSII ratios estimated as F654/F692 from panel
(c) for both HL and control cells; data were normalized to values at t = 0 min; n = 4. The three phases of cyanobacterial
cell response to HL (see Konert et al. (2019) [5]) are marked by different background colors and numbers (grey—fast
response; white—intermediate phase; striped—acclimation phase). All data in panels (a,b,d) represent averages and
standard deviations.

We measured the NPQ parameter during HL treatment (Figure 4b) and found out that
NPQ increased mostly during the first two phases (Figure 4b), when PBS emission per cell
was relatively lowered (Figure 3d). Later, in the last slow acclimation phase (120–360 min),
NPQ remained constant. Interestingly, when we calculated the extent of NPQ recovery
in the dark (NPQrec calculated as remaining quenching after 802 s from the start of the
protocol), we clearly saw that the recovery was even faster at the final (slow acclimation)
phase of the HL treatment. It could indicate that the process of OCP reversibility from
its active to inactive form was accelerated for long-term HL treatment (see discussion for
details). We have recently identified a temporal importance of PBS decoupling during a
long-term (weeks) TM reorganization [6]. We studied the same phenomenon considering
the three-phase response of single cyanobacterial cells to HL (Figure 4c,d). The calculated
F654/F692 ratio of 77K fluorescence represented the ratio of PBS/PSII emission (Figure 4d).
Its increase indicates the presence of an energetically decoupled PBS. This ratio only slightly
increased during the first phase (0–30 min) but became significantly unstable and very
high during the second phase (30–120 min) (Figure 4d), as it is visible as a change in the
full fluorescence emission spectra (Figure 4c). It indicates that PBS decoupling becomes
important mostly during the second phase of TM reorganization at HL (30–120 min, see
the point at 90 min). We tried to address the process of PBS decoupling on the level of
single Synechocystis PSI-YFP cell (Figure S4). We addressed the basic question of whether
energetically decoupled PBS (visible in 77K fluorescence, Figure 4c) remains inside the
TM area or if PBS physically move during the process of decoupling (see, e.g., [16,17]);
in this case it should be visible as fluorescence increase in the central cell area. For that
purpose, we calculated PBS fluorescence emission in these two cell areas (Figure S4d), but
we found no significant differences between fluorescence in peripheral membrane area
and central cell area (see Figure S4a,b). In both cases PBS fluorescence was quenched,
as it is visible in the shifting in the histograms from higher to lower fluorescence. The
recalculated relative changes in both areas (compared to time 0 min) finally proved that
PBS fluorescence was rather quenched in both these areas both at 90 min and 360 min of
HL treatment (Figure S4c). It indicates that PBS were not physically re-localized from the
TM into the central part of cells during our HL treatment (see discussion).

3.5. Effect of HL Treatment on PPCs Levels

We analyzed pigment–protein composition during HL treatment by clear native gels
(CN) and by 77K fluorescence spectra of intact Synechocystis PSI-YFP cells (Figure 5). CN
gels were scanned as color pictures (Figure 5a) and as Chl autofluorescence (Figure 5b)
to estimate the position of photosystems in the gel. The most pronounced change we
observed was a clear vanishing of PSII dimer (PSII [2]) that remained less abundant until
the end of experiment (Figure 5b). It was also supported by a detailed gel picture analysis
by Image J (Figure S7b). This is in line with the maximal extent of photoinhibition visible
in Fv/Fm (Figure 4a) that was noticeable just before the end of the second phase. Based on
the similar quantification, we analyzed PSI bands’ intensity. Here, we were also able to
identify even smaller changes in PSI oligomerization state (trimer vs. monomer PSI—see
PSI [3]/PSI [1] (Figure S7a)). The PSI oligomerization showed a three-phase pattern as
PSI [3] initially increased (up to 30 min), and then more PSI [1] appeared later (time 90 min)
in the second phase (Figure S7a). The oligomerization of PSI, then, did not change and
remained stable in the final slow acclimation phase (120–360 min).
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Figure 5. Biochemical and spectroscopic analysis of pigment–protein complexes of HL treated Synechocystis PSI-YFP cells.
Thylakoid membranes were isolated from the cells and analyzed by CN-PAGE. Gels were imaged as a color-scanned picture
(a) or as chlorophyll autofluorescence pictures (b). Numbers represent time points (in minutes) of HL treatment. Designation
of complexes: PSI [3], PSI [1] trimeric and monomeric PSI complexes; PSII [2] and PSII [1] dimeric and monomeric PSII core
complex; U.P. = unbound proteins. Each loaded sample contained 5 μg of Chl. (c) Normalized 77K fluorescence emission
spectra at 692 nm (450 nm excitation) at different times of HL treatment. Straight black line = time 0 min; straight grey
line = time 60 min; red line = time 90 min; dashed black line = time 240 min; dashed grey line = time 360 min. Positions of
F692 and F724 representing PSII and PSI maximal emission, respectively, are marked. (d) Spectroscopic analyses of PSI/PSII
ratio based on 77K fluorescence (excitation at 450 nm) for HL and control cells. PSI/PSII ratio deduced from the intensity of
fluorescence of F692 (PSII maxim) and F724 (PSI maxim). Data represent averages and SD of four biological replicates and
normalized to values at 0 min. The three phases of cyanobacterial cell response to HL (see Konert et al. (2019) [5]) are marked
by different background colors and numbers (grey—fast response; white—intermediate phase; striped—acclimation phase).

We also investigated changes in PSI/PSII ratios based on the 77K fluorescence emis-
sion spectra (Figure 5c,d), as the F724/F692 fluorescence ratio can be used as a proxy for
PSI/PSII ratio (see, e.g., [56]). In line with the results observed on gel, the PSI/PSII ini-
tially increased during the first phase (0–30 min), then it stabilized during the second
phase (30–120 min) and finally progressively decreased and returned to values similar to
the initial levels (before starting the HL stress) during the third slow acclimation phase
(120–360 min). It shows that the systems of protein complexes (in this case reflected as
PSI/PSII ratio, Figure 5d) acclimated to the new conditions (HL stress); similar signs of
successful acclimation are also visible on single cell measurements of PSI/PSII/PBS ratios
that recover to their initial state at the end of the experiment (Figure 3d).

3.6. HL Effect on Pigment Composition

We surveyed the effect of HL treatment on the level of pigment concentration in Syne-
chocystis PSI-YFP. The absorption spectra of intact cyanobacterial cells showed changes in
the blue–green visible light region that indicated some HL-induced increase in carotenoid
content (Figure 6a). A more detailed analysis of the chlorophyll content (calculated accord-
ing to Ritchie (2006) [58]), showed an increasing trend in the control Synechocystis PSI-YFP
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cells while there was a stable trend in HL treated cells (Figure 6b). This is in line with
the presence of slow growth of control sample that was rather absent in HL treated cells
(Figure 1a). Interestingly, chlorophyll concentration per cell (Figure S5) slightly decreased
during HL treatment, especially during the third (slow acclimation) phase. For that reason,
we also analyzed the absorption spectra of the extracted pigment (Figure S6). These data
were in line with the whole cell spectra (Figure 6a), showing an increase in carotenoids
content, mostly during the third phase (120–360 min).

Figure 6. Spectroscopic and HPLC analysis of pigment composition during HL treatment of Synechocystis PSI-YFP cells.
(a) Absorption spectra. Data were normalized to the peak corresponding to PSII (664–665 nm). Straight black line = control
time 0 min; dashed black line = control 360 min. Straight red line = HL time 0 min; dashed red line = HL time 360 min.
Average of four independent biological measurements. (b) Chlorophyll concentration was estimated spectroscopically
according to Ritchie et al. (2006). Black line = control; red line = HL. Data represent average of four independent biological
measurements that are normalized to time 0 min. (c) Chlorophyll/total carotenoids ratio was estimated based on HPLC
analysis. All detected carotenoids were taken into consideration, n = 4. Black line = control; red line = HL. Presented HPLC
data represent averages and SDs of four independent biological measurements. The three phases of cyanobacterial cell
response to HL (see Konert et al. (2019) [5]) are marked by different background colors and numbers (grey—fast response;
white—intermediate phase; striped—acclimation phase).

The HL-induced increase in carotenoids was analyzed by high-performance liquid
chromatography (HPLC) (Figures 6c and 7). The method identified the type of carotenoids
present in the Synechocystis PSI-YFP cells (Figure 7a) together with their relative concen-
tration changes during HL treatment (Figure 7b). The Chl/carotenoids ratio significantly
decreased during HL treatment (in this case pointing to an increase in carotenoid content)
and remained stable for the control sample (Figure 6c). This was in line with previous
absorbance measurements (Figure 6a and Figure S6). The HPLC analysis additionally
identified individual types of carotenoids that were either accumulated or remained unaf-
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fected during HL treatment; it includes β-carotene, zeaxanthin, and echinenone (Figure 7a).
Moreover, we also noticed an additional peak at 32 min retention time, present only in the
HL treated cells (Figure 7a). The peak was assigned as G-carotene based on its spectrum,
retention time and by comparing it with a commercial analytical standard (Figure S8). It
showed that G-carotene, an intermediate in the carotenoid biosynthetic pathway, accumu-
lates during HL.

Figure 7. HPLC chromatogram and kinetic changes in carotenoid composition in Synechocystis PSI-YFP in HL and control
culture. (a) HPLC chromatograms of the control and HL treated samples for 360 min. Position of the peaks was identified
based on literature (see description). The peak presented only in HL cell (no. 5, see arrows, green bar), was identified by
comparison of its retention time and absorbance with the analytical standard as G-carotene (see Figure S8). (b) Kinetics of
carotenoid accumulation during HL treatment: control sample—closed symbols; and HL—open symbols. Data represent
averages and SD obtained from three biological replicates. The three phases of cyanobacterial cell response to HL (see
Konert et al. (2019) [5]) are marked by different background colors and numbers (grey—fast response; white—intermediate
phase; striped—acclimation phase).

We further estimated kinetics of concentration changes in all carotenoids including
this newly identified G-carotene (Figure 7b). We observed almost no HL-induced changes
in zeaxanthin, echinenone and β-carotene content (Figure 7b). This contrasts with a small
increase in myxoxanthophyll during the final slow acclimation phase (120–360 min). The
most significant increase, however, was in G-carotene (Figure 7b). G-carotene increased
significantly during the second phase (up to 30 min) and further increased during the third
phase (Figure 7b). In total, the relative concentration of G-carotene increased during HL
from 0%–1% (typical for control samples) to 5% per total pigment (10% of total carotenoids).
This suggests a new, yet unknown, role of G-carotene accumulation during HL stress in
cyanobacteria (for more details, see discussion).

4. Discussion

In this study, we observed how Synechocystis PSI-YFP copes during several hours of
high-intensity light stress. We described kinetic changes of the cyanobacterial cells during
HL treatment on several levels, starting from protein and pigment levels (e.g., carotenoid
composition, see Figure 7), through sub-cellular and cellular level (changes in cell sizes,
Figure 1b; in MDs, Figure 2), and to the whole cell suspension level (e.g., physiological
parameters of photoprotection, i.e., NPQ and Fv/Fm in Figure 4). We thus extended our
previously published data that focused solely on PSI/PSII/and PBS co-localization in
thylakoids [5]. We raised the hypothesis that after the initial fast response of cyanobacterial
cells to HL (until 120 min), cyanobacterial cells tend to acclimate to the new light regime
by a progressive return to a similar state as the initial physiological one of the no-stress
condition. This is visible in several parameters including single-cell data (PSI/PSII/PBS
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ratios in Figure 3d) and bulk data of PSI/PSII ratio (Figure 5c). Therefore, in line with
our previous single-cell data [5], we could define a three-phase response of Synechocystis
PSI-YFP to acute HL stress: (1) fast response (0–30 min); (2) intermediate (30–120 min);
(3) slow acclimation (120–360 min).

The overall cell physiology, concerning cell volume, responded to the acute HL stress
very slowly, and it was visible only in the third slow acclimation phase (see 120–360 min in
Figure 1). Our data showed (Figure 1b) that during the HL treatment, the ratio between
bigger and smaller cells was significantly affected by HL. It might be an indication that
Synechocystis PSI-YFP cells exposed to HL slow down their cell cycle, as the fraction of
bigger cells was more abundant. The cell size control in cyanobacteria is rather complex [63].
It seems that sizes of cyanobacterial cells are not fully synchronized on the single-cell level
because the cyanobacterial clock produces distinctly sized and timed subpopulations of
cyanobacteria in both constant and light−dark conditions [63]. It does not contradict
the fact that the parameters of the whole culture show synchronized behavior (see, e.g.,
bioreactor experiments [6,64]). Looking at our data we could hypothesize that, due to the
HL, cells were “waiting” for the precise time to divide whilst coping with the light stress.
This regulation of the timing of cell divisions could give an advantage in avoiding division
during the energetically unfavorable periods. We can only speculate that the Synechocystis
PSI-YFP cell cycle might be delayed due to the energetically adverse time and the attempt
to sustain the cell survival during the stress condition. Further studies will be necessary to
confirm or disprove this.

We then stepped further from cell physiology to the sub-cellular level and explored TM
organization of PPCs into MDs at the start and end of the experiment (Figure 2). We noticed
that, although the fluorescence ratios of PPC emission of whole cells were similar between
the initial and the final point of HL stress (Figure 3d), the spatial distributions inside the
particular cells were altered (Figure 2c). These data are in line with the previous description
of the TM mosaic in cyanobacteria [1,3–5]. The system of PSI/PSII/PBS organization into
MDs changed significantly after 6 h of HL exposition; TM heterogeneity became less visible
and all the three complexes were distributed more uniformly (compare Figure 2b,c, time
0 min and 360 min). The 6 h HL treatment decreased fluorescence in all three measured
channels including PBS (Figure 3). This contrasts with the long-term acclimation (a shift
during a week in light growth conditions, see [6]), when PBS fluorescence was the most
stable, while PSI and PSII fluorescence were more equally distributed. Interestingly, the
relative fluorescence emission of individual PPCs (normalized to sum of all three PPCs
fluorescence) depicted the three-phase behavior that we noted before [5]. It shows that the
three-phase response of the cyanobacterial thylakoids to 360 min of HL seems to be the
typical strategy for Synechocystis PSI-YFP cells.

We compared the three-phase behavior detected at the single-cell level (Figure 3) with
the analysis of the three photoprotective mechanisms: photoinhibition (Fv/Fm, Figure 4a);
NPQ (Figure 4b) and PBS decoupling (Figure 4c,d—representing process of PBS detachment
(energetical/physical) from PSII and/or PSI [18]). When PBS are energetically decoupled
from photosystems, they cannot contribute to excessive excitation, protecting photosys-
tems (see, e.g., [20]). The process can be measured as a relative increase in phycobilin
fluorescence (Figure 4c). Indeed, we observed a significant increase in the PBS/PSII ratio at
90 min (during the intermediate phase) of the HL treatment (Figure 4d). These data indicate
a temporal activation of PBS decoupling (around 90 min of HL) due to the acute light
stress. However, our results did not show any sign of physical PBS decoupling from TM
(Figure S4). Therefore, we suggest that the mechanism of PBS decoupling does not necessar-
ily require a long-distance transport of PBS (e.g., from TM region into the center part of cell).
Our data suggest that in some cases, only nanoscale re-arrangement changes near TM are
necessary (Figure S4) to see signs of PBS decoupling in bulk measurements (Figure 4c,d).
We proved that the process is triggered mostly during the second, intermediate phase.

In contrast to the PBS decoupling, the second photoprotective mechanism, blue light-
induced NPQ, started to be activated already during the first phase of HL (0–30 min;
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Figure 4b). This proves NPQ to be the fastest response of the photosynthetic membrane to
excess light [65]. Our data showed a continuous increase in NPQ during the fast response
and intermediate phases (up to 120 min; Figure 4b). During the third (slow acclimation)
phase the absolute value of NPQ did not change; however, NPQ becomes more flexible
as it is visible in the fast NPQ recovery (Figure 4b). In contrast to NPQ activation, which
is triggered by OCP [66], the recovery process requires another protein—fluorescence
recovery protein (FRP) [67]. The data suggest that the amount or activity of the proteins
could increase during the third—slow acclimation—phase. This is just a hypothesis that
will need to be confirmed/disproved by direct measurements.

The other photoprotective mechanism we studied during acute HL stress was pho-
toinhibition. We showed a clear sign of photoinhibition during HL stress based on both
fluorescence parameters (Figure 4a) and biochemistry (Figure 5b). A faster response was
visible in Fv/Fm that decreased already at 10 min (fast phase in Figure 4a). However, the
actual PSII degradation (visible as PSII monomerization, Figure S7b) was slower and ap-
peared later during the intermediate phase (around 60 min of HL; Figure 5b and Figure S7b).
These biochemical data were in line with previous observations (see, e.g., [68]); however,
we have newly proved that the actual process of PSII monomerization is delayed after the
first signs of photoinhibition, visible based on fluorescence.

The biochemical data showed that acute HL stress was linked with faster turnover
of pigmented proteins of PSII (see, e.g., Figure 5). These protein complexes contain tens
of pigments (chlorophyll, carotenoids) whose concentrations could be affected by protein
degradation. Therefore, we have also estimated HL-induced changes in pigment compo-
sition by several methods (Figures 6 and 7). It is known that carotenoids in phototrophs
have an essential role in photoprotection [31,32] and they are also involved in regulation
of biological membranes (e.g., fluidity, see [69]) and pigment–proteins photochemistry
(e.g., light harvesting efficiency), where they act as allosteric regulators (see, e.g., [47,48]).
In cyanobacteria, the most typical carotenoid involved in photoprotection is echinenone,
which is present in OCP protein involved in blue light-induced NPQ in PBS [67]. However,
we did not detect any change in its concentration during 6 h of HL (Figure 7).

We found that the carotenoid content responds to acute HL stress in a surprisingly
fast manner. For instance, G-carotene started to accumulate significantly already during
the second phase (60–120 min; Figure 7b). Subsequently, during the slowest acclimation
phase (120–360 min) myxoxanthophyll content is also increased (Figure 7b). Interestingly,
the carotenoid accumulation in the intermediate phase correlates with significant changes
in PSII, specifically with the appearance of PSII monomers (Figure 5b and Figure S7b). We
can tentatively suggest that higher myxoxanthophyll and G-carotene contents can facili-
tate D1 protein synthesis and its assembly into PSII during accelerated photoinhibition
(Figure 4a). It has been already suggested that proteins are mobilized during HL stress [15]
or when they are disassembled from larger complexes [70]. Indeed, carotenoids (echi-
nenone, zeaxanthin, myxoxanthophyll) were suggested to be involved in the PSII repair
mechanism [71]. We thus hypothesize that the increased level of carotenoids (relative to
chlorophylls, see Figure 6c) facilitates protein complexes’ disassembly (especially PSII) and
their movement into assembly centers, regarding which localization is still intensively
discussed [13,72]. In fact, the structural importance of carotenoids for assembly of protein
complexes, in this case PSI trimer, has been already proved [73].

Apart from the well-known photoprotective role of carotenoids (either direct photo-
protection or in a tuning of protein functions [47,48]), they also have a clear structural effect
in thylakoids [69]. Free carotenes and xanthophylls seem to be present in the hydrophobic
region of the membrane bilayers. It has been hypothesized that they can affect membrane
fluidizing effects [74]. For instance, myxoxanthophyll seems to be important for the TM
structure [50,75]. Therefore, the increased myxoxanthophyll content we detected could
affect membrane fluidity. The preferential synthesis of myxoxanthophylls in HL has already
been observed [76], and they could possibly make the membrane more fluid, helping the
photosynthetic apparatus during PSII disassembly/assembly in photoinhibition. Indeed,

89



Cells 2021, 10, 1916

the “proteins mobilization” during HL stress has already been suggested for cyanobacte-
ria [15]. For those reasons, we hypothesize that carotenoids, in addition to photoprotection,
could play a role in modulation of membrane fluidity, important for protein mobility [77].
This hypothesis, however, needs to be tested by specific mutants without carotenoids.

The progressive G-carotene accumulation on HL (Figure 7b) was the most surpris-
ing effect we observed. This carotenoid represents the last common precursor to the
biosynthesis of all common carotenoids. Its HL-induced increase has not been reported in
Synechocystis sp. PCC 6803 cells, yet G-carotene was not usually included in HPLC pigment
analyses, as its concentration (at non-stress condition) is often almost too insignificant to be
detected (less than 1% of all carotenoids). However, we undoubtedly proved a small, but
reproducible G-carotene accumulation in HL, up to almost 10% of all carotenoids. There-
fore, it does not seem to be caused by some malfunction of the carotenoids’ biosynthesis
pathway. Moreover, it is possible that G-carotene increase affects also myxoxanthophyll
accumulation. The monocyclic G -carotene represents a branching point towards either
β-carotene or myxoxanthophyll [78] that could possibly act as two competing routes during
HL stress. The increased level of G-carotene could thus represent a physiological response
of cyanobacterial cell physiology during acute HL stress. One might suggest that its
accumulation brings an advantage in that it provides a higher carotenoid pool during
HL, a benefit for photoprotection (e.g., against ROS). Interestingly, the accumulation of
carotenoid intermediates, (e.g., intermediates of the xanthophylls cycle) as an “economic”
mechanism of photoprotection, was shown in eukaryotic phototrophs including the diatom
Phaeodactylum tricornutum [79] and in the prasinophycean alga Mantoniella squamata [80]. In
these organisms, the pathway intermediates were transformed into light harvesting and
photoprotective pigments upon return to low light illumination, reducing the costs of a de
novo synthesis of light-harvesting xanthophylls. Therefore, the increased pool of G-carotene
during HL (Figure 7b) in cyanobacteria could act in a similar way. The evaluation of the
G-carotene for photoprotection remains a task for future experiments.

5. Conclusions

We described a three-phase response of the Synechocystis PSI-YFP cell to acute HL stress,
first noted by Konert et al. [5]. We surveyed the HL stress response of cyanobacterial cells at
all possible levels, starting from the protein/pigment level, before analyzing the cellular level
and finally the physiological parameters of photoprotection. The first phase, a “fast response
phase“ (0–30 min), showed a typical phenomenon of photoinhibition (Figures 4a and 5) and
blue light-induced photoprotective non-photochemical quenching (NPQ) localized in PBS
(Figure 4b). Later on, during the second phase (30–120 min)—“intermediate phase”—we
detected accumulation of G-carotene that correlated with depletion in PSII dimer and with
functional decoupling of PBS from photosystems. The carotenoid accumulation was further
stimulated in the last “acclimation phase” (120–360 min) when fluorescence properties of
PPCs per cells progressively returned to their initial values (Figure 3d). It indicated transitions
of cells into a new physiological equilibrium more suitable for the acute HL stress conditions.
The new HL-acclimated state was identifiable by increased content of carotenoids (G-carotene
and myxoxanthophyll, Figure 7b) and by more even spatial distribution of PSI, PSII and PBS
between microdomains (Figure 2b,c). We suggest that carotenoid accumulation might be
involved in the maintenance of the new membrane and protein structure at HL condition. It
is unclear whether the transition into the new steady state after 6 h of HL also requires a delay
in the cyanobacterial cell cycle, as this was indicated by HL-induced changes in the cell sizes
during HL treatment (Figure 1b). This hypothesis, however, requires additional experiments
to be verified.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/cells10081916/s1, Figure S1: Example of Dual–PAM, Figure S2: Optical density of Synechocystis
PSI-YFP culture measured at 730 nm, Figure S3: Cell type counts of Synechocystis PSI−YFP, Figure S4:
Phycobilisomes fluorescence emission measured in the thylakoid membrane, Figure S5: Chlorophyll con-
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centration per cell, Figure S6: Absorption spectra of extracted pigments, Figure S7: Protein composition
analysis from CN gel of HL treated culture, Figure S8: Identification of G-carotene.
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Abstract: The combined response of exclusion of solar ultraviolet radiation (UV-A+B and UV-B) and
static magnetic field (SMF) pre-treatment of 200 mT for 1h were studied on soybean (Glycine max)
leaves using synchrotron imaging. The seeds of soybean with and without SMF pre-treatment were
sown in nursery bags kept in iron meshes where UV-A+B (280–400 nm) and UV-B (280–315 nm)
from solar radiation were filtered through a polyester filters. Two controls were planned, one
with polythene filter controls (FC)- which allows all the UV (280–400 nm); the other control had
no filter used (open control-OC). Midrib regions of the intact third trifoliate leaves were imaged
using the phase-contrast imaging technique at BL-4, Indus-2 synchrotron radiation source. The solar
UV exclusion results suggest that ambient UV caused a reduction in leaf growth which ultimately
reduced the photosynthesis in soybean seedlings, while SMF treatment caused enhancement of leaf
growth along with photosynthesis even under the presence of ambient UV-B stress. The width of
midrib and second-order veins, length of the second-order veins, leaf vein density, and the density of
third-order veins obtained from the quantitative image analysis showed an enhancement in the leaves
of plants that emerged from SMF pre-treated seeds as compared to untreated ones grown in open
control and filter control conditions (in the presence of ambient UV stress). SMF pre-treated seeds
along with UV-A+B and UV-B exclusion also showed significant enhancements in leaf parameters
as compared to the UV excluded untreated leaves. Our results suggested that SMF-pretreatment of
seeds diminishes the ambient UV-induced adverse effects on soybean.

Keywords: phase-sensitive imaging; magnetopriming; UV exclusion; leaf venation; leaf hydraulics

1. Introduction

One of the non-ionizing parts of the electromagnetic spectrum of solar radiation is
ultraviolet radiation. Ultraviolet (UV) radiations are further divided into three ranges:
UV-A (315–400 nm), UV-B (280–315 nm), and UV-C (100–280 nm). The UV-C and major part
of UV-B radiations are absorbed by the earth’s ozone layer [1]. Even if around 20% of UV-B
is able to pass through the ozone layer and reach the earth’s surface, it may be harmful

Cells 2021, 10, 1725. https://doi.org/10.3390/cells10071725 https://www.mdpi.com/journal/cells95
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to biological systems due to its high energy content. Anthropogenic activities resulted in
the reduction of the ozone layer, due to which the percentage of UV-B reaching the earth
increased [2,3]. This further resulted in an increasing interest of scientists to understand
how plants with a sessile nature react to this increased level of UV-B radiation [2–6]. The
different responses of high UV-B radiation on plant structure, morphology, physiology,
and genetics have been intensively studied previously [2,4,5,7] where UV-B radiations
have been observed to adversely impact the cell membrane and caused changes in plant
photosynthesis and enzyme activities [2,8].

Seed priming methods are the pre-treatment of seeds prior to sowing for the purpose
of improving the physiological state of the seeds so that the seed germinates more effi-
ciently [9,10]. There are several seed priming methods practiced in agronomy for increasing
the seed germination, crop growth, and yield [10–13]. Static magnetic field (SMF) is a seed
pre-treatment method based on the interactions of electromagnetic fields with seeds which
act as bio-stimulators for the growth of seeds and plants [8,14–16]. The effect of SMF on
plants has been extensively studied over the past few years as magnetic field pre-treatment
may provide a non-chemical solution to the plants [16–18]. Some of the previous studies
reported stimulatory effects of SMF treatment on crops including rice, maize, soybean,
and sunflower [15,18–21], whereas the others reported slow development [22]. It is thus
predicted that various plant species respond in different ways to varied frequencies and
intensities of the magnetic field [23–25]. Plants showed reactions to magnetic fields based
on the intensity, flux density, and exposure time [16,25,26]. The enhanced germination
percentage improved plant growth, photosynthesis and yield were observed due to SMF
pre-treatment of seeds as compared to the untreated seeds under non-stress as well as
under abiotic stresses such as salt, water, UV-B, and arsenic toxicity [8,15–18,27–29]. The
effect of magnetopriming on plants can be best understood in the framework of two mecha-
nisms, namely the ion cyclotron-resonance (ICR) and the radical-pair models (RPM) [16,30].
The RPM is currently the only possible mechanism demonstrating the function of cryp-
tochromes as a candidate for magneto-reception [16]. The experimental and theoretical
studies provide evidence that the application of magnetic fields increases the average
radical concentration, increases radical lifetime, and escalates the probability of radical
reactions with cellular components [30]. The radical pair intermediates, triplet yields, and
emission intensity that occur in Photosystem I and II of green plants can be modulated
by an external magnetic field. The increased water uptake compared to untreated seeds
is explained by the assumption that the magnetic field interacts with ionic currents in the
cell membrane of the plant embryo [31]. In addition to these mechanisms, the interac-
tion between environmental impacts such as ionizing radiation (ultraviolet-UV) and the
magnetic field influence as a repair mechanism has also been reported previously in chick
embryos [32].

Magnetic field treatment with low flux densities and the exclusion of solar UV ra-
diation are the two parts of radiation biology that have positive stimulating effects on
leaf growth, venation, and photosynthesis [8,18,29]. The network of leaf venation is com-
posed of minor veins and a midrib (major conducting vein), which provides mechanical
stability to the leaf structure. The venation network has the important function of trans-
portation of water, nutrients, and carbon to different plant tissues [33–35]. The hydraulic
system associated with plant leaf veins plays a key part in photosynthetic gas exchange
and growth determination [36]. The width of midrib and minor veins, leaf vein density
(LVD) (known as the vein length per leaf area), and the vein number density (which is
the number of veins per leaf area) are all directly related to leaf hydraulic conductivity
and photosynthesis [37–39]. Both magnetic treatment and exclusion of solar UV radiation
change plant photosynthetic function which is related to the midrib of the leaf venation.
The positive effects of solar UV exclusion and SMF on the leaf venation (midrib width) have
been individually studied using synchrotron-based X-ray phase-contrast imaging [25,40].
However, there have been no reports on X-ray imaging of leaf venation to the combination
of SMF pre-treatment of seeds and the exclusion of solar UV radiation.

96



Cells 2021, 10, 1725

The relationship of leaf venation and hence leaf hydraulics with photosynthesis is
not yet explored completely. Advancements in non-destructive X-ray imaging techniques
have overcome the limitations of manual sectioning and staining of leaves for imaging.
So far, X-ray imaging studies for various parts of the plant have been reported [34]. X-
ray radiography and micro-computed tomography (μCT) studies of intact plant parts
with synchrotron radiation have contributed to the understanding of plant anatomical
structures [37,41–46].

The phase-contrast imaging (PCI) technique relies on phase variations which occur
when the X-ray wave front transmits through a sample [47–50]. The technique overcomes
the limitations of conventional absorption-based techniques. It is well suited for imaging
weakly absorbing samples like leaves in non-destructive ways [37]. In the present study,
we have used the soybean (Glycine max) variety JS-335 an economically important crop to
investigate the effects of exclusion of solar UV radiation in plants grown from the seeds
pre-treated with SMF for 1 h. The aim of the present study was to determine the changes
in the width of the midrib and minor veins, length of minor veins (2◦ and 3◦) of leaves,
and leaf vein density through high-resolution X-ray imaging and relate it to leaf growth,
photosynthetic rate, and stomatal conductance.

2. Materials and Method

The soybean (Glycine max (L.) var. JS-335) seeds were procured from the Indian Insti-
tute of Soybean Research in Indore, India. The experiment was conducted under natural
sunlight at the open terrace of the School of Biochemistry, in Devi Ahilya Vishwavidyalaya,
Indore (22◦44′ N, 75◦50′ E), India. The experimental period was between October 2018 to
December 2018. After moistening the SMF-pretreated (MT) and untreated (UT) soybean
seeds were further mixed with recommended fungicides vizBevistin and Diathane M at
2 gm kg−1 seeds and Rhizobium culture (provided by National Fertilizer limited, New-
Delhi, India) at 3 g kg−1 seeds before sowing. The uniform shape and size of seeds were
sown in plastic nursery bags of 34 × 34 cm. The nursery bags were filled with a mixture
of soil, sand, and organic manure in a 2:2:1 ratio, and ten seeds of soybean were sown;
three bags were prepared for each treatment. In each bag, six plants of uniform size were
maintained after germination.

2.1. Magnetic Field Generation

An electromagnetic field generator (“AETec” Academy of Embedded Technology,
Delhi, India) was used for the generation of magnetic field for seed pre-treatment, as
previously described by Kataria et al. [51].

2.2. Magnetic Treatment

For the experiments, the seeds were exposed to SMF treatment of 200 mT for 1 h (MT)
on the basis of our previous study on soybeans [25]. Through the Gauss meter, we can
measure the magnetic field generated between the poles. The current in coils was regulated
to obtain the exact magnetic field for the SMF pretreatment. At 50 mT, the variation in the
applied field was observed to be 0.6% in the horizontal and 1.6% in the vertical direction,
whereas, at 300 mT the variation decreased to 0.4% and 1.2% in both directions, respectively.
A temperature of 25 ± 5 ◦C was maintained during seed exposure to SMF. The seeds from
the same lot were kept under conditions without any influence of the magnetic field served
as untreated (UT) seeds.

2.3. UV-A+B and UV-B Exclusion

The UV-A+B and UV-B radiations were cut-off from solar radiation by using band-
pass polyester filters (Garware polyester Ltd., Mumbai) with cut-offs of <315 nm and
<400 nm radiation. Two controls were designed for this study; one with a polythene filter
transparent to all ambient light (filter control, FC) and the other grown on the terrace
without any filter (open control, OC). Figure 1 shows the transparency of the filters used

97



Cells 2021, 10, 1725

in the experiments. The transmission spectra of the filters were measured according to
the method of Kataria et al. [8]. The filters were continuously used from seed germination
to maturity, with a regular exchange of filters every two weeks due to the solar radiation
effect on the filters. For proper ventilation, the lower sides of the cage (0.35 m above the
surface) holding the filter were not covered. The experiments were placed in the corner
where sunlight was available throughout the day without any shading. The temperature
inside and outside the cage was monitored through thermometers. During the growing
period, average temperature was raised from 25 ◦C to 32 ◦C. No significant difference in
the inside and outside temperatures was observed due to proper ventilation.

Figure 1. Transmission spectra of UV cut-off filters and polythene filter used for raising soybean
plants under iron mesh cages [8] (Kataria et al. 2017a).

2.4. Radiation Measurement

At midday (around noon), a radiometer (Solar light Co. Inc. (PMA 2100), Glenside,
PA, USA) was used to measure the intensity of solar spectra. The average photosynthetic
active radiation (PAR) value at midday was observed to be 1450 μmol m−2 s−1 for the
non-filter control, which decreased by 12.5% (1270 μmol m−2 s−1) under the UV-B filter
and 11.8% (1280 μmol m-2 s−1) under the UV-A+B filter, whereas a decrease of 4.2%
(1390 μmol m−2 s−1) was observed for the filter control.

2.5. Growth Data Collection and Analysis

A random selection of plants was done after 45 days of seed germination (DAE). At
least three plants in triplicates from each treatment were harvested and transferred to
the laboratory for growth data analysis. The soil particles from roots were washed and
different parts of the plant were measured through a portable laser leaf area meter CID-202
scanning leaf area meter (CID Inc., Camas, WA, USA).

2.6. Photosynthesis and Stomatal Conductance

The LI-COR photosynthetic system (Li-6200, LI-COR Inc., Lincoln, NE, Serial No. PPS
1332 USA) was used to measure net photosynthesis (Pn, μmol CO2 m−2 s−1) and stomatal
conductance (gs, mol H2O m−2 s−1) for intact soybean plants from each experimental
condition after 45 DAE. Photosynthetic measurements were performed on fully expanded
third trifoliate leaves of soybean plants under ambient temperature and CO2 concentration,
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on clear days. The photosynthetic photon flux density (PPFD) was observed to be in
between 1300–1600 μmol m−2 s−1 with airflow of 500 μmol s−1 and CO2 concentration of
350–380 ppm.

2.7. Phase Contrast Imaging Technique

The Imaging Beamline (BL-4), Indus-2 synchrotron radiation source [40,52] was used
to generate the phase-contrast images. The experimental setup was previously described
in [25].

The third trifoliate leaves of soybeans from all the groups were pressed flat and dried
for two days at room temperature. The whole leaflets of the third trifoliate leaves were
mounted in a rectangular metallic frame and phase-contrast images were acquired for
middle regions in each leaf. The high-resolution X-ray microscope with 1.8 μm resolution
(20 μm thick YAG-Ce scintillator, 4× objective, and PCO-2000 CCD camera) was used for
image acquisition at 12keV energy, with a sample to detector distance (SDD) 50mm and an
exposure time of 5 min.

2.8. Leaf Midrib Width Quantification

From the synchrotron images of the middle leaflet of third trifoliate leaves of soybeans,
the midrib width was quantified at six places in the direction perpendicular to the length
at fixed intervals with ImageJ [53]. The average width of the midrib vein and the adjoining
minor vein (2◦) was obtained for all the leaflets in the third trifoliate and an average value
for the leaf was then calculated [25,40].

2.9. Leaf Minor Vein Length and Leaf Vein Density Quantification

The length of the minor vein (2◦) was obtained using a freehand line in Image
J. To obtain the total length and number of the (3◦) minor vein in the entire phase
contrast image of 2048 × 2048 pixel size, the objectJ plugin was used (plant-image-
analysis.org/software/object (accessed on 12 April 2019). In the phase-contrast images, the
vascular region above the midrib was selected with the freehand selection tool in Image
J, and the area was measured. Similarly, the area of the vascular region below the midrib
was acquired. To find the vascular area in the whole image, the area of the two regions
measured were combined. Leaf vein density (LVD) was found by dividing the total length
of all 3◦ veins (marked with red) in the image with the total area of the image. The total
number of 3◦ veins in the images was divided with the total area to calculate the vein
number density using ObjectJ.

2.10. Statistical Analysis

All data are presented in triplicate (n = 3); from each replica five plants were randomly
taken for each treatment. The statistical analysis was performed on Microsoft Excel and
Prism 4 (GrafPad Software, La Jolla, CA, USA) software where mean and standard errors
were calculated, and the analysis of variance (ANOVA) followed by post hoc Newman–
Keuls Multiple Comparison Test was performed. ### p < 0.001; ## p < 0.01; # p < 0.05 denotes
statistically significant differences between seedlings that emerged from untreated (UT)
seeds of OC with seedlings that emerged from untreated (UT) seeds of different treatment
conditions-FC, UV-B and UV-A+B cutoff filters. *** p < 0.001; ** p < 0.01; * p < 0.05 denotes
statistically significant differences between seedlings that emerged from SMF-pretreated
(MT) and untreated (UT) seeds under each treatment.

3. Results and Discussion

In the present study, the individual effects of the exclusion of solar UV-A+B, UV-B
radiation, and SMF pre-treatment as well as their combination were investigated on the
growth, photosynthesis, and development of soybean leaves. Individual and joint exclusion
of solar UV-A+B, UV-B radiation, and SMF pre-treatment significantly enhanced all leaf
growth parameters studied in the present study, but the extent of enhancement was greater
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when the plants pre-treated with SMF were grown under ambient UV stress (OC and FC
conditions).

A prominent increase was observed in the area and length of the middle leaflet of the
third trifoliate leaves of soybean plants raised after SMF (200 mT for 1 h) priming with or
without ambient UV radiations (Figure 2a,b). Similarly, solar UV exclusion also enhanced
the area and length of middle leaflets of third trifoliate leaves of plants that emerged from
untreated (UT) seeds (Figure 2a,b). The area of the middle leaflet increased by 44% and
50% through SMF-treatment respectively under OC and FC conditions as compared to
their UT ones (Figure 2a).

Figure 2. Cont.
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Figure 2. Leaf area (a), leaf length (b), stomatal conductance (c) and rate of photosynthesis (d) in
middle leaflets of third trifoliate leaves of soybean after SMF pretreatment and solar UV exclusion
in soybean. ## p < 0.01; # p < 0.05 denotes statistically significant differences between seedlings
emerged from untreated (UT) seeds of OC with the seedlings emerged from untreated (UT) seeds of
different treatments conditions-FC, UV-B and UV-A+B cutoff filters, *** p < 0.001; ** p < 0.01; * p < 0.05
denotes statistically significant differences between seedlings emerged from SMF-pretreated (MT)
and untreated (UT) seeds under each treatment.

The enhancement in the length of middle leaflets of third trifoliate leaves of soybean
after SMF treatment was 34% in OC and 30% in FC conditions as compared to their UT
ones (Figure 2b). A significant increase in leaf length by 41% under solar UV-B exclusion
and 37% under UV-A+B exclusion in UT was observed as compared to the plants from UT
seeds under OC conditions (Figure 2b).
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A significant enhancement in stomatal conductance and photosynthetic rate was
observed for the plants pretreated with SMF of 200 mT for 1 h (Figure 2c,d). SMF caused
a 28% and 26% increase in stomatal conductance and a 70% and 69% increase in the
net photosynthetic rate as compared with untreated controls respectively in OC and FC
(presence of ambient UV stress) conditions (Figure 2c,d). Enhancement of leaf area along
with an increase in the rate of photosynthesis and stomatal conductance after the SMF pre-
treatment (200 mT for 1 h) has been previously reported in soybean and maize [8,15,18,21].

A qualitative and quantitative comparison of phase-contrast images of untreated and
SMF pre-treated leaves in OC, FC, UV-A+B, and UV-B showed enhancement in the midrib
width, minor vein width, and leaf vascular region near the midrib (Figures 3–9). In the OC
group which received all the ambient solar radiation (280–400 nm), the quantification of
leaf veins in the phase-contrast images showed an enhancement of 44% in the width of
the midrib in the plants grown from the SMF pre-treated seeds as compared to untreated
seeds (Figures 3 and 4a). The visibility of vascular structures comprising of higher-order
veins (3◦) has also been improved in SMF pre-treated leaves (Figure 3b), which is due to a
thinning effect [54].

Figure 3. Phase contrast images of soybean leaves under open control (OC) receiving all ambient
solar radiation: (a) emerging from untreated seeds, (b) emerging from seeds pre-treated with static
magnetic field (SMF) of 200 mT strength for 1 h. The vascular region below the midrib region is
highlighted in red and zoomed images are shown below the respective images.
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Figure 4. Cont.
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Figure 4. Width of midrib (a), width of minor veins (b) and length of minor veins (c) from X-ray
images after SMF pretreatment and solar UV exclusion in middle leaflets of the third trifoliate leaves
of soybean. ## p < 0.01; # p < 0.05 denotes statistically significant differences between seedlings
emerged from untreated (UT) seeds of OC with the seedlings emerged from untreated (UT) seeds of
different treatments conditions-FC, UV-B and UV-A+B cutoff filters. *** p < 0.001; ** p < 0.01 denotes
statistically significant differences between seedlings that have emerged from SMF-pretreated (MT)
and untreated (UT) seeds under each treatment.

Figure 5. Phase contrast images of filter control (FC) soybean leaves grown with polythene filters
which transmitted solar radiation: (a) emerging from untreated seeds, (b) emerging from seeds pre-
treated with static magnetic field (SMF) of 200 mT strength for 1 h. The midrib regions enclosed with
the red square in the images are zoomed to show midrib enhancement. The midrib quantification
was done as shown with the vertical line in the zoomed filter control of the magnetically treated leaf
(FCMT) image.
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Figure 6. Leaf vein density of tertiary veins (a) and number density of veins (b) from X-ray images after SMF pretreatment
and solar UV exclusion in soybeans. ## p < 0.01; # p < 0.05 denotes statistically significant differences between seedlings that
emerged from untreated (UT) seeds of OC with the seedlings that emerged from untreated (UT) seeds of different treatment
conditions; FC, UV-B, and UV-A+B cutoff filters. ** p< 0.01 denotes statistically significant differences between seedlings
that emerged from SMF-pretreated (MT) and untreated (UT) seeds under each treatment.
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Figure 7. Phase-contrast images of soybean leaves from open control (OC) showing the 3◦ veins marked with red to obtain
the total length of 3◦ veins and thus the leaf vein density (LVD) with the ObjectJ plugin. The number of minor veins in the
images has been used to find the number density of the (3◦) minor vein: (a) emerging from untreated seeds, (b) emerging
from seeds pre-treated with a static magnetic field (SMF) of 200 mT strength for 1 h showing greater numbers of minor
veins. Similar images for the quantification of 3◦ veins in other leaf groups have been obtained with ObjectJ.

Figure 8. Phase contrast images of ultraviolet radiation excluded (UV-A+B) soybean leaves: (a) emerging from untreated
seeds, (b) emerging from seeds pre-treated with static magnetic field (SMF) of 200 mT strength for 1 h.
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Figure 9. Phase contrast images of ultraviolet-B radiation excluded (UV-B) soybean leaves: (a) emerging from untreated
seeds, (b) emerging from seeds pre-treated with static magnetic field (SMF) of 200 mT strength for 1 h.

The second-order (2◦) minor veins also showed an increase of 27% in width and 8%
in length by SMF treatment in the OC group (Figure 4b,c). Similar midrib enhancement
in the SMF pre-treated group has been observed in the filter control leaves grown with
polythene filters which received all the ambient solar radiation and also with UV cut-off
filters (Figure 4a, Figure 5a,b, Figures 8 and 9a,b). A 28% increase by UV-A+B and 31%
by UV-B filters in the average width of major veins was observed after SMF treatment as
compared to their UT ones (Figure 4a).

The zoomed images of the midrib region enclosed with rectangles in red (Figure 5a,b)
show enhancement of the midrib structure in the SMF pre-treated leaves. Apart from the
first- and second-order leaf veins, quantification of the tertiary veins (3◦) has also been
done with the ObjectJ plugin to obtain leaf vein density (LVD) (μm mm−2) and the number
density of veins (mm−2) in leaves of all groups (Figure 6a,b). The tertiary veins, which are
visible in the untreated and SMF pre-treated open control leaf images, are shown in red
color (Figure 7a,b).

Comparison showed a higher LVD and a higher number of 3◦ veins in the SMF pre-
treated group compared to the untreated group (Figure 6a,b and Figure 7a,b). In the OC
and FC groups receiving all the solar radiation, SMF pre-treatment led to better growth
of the plants, as observed from the synchrotron imaging results and also supported by
the area and length of leaves and along with rate of photosynthesis in the plants. Thus, it
indicated that SMF pre-treatment alleviated the UV stress in plants grown under OC and
FC conditions receiving ambient solar radiation.

In the UV-A+B and UV-B excluded group, the plants from untreated seeds
(Figures 8a and 9a) showed enhancement as compared to plants receiving ambient so-
lar radiation (OC and FC) in terms of the width of the midrib and 2◦ vein, length of the 2◦
vein, LVD and number density of 3◦veins (Figures 4 and 6). The phase-contrast images for
the combination of SMF pre-treatment and exclusion of solar UV-A+B and UV-B radiation
(Figures 8b and 9b) have also shown significant enhancement in the width of the midrib
by 28% and 31% respectively, as compared to leaves that emerged from untreated seeds
under UV exclusion filters (Figures 4a, 8a and 9a). The enhancement in the width of the
midrib observed in UV-excluded along with SMF pre-treated leaves is lesser than the
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enhancements of 44% and 38% which were obtained in leaves of SMF pre-treated plants
receiving all solar radiation respectively in OC and FC conditions (Figures 3, 4a and 5).

An increase in the leaf vein density and number density of minor (3◦) veins was
seen in the SMF pre-treated control leaves receiving all UV and also in the UV-A+B, UV-B
excluded leaves (Figure 6a,b). Leaf vein density, which is the total length of minor veins
per unit area, accounts for >80% of the total vein length [34]. The increase in the LVD of
a minor (3◦) veins indicates increased hydraulic activity in the SMF pre-treated leaves as
reported [34].

High LVD can enable higher stomatal conductance and also indicates higher rates
of gas exchange per unit leaf area and photosynthesis [25,39]. The vein density, leaf mid
rib and minor vein thickness, were strongly correlated with the hydraulic conductivity
and higher photosynthetic rate of the leaves. Thus, the observation showed that SMF
pretreatment and solar UV exclusion individually and together enhanced leaf hydraulic
efficiency, which can be observed through the changes in leaf venation architecture. The
leaves were observed to be expanded with thicker veins from SMF-treated and UV excluded
plants which give good mechanical support, whereas transpiration cooling and improved
photosynthesis were observed because of higher water transportation due to higher vein
length per unit area of the leaves [39,55]. The mechanism by which plants perceive MFs and
regulate the signal transduction pathway is not fully understood. It has been suggested that
MF perception/signaling in plants is regulated by blue light photoreceptors-cryptochromes.
It has also been found that reactive oxygen species (ROS) and nitric oxide (NO) are the
signaling molecules for magnetopriming-induced seed germination, plant growth, and
photosynthesis [29,56]. The participation of NO through nitric oxide synthase enzyme
was confirmed in SMF-induced tolerance towards UV-B stress in soybean [56]. However,
this aspect of magneto biology still deserves in-depth investigation during leaf growth
and photosynthesis.

4. Conclusions

The exclusion of UV-A+B and UV-B radiation is advantageous, as it was suggested
that plant growth, leaf area, and photosynthesis were inhibited by ambient UV-B stress.
The exposure of seeds to SMF treatment prior to sowing is an eco-friendly method with
the potential to alleviate the adverse effects of UV-B stress in the plants. Looking into the
correlation between leaf venation and leaf hydraulic conductivity, we used X-ray imag-
ing to study leaf venation (major and minor vein up to 3◦) under UV-exclusion, SMF
pre-treatment, and the combined effect of both. UV exclusion and SMF pre-treatment indi-
vidually and jointly showed positive effects on plant growth, development, photosynthesis,
and leaf venation parameters obtained from the X-ray images. To our knowledge, this is
the first study on X-ray imaging of leaf venation under the combined effects of solar UV
exclusion and SMF pre-treatment.
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Abstract: This study addresses the unique functional features of duckweed via comparison of Lemna
gibba grown under controlled conditions of 50 versus 1000 μmol photons m−2 s−1 and of a L. minor
population in a local pond with a nearby population of the biennial weed Malva neglecta. Principal
component analysis of foliar pigment composition revealed that Malva was similar to fast-growing
annuals, while Lemna was similar to slow-growing evergreens. Overall, Lemna exhibited traits
reminiscent of those of its close relatives in the family Araceae, with a remarkable ability to acclimate
to both deep shade and full sunlight. Specific features contributing to duckweed’s shade tolerance
included a foliar pigment composition indicative of large peripheral light-harvesting complexes.
Conversely, features contributing to duckweed’s tolerance of high light included the ability to convert
a large fraction of the xanthophyll cycle pool to zeaxanthin and dissipate a large fraction of absorbed
light non-photochemically. Overall, duckweed exhibited a combination of traits of fast-growing
annuals and slow-growing evergreens with foliar pigment features that represented an exaggerated
version of that of terrestrial perennials combined with an unusually high growth rate. Duckweed’s
ability to thrive under a wide range of light intensities can support success in a dynamic light
environment with periodic cycles of rapid expansion.

Keywords: antioxidants; carotenoids; chlorophyll fluorescence; photochemical efficiency; protein;
tocopherol; xanthophyll cycle; zeaxanthin

1. Introduction

Small, floating plant species in the duckweed family (Lemnaceae) possess attractive
nutritional features as they accumulate large quantities of high-quality protein (with all
essential amino acids for humans) throughout the plant [1]. Furthermore, our group has
highlighted the exceptional ability of Lemna gibba to accumulate high levels of the carotenoid
zeaxanthin under conditions when the plant is growing rapidly [2,3]. Zeaxanthin (and its
close isomer lutein) is an essential human micronutrient required to support brain function
and fight systemic inflammation [4]. Duckweed also has potential uses in sustainable
agricultural systems as food for humans, feed for animals (via conversion of wastewater to
feed [5,6]), for other valuable products [7], or to improve nitrogen-use efficiency and yield of
crops like rice [8]. Here, we present further insight into how L. gibba is able to combine fast
growth across a range of environments with high nutritional content including pronounced
zeaxanthin accumulation as well as other essential nutrients for humans or livestock.

We previously reported a notable ability of L. gibba to maintain uniformly high growth
rates, paired with profound modulation of photoprotection, over a range of growth pho-
ton flux densities (PFDs) from 100 to 700 μmol m−2 s−1 of continuous light [2]. Plants
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grown under higher PFDs exhibited higher levels of the interconvertible xanthophyll cycle
carotenoids (violaxanthin, antheraxanthin, and zeaxanthin) and pronounced conversion
to zeaxanthin that dissipates potentially harmful excess absorbed light [3,9,10]. In the
present study, we further broadened the range of growth PFDs to test whether duckweed’s
phenotypic plasticity with respect to photoprotective capacity and maintenance of a high
growth rate may extend to even more extreme growth PFDs. We compared features of
L. gibba grown under very low (50 μmol photons m−2 s−1) or very high (1000 μmol photons
m−2 s−1) intensity of continuous light under otherwise common, controlled conditions.
Continuous exposure (24 h per day) to the high growth PFD represented a greater total
daily photon flux than that on the longest, brightest day on Earth. Beyond extending the
range of PFDs versus the previous study [2], additional parameters were characterized in
the present study including the light-use efficiency of biomass production as well as the
production of protein as a key macronutrient and α-tocopherol (vitamin E) as an additional
micronutrient. Moreover, CO2-saturated photosynthetic capacity was characterized under
both saturating light and the respective contrasting growth PFDs, and photosynthesis as
well as protein and all micronutrients were expressed on multiple reference bases (per frond
area, biomass, and chlorophyll [Chl] content) for a fuller evaluation of both plant function
and nutritional quality for the consumer.

Furthermore, the present study tested the hypothesis that the combination of ex-
ceptionally rapid growth with a remarkable ability to grow under a wide range of light
intensities in duckweed may be associated with pigment patterns not seen in other fast-
growing species. In particular, prior studies of leaf pigment composition in slow-growing
evergreens or perennials versus fast-growing annual species often reported an inverse
relationship between growth rate and accumulation of photoprotective pigments (for a
review, see [3]). The present study compared a population of Lemna minor in an open
outdoor pond with a nearby population of the fast-growing terrestrial biennial weed Malva
neglecta that was previously shown to exhibit a pigment composition and photoprotective
capacity similar to that of fast-growing annual crop species [11]. Foliar pigment compo-
sition of M. neglecta and L. minor growing in full sun outdoors as well as that of L. gibba
grown in low versus high PFD under controlled conditions were compared via principal
component analysis to foliar pigment data for other species groups (including annuals as
well as evergreens and other perennials).

2. Materials and Methods

2.1. Plant Material and Growth Conditions
2.1.1. Controlled Conditions

Cultures of Lemna gibba L. 7741 (G3) obtained from Rutgers Duckweed Stock Cooper-
ative (http://ruduckweed.org; accessed on 10 June 2021) were grown under controlled
conditions in Conviron PGR15 and E15 growth chambers (Controlled Environments Ltd.,
Winnipeg, MB, Canada). Plants were grown in 150 × 75 mm PYREX Crystallizing Dishes
(Corning Inc., Corning, NY, USA) that contained 1000 mL of freshly prepared Schenk and
Hildebrandt medium (bioWORLD, Dublin, OH, USA [12]) at a concentration of 1.6 g L−1

(pH adjusted to 5.5 via 1% [w/v] KOH). Plants were cultivated continuously under 50 μmol
photons m−2 s−1 (provided by F72T12/CW/HO fluorescent bulbs [Philips, Somerset, NJ,
USA] and 100 W, 130 V incandescent bulbs [EiKO, Shawnee, KS, USA]) at 25 ◦C, and a
subset of plants from each dish were transferred to clean dishes containing freshly prepared
media at least once per week.

Plants from the cultures under 50 μmol photons m−2 s−1 were acclimated to 1000 μmol
photons m−2 s−1 (provided by M47/E 1000 W metal halide bulbs; Philips, Somerset, NJ,
USA) following the procedure described by Stewart et al. [2]. A subset of plants from the
stock cultures (approximately 20 fronds per dish) were transferred to 200 μmol photons
m−2 s−1 (supplied by C503C-WAN white LEDs; CREE Inc., Durham, NC, USA) for three
days and then transferred to 1000 μmol photons m−2 s−1 for three days. After each of
these three-day acclimation phases, a subset of plants (approximately 20 fronds per dish)
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that had developed under the prevailing light intensities were transferred to clean dishes
with freshly prepared and filtered media. This process ensured that the characterized plant
material developed under 1000 μmol photons m−2 s−1 and had not developed under a
lower PFD and then been transferred to 1000 μmol photons m−2 s–1. Following this six-day
acclimation process, plants were characterized over the course of four days while growing
under 1000 μmol photons m−2 s−1 and a media temperature of 25 ◦C.

2.1.2. Field Conditions

Populations of Lemna minor L. and Malva neglecta Wallr. plants (identification based
on morphology and geographic distribution) growing naturally in Superior, CO, USA
(39◦56′28′′ N, 105◦09′02′′ W) were characterized. Malva neglecta is a relatively fast-growing
herbaceous biennial species that remains photosynthetically active throughout the year
in this area (see [13]). The L. minor plants were growing in a slow-moving section of a
small stream, and the M. neglecta plants were growing on a south-facing slope immediately
north of the stream. Both locations received direct, midday sunlight. Samples for pigment
analysis were collected during exposure to full sun (maximal PFD of 1600 μmol m−2 s−1)
prior to solar noon on 17 May 2019. Samples were imaged (for quantification of frond/leaf
area via ImageJ [14]) and then submerged and stored in liquid nitrogen at the field site.
The four characterized samples of L. minor each consisted of multiple fronds from multiple
plants (i.e., multiple biological replicates per sample), whereas the four characterized
samples from M. neglecta each consisted of one leaf segment from four separate plants (i.e.,
four biological replicates).

2.2. Growth Metrics

Under controlled conditions, the dishes containing L. gibba plants were imaged from
directly overhead once per day during the four-day period of characterization, and the
frond area was quantified from these images using MATLAB Image Processing Toolbox
(MathWorks, Natick, MA, USA) as previously described [2]. Dry mass of whole plants (i.e.,
fronds with intact roots) and only fronds (i.e., fronds with excised roots) was measured
from samples that had been dried at 70 ◦C for seven days. Prior to drying, each sample
was imaged from directly overhead, and the frond area was determined from these images
using ImageJ [14].

Relative growth rate was calculated by dividing the difference in natural logarithm–
transformed frond areas at the end and the beginning of the four-day experimental period
by the time elapsed between the two measurements. Doubling time was calculated as the
natural logarithm of 2 divided by relative growth rate. Light-use efficiency of frond area
production was calculated as the accumulated frond area (i.e., the difference between the
final and initial frond areas) divided by the number of incident photons on the frond surface
(calculated as described in detail by Stewart et al. [2]). Light-use efficiency of biomass
production was estimated as the accumulated biomass (i.e., product of accumulated frond
area [m2] and whole-plant dry mass per unit frond area [g m−2]) divided by the number of
available photons during this time period.

2.3. Photosynthesis and Respiration

Rates of photosynthetic oxygen evolution were determined as described by Stewart
et al. [2] with saturating CO2 (5% CO2, 21% O2, balance N2) using leaf disc oxygen elec-
trodes (Hansatech Instruments Ltd., Norfolk, United Kingdom; see [15]) and a circulating
water bath set to 25 ◦C. Fronds from L. gibba plants grown under 50 μmol photons m−2 s−1

and 1000 μmol photons m−2 s−1 were assayed under their respective growth PFDs as well
as a saturating PFD of 1500 μmol photons m−2 s−1. Respiration rates were determined
following measurements of photosynthesis as the rate of oxygen consumption in darkness.

Photochemical and photoprotective processes were assessed via measurements of
chlorophyll fluorescence with a PAM-101 chlorophyll fluorometer (Walz, Effeltrich, Ger-
many) following the procedures described in detail by Stewart et al. [2] and using cal-
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culations described by Demmig-Adams et al. [16]. To ascertain the maximal level of
fluorescence (Fm or Fm

′) in high-light flashes, two or three flashes were given in rapid
succession [17], which revealed that the maximal attainable level was reached during the
first flash under all conditions used here.

2.4. Protein and Starch

Total protein content was quantified spectrophotometrically with the Total Protein
Kit, Micro Lowry, Peterson’s Modification (Sigma-Aldrich, Saint Louis, MO, USA), which
follows a modified version [18] of the procedure described by Lowry et al. [19]. Whole
plants with approximately three fronds per dish, which had been imaged and immediately
frozen in liquid nitrogen, were homogenized via mortar and pestle, combined with 1 mL
of water, vortexed, and centrifuged for 10 min at 10,000 rpm. The resulting supernatant
was decanted, combined with 0.1 mL of deoxycholate, vortexed, and maintained at room
temperature for 10 min. Subsequently, 0.1 mL of trichloroacetic acid was added, and this
solution was vortexed and centrifuged for 10 min at 10,000 rpm. The resulting pellet was
re-suspended in 1 mL of Lowry reagent, transferred to cuvettes, and then mixed with an
additional 1 mL of water that was used to rinse the microcentrifuge tube. After 20 min
of incubation at room temperature, 0.5 mL of the Folin–Ciocalteu phenol reagent was
added, and this solution was mixed via pipette and incubated at room temperature for
30 min. Absorbance at 660 nm was determined with a Beckman DU 640 Spectrophotometer
(Beckman Instruments, Inc., Fullterton, CA, USA) and these values were converted to
protein levels (in μg mL−1) using a standard calibration curve based on a gradient of
bovine serum albumin.

The abundance of starch in L. gibba plants was detected qualitatively with a diluted
iodine-potassium iodide solution (Lugol’s solution; Sigma-Aldrich, St. Louis, MO, USA).
Plants were cleared in 70% (v/v) ethanol, stained for 5 min, and then immediately mounted
and imaged with a high-resolution scanner (Perfection 3200 Photo; Epson America, Inc.,
Long Beach, CA, USA).

2.5. Chlorophyll, Carotenoid, and α-Tocopherol Levels

Chlorophylls a & b, lutein, zeaxanthin (Z), antheraxanthin (A), violaxanthin (V), neox-
anthin, β-carotene, and α-tocopherol levels were quantified via high-performance liquid
chromatography as previously described in detail [2,20]. Under controlled conditions,
samples of approximately 10 fronds per dish were collected under the respective growth
PFDs, imaged, and then frozen and stored in liquid nitrogen.

Pigment data from a previously conducted survey of multiple species in the same
area by Demmig-Adams and Adams [21], which included M. neglecta, were used in the
present study and divided into three groups: (i) shade-grown perennials; (ii) sun-grown
perennials; and (iii) sun-grown annuals (for detail, see Table S1). To ensure the datasets
were comparable, pigments were characterized from samples of Vinca minor plants growing
in complete shade (shade-grown perennials) as well as plants growing exposed to full
sun (sun-grown perennials) on the University of Colorado campus (Boulder, CO, USA)
collected during the afternoon of 16 April 2019.

2.6. Statistical Analyses

Comparisons of means were preceded by Levene’s tests to assess the equality of vari-
ances. Comparison of two means were made with Student’s (equal variances) or Welch’s
(unequal variances) t-tests, and comparisons of more than two means were made with
one-way ANOVAs and post-hoc Tukey–Kramer HSD. Linear relationships between two
variables were evaluated with Pearson correlations. Comparisons with multiple param-
eters were conducted with principal component analysis on correlations. All statistical
analyses were made using JMP Pro 15.0.0 (SAS Institute Inc., Cary, NC, USA).
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3. Results

3.1. Growth and Photosynthesis of Lemna gibba under Extremes in Growth PFD

Despite vastly different light availability (a 20-fold difference between 50 versus
1000 μmol photons m−2 s−1 of continuous light) during growth, a similar amount of
duckweed frond area accumulated over time in the two controlled conditions (Figure 1A).
This represented a similar frond area doubling time of just under 1.5 days for either of
the two growth PFDs (Figure 1B), which also corresponded to similar average relative
growth rates of 0.48 ± 0.04 and 0.50 ± 0.03 day−1 (average daily increase in natural
logarithm–adjusted frond area over the four-day experimental phase) for plants grown
under 50 and 1000 μmol photons m−2 s−1, respectively. As a consequence of the similar
frond area accumulation under the two vastly different growth PFDs, the ratio of frond area
produced per incident PFD, which can be considered the light-use efficiency of frond area
production, was dramatically greater (1733%) in fronds grown under 50 versus 1000 μmol
photons m−2 s−1 (Figure 1C), in other words, almost proportional to the 20-fold (or 2000%)
difference in incident PFD.

Figure 1. (A) Accumulation of frond area (% relative to frond area at the beginning of the experiment) over four days
of growth, (B) average doubling time in frond area over this four-day period, and (C) light-use efficiency of frond area
production (total frond area produced relative to incident PFD during the four-day growth period) in Lemna gibba plants
under growth PFDs of 50 (green) or 1000 (yellow) μmol m−2 s−1. Mean values ± standard deviations; n = 7 for 50 μmol
photons m−2 s−1; n = 3 for 1000 μmol photons m−2 s−1. A significant difference between the growth PFDs is denoted by
asterisks in (C); *** = p < 0.001; n.s. = not significantly different.

A greater amount of dry biomass (Figure 2A) and protein (Figure 2B) was accumulated
on a frond area basis in plants growing under the higher PFD, but the fraction of dry
biomass (% biomass in g g−1) that consisted of protein (Figure 2C) was greater under the
lower PFD, which resulted in a remarkable 46% of dry biomass consisting of protein under
the low growth PFD. There was also evidence for greater starch accumulation (Figure 2D,E)
under the higher PFD. Another contributing factor to the difference in total dry biomass
in plants grown under 1000 versus 50 μmol photons m−2 s−1 was a difference in root
dry biomass, which accounted for 16% versus 6%, respectively. As was the case for area
production, light-use efficiency of total biomass production on an incident light basis was
much greater in fronds grown under 50 versus 1000 μmol photons m−2 s−1, albeit at a
less pronounced percentage (672%) than seen for frond area (Figure 1C) due to the fact
that, unlike frond area accumulation, dry mass accumulation was almost 3× greater at the
higher growth PFD (Figure 2A).
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Figure 2. (A) Dry biomass per frond area, (B) protein per frond area, (C) protein per dry biomass, and (D,E) presence of
starch (detected via diluted iodine-potassium iodide solution) in Lemna gibba plants grown under 50 (green) or 1000 (yellow)
μmol photons m−2 s−1. Mean values ± standard deviations; n = 4. Significant differences between the growth PFDs are
denoted by asterisks; *** = p < 0.001. Dimensions of each image (D,E) are 1 cm × 1 cm.

CO2-saturated photosynthesis rate was determined for plants grown under their
respective growth PFDs of 50 and 1000 μmol m−2 s−1 as well as under a common saturating
PFD of 1500 μmol m−2 s−1 (Figure 3). Furthermore, the resulting photosynthesis rates
were expressed on three different reference bases (i.e., per frond area (Figure 3A), per frond
dry biomass (Figure 3B), and per frond Chl content (Figure 3C)), revealing different trends.
Photosynthesis on a frond area basis was higher in plants grown under the high PFD
(Figure 3A) when measured under the respective PFDs (1000 versus 50 μmol m−2 s−1).
Since fronds grown under high PFD accumulated a greater amount of biomass than fronds
grown under the low PFD, the photosynthesis rate on a dry mass basis was similar in the
fronds when measured at their respective growth PFDs (Figure 3B). Likewise, respiration
rates were higher on an area basis (3.36 ± 0.39 versus 1.42 ± 0.82 μmol O2 m−2 s−1, p < 0.05)
and similar on a dry mass basis (0.08 ± 0.01 versus 0.07 ± 0.04 μmol O2 g−1 s−1, p > 0.05)
in fronds grown under 1000 versus 50 μmol photons m−2 s−1, respectively.
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Figure 3. CO2-saturated rates of photosynthetic oxygen evolution of fronds on the bases of (A) area,
(B) dry mass (DM), and (C) chlorophyll (Chl) a + b levels from Lemna gibba plants grown under PFDs
of 50 (green) or 1000 (yellow) μmol m−2 s−1 and measured under the respective growth PFDs (left
columns) as well as a common saturating PFD of 1500 μmol m−2 s−1 (right columns). Mean values
± standard deviations; n = 3. Significant differences between growth PFDs are denoted by asterisks;
** = p < 0.01, *** = p < 0.001, n.s. = not significantly different.

In contrast, light- and CO2-saturated photosynthetic capacity on an area basis (and
even more so on a dry mass basis) measured under a saturating PFD of 1500 μmol m−2 s−1

was higher in the fronds grown under the low versus the high PFD (Figure 3A,B). Finally,
photosynthesis rate on a Chl basis was much higher in the fronds grown under the high
versus the low PFD when measured either under the respective growth PFDs or under
saturating PFD (Figure 3C).
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3.2. Pigment Composition, Light-Use Efficiency, and Photoprotection of Lemna gibba under
Extremes in Growth PFD

The fronds grown under the low PFD were green (Figure 4A) whereas those grown
under the high PFD were bright yellow (Figure 4B). This difference in visual appearance
was associated with a much lower Chl content, but similar total carotenoid content, on
a frond area basis in the fronds grown under 1000 versus 50 μmol photons m−2 s−1

(Figure 4C). This difference in Chl content is, furthermore, consistent with the much higher
ratios of O2 evolution relative to Chl (Figure 3C) in the fronds grown under the high versus
the low PFD (which contrasted with the similar or lower rates of O2 evolution on the
frond area or dry mass bases, respectively). Despite the lower Chl content, the ratio of O2
evolution per absorbed photons would likely be considerably lower at the high versus the
low PFD, but this ratio cannot be computed since the fraction of absorbed light available to
photosynthesis (by way of chlorophyll as opposed to carotenoids, at least some of which
may not harvest light for photosynthesis) in a yellow frond is unknown.

Figure 4. (A,B) Images of crystallizing dishes (1L volume) with representative cultures (starting from
20 fronds per dish) at the end of the four-day growth period, (C) chlorophyll a + b and carotenoid
levels per frond area, and (D) the molar ratio of chlorophyll a to chlorophyll b in fronds of Lemna gibba
grown under PFDs of 50 (green) or 1000 (yellow) μmol m−2 s−1. Mean values ± standard deviations;
n = 3 or 4. Significant differences between growth PFDs are denoted by asterisks; *** = p < 0.001;
n.s. = not significantly different.

Figure 5A shows an estimation (from chlorophyll fluorescence) of the allocation of
absorbed light to PSII photochemistry (Photochemistry) and non-photochemical routes
(Dissipation) as well as the fraction of excitation energy dissipated neither via photochemi-
cal or regulated non-photochemical routes (Remainder). The combination of photochemical
and non-photochemical routes of excitation energy utilization or dissipation apparently
was sufficient to prevent any major build-up of excitation energy.
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Figure 5. (A) Estimated percentages of absorbed light (under the respective growth PFDs) allocated to
PSII photochemistry (Fv

′/Fm
′ × qP), dissipation (0.8 − Fv

′/Fm
′), and the fraction of excitation energy

dissipated neither via photochemical or regulated non-photochemical routes (remainder; Fv
′/Fm

′

× [1 − qP]) and (B) levels of xanthophyll cycle pool constituents violaxanthin, antheraxanthin, and
zeaxanthin relative to chlorophyll (Chl) a + b in fronds of Lemna gibba plants grown under PFDs
of 50 (green) or 1000 (yellow) μmol m−2 s−1. The conversion state of the xanthophyll cycle to
zeaxanthin and antheraxanthin in (B) should be compared to the level of dissipation in (A). Mean
values ± standard deviations; n = 3 or 4. Significant differences between growth PFDs are denoted
by asterisks; ** = p < 0.01, *** = p < 0.001.

The much greater estimated dissipation of absorbed light via regulated non-photochemical
routes (Figure 5A, Dissipation) in fronds grown under 1000 versus 50 μmol photons
m−2 s−1 was mirrored by strong accumulation of the photoprotective xanthophylls zeaxan-
thin and antheraxanthin relative to Chl a + b (Figure 5B). Furthermore, Figure 6 shows that
either the estimated fraction of absorbed light allocated to PSII photochemistry (Figure 6A)
or the fraction of the interconvertible xanthophyll cycle pool (violaxanthin + antherax-
anthin + zeaxanthin, V + A + Z) converted to the de-epoxidized forms zeaxanthin and
antheraxanthin (Figure 6B) exhibited a significant positive relationship with the energy-use
efficiency of total frond dry biomass production over a range of six growth PFDs from
50 to 1000 μmol m−2 s−1 [2]. For the energy-use efficiency of frond area production, signifi-
cant correlations were likewise seen (not shown) with the estimated fraction of absorbed
light allocated to PSII photochemistry (p = 0.008; r2 = 0.862) and xanthophyll cycle pool
conversion state (p = 0.039; r2 = 0.694), respectively.
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Figure 6. Correlations between the light-use efficiency of biomass production (total dry biomass produced per incident PFD
during the four-day growth period) and (A) (Fm

′ − F)/Fm
′ = Fv

′/Fm
′ × qP (as an estimate of the light-use efficiency of PSII

photochemistry) or (B) the percent of the xanthophyll cycle pool converted to zeaxanthin (Z) and antheraxanthin (A) in
Lemna gibba fronds grown under six PFDs ranging from 50 to 1000 μmol m−2 s−1. Mean values ± standard deviations, n = 3
or 4. Data for PFDs of 100 to 700 μmol m−2 s−1 were calculated from [2]. V = violaxanthin.

Figure 7 shows that the estimated fraction of absorbed light allocated to photosystem
II photochemistry in fronds grown under 1000 μmol photons m−2 s−1 was lowered to less
than 20% (Fv

′/Fm
′ < 0.2) under this growth PFD and rose rather quickly upon transfer of

fronds to 10 μmol photons m−2 s−1 to over 60% (Fv/Fm > 0.6) within 30 min. In contrast,
there was only a small (albeit significant; p < 0.001) difference between the estimated
fraction of absorbed light allocated to photosystem II photochemistry (not shown) under
the growth PFD of 50 μmol photons m−2 s−1 (at 72.2 ± 1.2%) versus 30 min of recovery
(78.1 ± 0.8%) in 10 μmol photons m−2 s−1.

Figure 7. Fv
′/Fm

′ (as an estimate of intrinsic PSII efficiency during exposure to growth PFD) and
Fv/Fm (as an estimate of intrinsic PSII efficiency after 5 min darkness) for L. gibba fronds grown
under 1000 μmol photons m−2 s−1. Fv/Fm was determined at two time points (i.e., after 5 min of
darkness upon removal from growth PFD and following a recovery period of 30 min under 10 μmol
photons m−2 s−1 followed by 5 min darkness). Mean values ± standard deviations; n = 3. Significant
differences between time points are denoted by different lower-case letters.
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A full characterization of pigment andα-tocopherol composition of L. gibba fronds grown
under the extremes of 50 and 1000 μmol photons m−2 s−1 is presented in Tables 1 and 2.
Table 1 shows the levels of carotenoids and α-tocopherol on both frond area and dry
biomass (DM) bases. Table 2 shows the ratios of carotenoids and α-tocopherol to Chl
a + b or Chl b only as well as other ratios. While total carotenoid concentration under
the high versus the low growth PFD was the same on a frond area basis (Figure 4), it
was only about half on a DM basis (Table 1), but about 4× higher on a Chl a + b basis
(Table 2). All individual carotenoids except zeaxanthin and antheraxanthin were present
at lower concentrations on an area basis, and even lower on a DM basis (Table 1), while
being enhanced relative to total Chl a + b, and even more so relative to Chl b alone, at
the high versus the low growth PFD (Table 2). Zeaxanthin, antheraxanthin, and the total
xanthophyll cycle pool (V + A + Z) were all greater on an area basis (Table 1) and relative
to Chl a + b or Chl b alone (Figure 5B, Table 2). Zeaxanthin and antheraxanthin (Z + A), but
not the total xanthophyll cycle pool, were also greater on a DM basis (Table 1). Moreover,
higher ratios were seen at the high growth PFD for zeaxanthin or the total xanthophyll cycle
pool to lutein, all xanthophylls to β-carotene, and the proportion of the total xanthophyll
cycle pool that was converted to either zeaxanthin alone or the sum of zeaxanthin and
antheraxanthin (Table 2). The only carotenoid present in the same ratio to Chl a + b, thus
exhibiting a proportional decline as Chl a + b at the high growth PFD, was neoxanthin
(Table 2). However, the neoxanthin level was not lowered as much as the Chl b level at the
high growth PFD (Table 2). The only compound among those considered in Table 1 that
was not significantly different in concentration on an area basis between the two growth
PFDs was α-tocopherol, which resulted in a strong increase in the ratio of α-tocopherol to
Chl a + b (Table 2). α-Tocopherol concentration was about half per DM at the high versus
the low growth PFD (Table 1).

Table 1. Levels of carotenoids and α-tocopherol per frond area and dry mass (DM) in fronds of Lemna
gibba grown under PFDs of 50 or 1000 μmol m−2 s−1.

Units Compound(s)
Growth PFD (μmol m−2 s−1)

p
50 1000

(μmol m−2)

Zeaxanthin 1 ± 0 35 ± 2 ***
Antheraxanthin 1 ± 0 15 ± 1 ***

Violaxanthin 22 ± 1 3 ± 0 ***
Lutein 43 ± 2 26 ± 2 ***

Neoxanthin 13 ± 0 3 ± 0 ***
β-Carotene 19 ± 3 9 ± 1 **

Z + A 2 ± 1 50 ± 3 ***
V + A + Z 24 ± 1 54 ± 3 ***

α-Tocopherol 5 ± 1 5 ± 1 n.s.

(mmol g−1 DM)

Zeaxanthin 30 ± 12 843 ± 60 ***
Antheraxanthin 57 ± 26 362 ± 23 ***

Violaxanthin 1156 ± 56 77 ± 11 ***
Lutein 2214 ± 124 627 ± 37 ***

Neoxanthin 692 ± 20 78 ± 10 ***
β-Carotene 995 ± 157 212 ± 13 ***

Z + A 88 ± 38 1205 ± 64 ***
V + A + Z 1255 ± 55 1282 ± 62 n.s.

Carotenoids 5192 ± 220 2198 ± 113 ***
α-Tocopherol 241 ± 38 113 ± 18 **

Mean values ± standard deviations; n = 3 or 4. Significant differences between growth PFDs are denoted by
asterisks; ** = p < 0.01; *** = p < 0.001; n.s. = not significantly different. A = antheraxanthin, V = violaxanthin,
Z = zeaxanthin.
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Table 2. Levels of carotenoids and α-tocopherol relative to chlorophylls (Chl) or other carotenoids in fronds of Lemna gibba
grown under PFDs of 50 or 1000 μmol m−2 s−1.

Units Compound(s)
Growth PFD (μmol m−2 s−1)

p
50 1000

(mmol mol−1 Chl a + b)

Lutein 160 ± 8 421 ± 25 ***
Neoxanthin 50 ± 2 52 ± 3 n.s.
β-Carotene 72 ± 11 142 ± 5 ***

Z + A 6 ± 3 811 ± 57 **
V + A + Z 90 ± 5 862 ± 52 ***

Carotenoids 371 ± 14 1478 ± 75 **
α-Tocopherol 17 ± 3 73 ± 12 **

(mmol mol−1 Chl b)

Zeaxanthin 9 ± 4 3372 ± 301 **
Antheraxanthin 17 ± 8 1445 ± 61 ***

Violaxanthin 330 ± 14 307 ± 44 n.s.
Lutein 632 ± 24 2504 ± 125 ***

Neoxanthin 198 ± 10 308 ± 12 ***
β-Carotene 284 ± 47 847 ± 52 ***

Z + A 25 ± 12 4818 ± 306 **
V + A + Z 356 ± 20 5125 ± 289 ***

Carotenoids 1470 ± 61 8784 ± 416 ***
α-Tocopherol 69 ± 11 446 ± 72 ***

(mol mol−1)
Xanthophylls/β-Carotene 4.25 ± 0.71 9.39 ± 0.67 ***

Zeaxanthin/Lutein 0.01 ± 0.01 1.35 ± 0.05 ***
(V + A + Z)/Lutein 0.56 ± 0.03 2.05 ± 0.02 ***

(% of V + A + Z)
Zeaxanthin 2 ± 1 66 ± 3 ***

Z + A 7 ± 3 94 ± 1 ***

Mean values ± standard deviations; n = 3 or 4. Significant differences between growth PFDs are denoted by asterisks; ** = p < 0.01;
*** = p < 0.001; n.s. = not significantly different. A = antheraxanthin, V = violaxanthin, Z = zeaxanthin.

3.3. Unique Pigment Patterns in Lemna Compared to Other Species

Under exposure to full sunlight, fronds of L. minor floating on a local pond exhib-
ited conversion of a greater percentage of the total pool of interconvertible xanthophylls
(V + A + Z) to the photoprotective forms zeaxanthin or zeaxanthin + antheraxanthin com-
pared to leaves of a nearby population of the weed M. neglecta (Figure 8). Whereas the
conversion state to the photoprotective, de-epoxidized components was higher in L. minor
(Figure 8), the total pool of the xanthophyll cycle relative to Chl a + b was smaller in L. minor
compared to M. neglecta (Figure 9A).

Lutein was present at a greater level on a Chl basis in L. minor compared to M. neglecta
(Figure 9B). In contrast, β-carotene per Chl (Figure 9C), α-tocopherol per Chl (Figure 9D),
Chl a + b per area (Figure 9E), and the Chl a/b molar ratio (Figure 9F) were all lower in
L. minor than in M. neglecta.

The herbaceous weed M. neglecta (a biennial) fell into a cluster comprised of fast-
growing annual species that accumulated rather modest amounts of zeaxanthin in full
sun, while L. minor fell into a cluster of slow-growing perennial species (Figure 10A) using
principal component analysis based on foliar pigment composition (Figure 10B). Lemna
minor’s pigment composition was thus similar to that of slow-growing perennials, which
accumulated large amounts of zeaxanthin and lutein in full sun. Remarkably, even L. gibba
grown under 50 μmol photons m−2 s−1 fell into this cluster (Figure 10A), despite the fact
that it did not accumulate zeaxanthin under this low growth PFD (Figure 5B). The yellow
fronds of L. gibba grown under 1000 μmol photons m−2 s−1 that maintained carotenoids
while strongly lowering Chl content (Figure 4C) fell far to the right of all three clusters
(Figure 10A).
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Figure 8. Conversion state of the xanthophyll cycle pool to zeaxanthin (Z) or zeaxanthin + antherax-
anthin (A) under full sun (1600 μmol photons m−2 s−1) in fronds of Lemna minor (orange) and leaves
of Malva neglecta (green) growing naturally in Superior, CO, USA. Mean values ± standard deviations;
n = 4. Significant differences are denoted by asterisks; ** = p < 0.01, *** = p < 0.001. V = violaxanthin.

Figure 9. Levels of (A) the xanthophyll cycle pool constituents, violaxanthin, antheraxanthin, and zeaxanthin (V + A + Z),
(B) lutein, (C) β-carotene, and (D) α-tocopherol per chlorophyll (Chl) a + b, (E) chlorophyll a + b levels per frond/leaf area,
and (F) the molar ratio of chlorophylls a to b in fronds of Lemna minor (orange) and leaves of Malva neglecta (green) growing
naturally in Superior, Colorado, USA. Mean values ± standard deviations; n = 4. Significant differences are denoted by
asterisks; ** = p < 0.01, *** = p < 0.001.
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Figure 10. (A) Score and (B) loading plots of the first two principal components from principal component analysis on
correlations of chlorophyll (Chl) a + b per leaf/frond area, Chl a/b molar ratio, and levels of violaxanthin (V), β-carotene
(β-C), antheraxanthin (A), zeaxanthin (Z), lutein (L), and neoxanthin (N) per Chl a + b in fronds of Lemna gibba grown under
PFDs of 50 (dark green circles) and 1000 (bright yellow circles) μmol m−2 s−1 in growth chambers, and fronds of sun-grown
Lemna minor (bright orange circles), leaves of sun-grown Malva neglecta (bright green circles), and a variety of sun-grown
annuals (light green diamonds), shade-grown perennials (gray squares), and sun-grown perennials (light orange triangles).
For details, see Tables S1–S3 and [21].

4. Discussion

The results of this study extend the conclusions reported in [2] of a notable ability
of the duckweed L. gibba to grow rapidly across a range of growth PFDs from 100 to
700 μmol m−2 s−1. The present study extended this growth PFD range to include an even
lower intensity of 50 μmol photons m−2 s−1 and an even higher intensity of 1000 μmol
photons m−2 s−1 and documented the same high growth rate under the latter two extremes.
This ability of duckweed to thrive under a wide range of light intensities makes sense in
the context of duckweed ecology. Duckweed thrives in ponds where light environments
can range from deep shade (at the pond’s edge where emergent macrophytes and/or
overhanging willows, etc., may provide considerable shade) to full sun in the middle of an
open pond, with rapid cycles of vegetative expansion (e.g., during spring upon activation
of overwintering turions, after a pond is disrupted by inclement weather involving wind
and/or recharge with a major precipitation event, etc.) experienced periodically.

4.1. Interspecies Comparison

Foliar pigment composition of a closely related species, L. minor, growing on an open
pond in full sunlight was similar to those of slow-growing evergreens, in particular with
respect to the high maximal conversion of the xanthophyll cycle pool to zeaxanthin and
antheraxanthin at midday in sunny habitats (see, e.g., [21,22]). Duckweed thus exhibited a
combination of the traits of fast-growing annuals and slow-growing evergreens with foliar
pigment features reminiscent of evergreens but coupled with a growth rate that exceeds
that of the fastest-growing terrestrial plants [23].

Duckweeds are fast-growing aquatic plants that are members of the monocotyle-
donous order Arales; duckweeds were previously considered a subfamily (Lemnoideae)
of the Araceae, but are now grouped as their own family (Lemnaceae), which is closely
related to the Araceae (for recent reviews of its taxonomy, see [24,25]). Terrestrial Araceae
are common in shaded rainforest environments, possessing adaptations for high shade tol-
erance that make them suitable as house plants (e.g., genera such as Alocasia, Dieffenbachia,
Monstera, Philodendron [26–29]). The foliar pigment composition, and its response to growth
PFD, seen here in duckweed, was reminiscent of a member of the Araceae, Monstera deliciosa
(subfamily Monsteroideae), which possesses a remarkable ability to acclimate to both deep
shade and full sunlight [30]. This makes sense in the context of the ecology of some aroids
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as hemi-epiphytic vines that germinate in soil in deep shade on the rainforest floor, grow
toward the darkest area (a tree trunk), climb into the forest canopy, lose connection to
soil/ground, and thrive in dappled to full sunlight within the canopy [31–33].

On the other hand, their exceptionally high growth rates set duckweeds apart from
terrestrial Araceae. The high growth rates of duckweed may be associated with genome
reductions in these diminutive, floating plants that are associated with loss of controls
placed on growth and stomatal conductance in terrestrial species [34,35]. Terrestrial species
typically curb growth and stomatal opening under limiting water as a defense strategy [36].
This would appear less necessary for species that float on water, and duckweeds indeed
impose much less control on either growth or stomata [35]. In addition, terrestrial plants
curb growth under limiting nitrogen supply in the soil [37,38], whereas duckweeds have a
particular propensity for effective nitrogen uptake from the growth medium [39] and an
expanded set of genes for nitrogen uptake and amino acid synthesis [34].

4.2. Specific Features That May Contribute to Duckweed’s High Shade Tolerance

As noted by Stewart et al. [2], L. gibba cultivated under favorable controlled conditions
exhibited thin leaves with apparent minimal self-shading.

Concerning foliar pigment composition, principal component analysis revealed that
neither of the two Lemna species examined here clustered with other fast-growing species,
and instead clustered with slow-growing, highly shade-tolerant evergreens, and perennials
growing in full sun (pond L. minor and L. gibba grown under the low PFD) or fell outside
either cluster (L. gibba grown under the extremely high PFD). Foliar pigment patterns of
evergreen and perennial species can be differentiated from those of fast-growing, herba-
ceous annuals, and biennials by comparatively high total Chl contents with lower levels of
VAZ pool carotenoids and β-carotene relative to total Chl, and lower Chl a/b ratios but
comparatively greater levels of lutein relative to Chl in the evergreens and perennials [21].
These features are all consistent with a high light-harvesting capacity associated with
comparatively large Chl b- and lutein-containing light-harvesting antennae and smaller
β-carotene-binding inner antennae [40]. One can thus describe Lemna as being unusual in
combining fast growth with high shade tolerance. The shade tolerance of duckweeds and
their ability to maintain a high growth rate under very low growth PFD may also be due to
the fact that floating plants with much-reduced root structures do not need to support a
significant proportion of non-photosynthetic tissue, which is challenging in very low light.

Another aspect of duckweed physiology that would support high growth rates in
low light, where photosynthetic light-use efficiency must be high, is a rapid return to
high photochemical efficiency upon transfer from high to low PFD. This was seen in the
present study in the form of a rapid lowering of the rate of thermal energy dissipation upon
transfer of high-light-grown L. gibba to low light with little to no sustained depression of
photosystem II photochemical efficiency or photoinhibition. Notably, such rapid return to
a high PSII photochemical efficiency is also seen in shade-tolerant species subsequent to
exposure to rapid sunflecks in natural understory settings [3,41] as well as in sun-grown
plants of terrestrial Araceae upon return to low light after extended exposure to high
light ([42]; see also [43]).

Yet another feature L. gibba shares with terrestrial Araceae is maintenance of a similar
photosynthetic capacity on an area basis across a wide range of growth PFDs, as reported
by Stewart et al. [2] for L. gibba grown under PFDs from 100 to 700 μmol photons m−2 s−1.
This trend is also reminiscent of what was reported for Monstera deliciosa. When grown
under high versus low PFDs, M. deliciosa maintained a similar photosynthetic capacity and
adjusted its capacity for regulated, photoprotective dissipation of excess absorbed light
(not utilized in photochemistry), whereas fast-growing annuals strongly adjusted their
photosynthetic capacities with little to no difference in the capacity for photoprotective
energy dissipation [30]. The finding of the present study that photosynthetic capacity as
well as relative growth rate in fronds grown under 50 μmol photons m−2 s−1 was similarly
high as those of fronds grown over a range of 100 to 700 μmol photons m−2 s−1 [2] further
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supports L. gibba’s tendency to maintain a similar photosynthetic capacity across a wide
range of growth PFDs (see more below on what that means for its high-light tolerance).
Concerning L. gibba’s shade tolerance, one could speculate that its ability to support a high
photosynthetic capacity under low growth PFD may contribute to its high growth rate
under very low PFD. It is possible that a high level of the CO2-fixing enzyme Rubisco
may be associated with duckweed’s propensity to accumulate vegetative storage protein
throughout the plant rather than storing protein only in the seed like soybean (duckweed
can produce 20× more protein per hectare than soybean [6]). Martindale and Bowes [44]
described an unusual propensity of duckweed to accumulate high levels of Rubisco across
a range of growth PFDs. While L. gibba plants contained more protein on an area basis
under 1000 versus 50 μmol photons m−2 s−1, protein level relative to dry biomass was
actually higher under the low growth PFD (biomass was 46% protein) compared to the
high growth PFD (biomass was 25% protein on a gram per gram basis). High-quality
plant-based protein from duckweeds could thus be produced highly efficiently under low
growth PFD.

4.3. Features That Likely Contribute to Duckweed’s Tolerance of High Light

Evergreens and perennials often exhibit relatively lower maximal electron transport
rates associated with very high fractions (around 90%) of absorbed light allocated to non-
photochemical routes as well as very high fractions of the xanthophyll cycle pool converted
to zeaxanthin at midday in sunny, but otherwise favorable, habitats [3,16,22,45]. In contrast,
annuals and biennials often exhibit relatively higher maximal electron transport rates and
relatively lower fractions (around 50%) of absorbed light allocated to non-photochemical
routes and fractions of the xanthophyll cycle pool converted to zeaxanthin at midday in the
same habitats [3,16,22,45]. In a comparison of the response of terrestrial annual species with
the evergreen M. deliciosa to a range of growth PFDs, the annuals exhibited pronounced
differences in photosynthetic capacity on a leaf area basis with no or only modest dif-
ferences in photoprotective dissipation of excess excitation energy over a wide range of
growth PFDs (with midday peaks of 300 versus 1500 μmol m−2 s−1), whereas M. deliciosa
showed no difference in photosynthetic capacity on a leaf area basis but a higher level of
both thermal energy dissipation and zeaxanthin content at the higher growth PFD [30].
Duckweed exhibited similar features as M. deliciosa, with a pronounced increase in the
fraction of absorbed light allocated to energy dissipation via regulated non-photochemical
routes and of zeaxanthin accumulation, but no change in photosynthetic capacity, with
increased growth PFD. This profoundly greater non-photochemical dissipation of absorbed
light in the fronds grown under 1000 μmol photons m−2 s−1 was apparently highly ef-
fective in limiting the build-up of excitation energy (absorbed light not utilized via either
photochemistry or non-photochemical routes), as demonstrated in the present study.

At the same time, foliar pigment composition of Lemna was distinctive; even shade-
grown fronds not containing zeaxanthin exhibited an overall pigment pattern similar to
that of sun-grown terrestrial perennials. Furthermore, yellow fronds grown under an
extremely high light supply exhibited a much-exaggerated version of this pattern. These
features further illustrate that Lemna is unusual in combining fast growth with a distinct
pigment composition. The low Chl a + b content, and concomitant high Chl a/b ratio, in
L gibba grown under continuous light of 1000 μmol photons m−2 s−1 is consistent with a
strong downregulation of antenna size, which is different from the response of evergreens
that, as their name indicates, exhibit limited variation of chlorophyll content. Further
support for a small antenna size in L. gibba grown under the high PFD comes from the
much lower neoxanthin concentration (lowered in proportion of Chl a + b) and the lower
levels of β-carotene and lutein on a frond area basis. The fact that xanthophyll cycle pool,
the concentrations of antheraxanthin and zeaxanthin, and the ratio of total xanthophylls
to β-carotene were all greater on a frond area basis at the high PFD is presumably due to
strong upregulation of zeaxanthin-based photoprotection that may take place not only in
pigment-binding protein complexes, but also in the membrane phospholipid bilayer [46].
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Since light supply was 20× greater at 1000 versus 50 μmol photons m−2 s−1 and total
dry biomass produced was only just under 3× greater, the biomass produced per mol
photons (i.e., the light-use efficiency of biomass production) was dramatically lower at
the high PFD. The significant linear relationships between the light-use efficiency of total
biomass production and either the fluorescence-derived parameter Fv

′/Fm
′ × qP or the

fraction of the xanthophyll cycle pool converted to its de-epoxidized components showed
that features associated with primary photosynthetic processes can serve as indicators of
duckweed productivity across a range of growth PFDs, irrespective of possible variations
of biomass composition with respect to the proportion of, for example, protein, starch,
or pigments. Duckweed biomass is particularly valuable with high levels of protein and
starch, as previously noted [2]. These relationships may also be as straight-forward in
duckweed because this species consists of a one-layer canopy of fronds with minimal
non-photosynthetic tissue.

Both Fv/Fm and Fv
′/Fm

′ × qP were also correlated with measures of productivity in
rice (see [47]). Prediction of productivity of other systems including whole ecosystems,
from parameters associated with primary photosynthetic events is possible but requires
consideration of additional features [48,49]. Whereas dark Fv/Fm was shown to be closely
correlated with light-use efficiency of photosynthetic electron transport (from O2 evolu-
tion [50,51]), and Fv

′/Fm
′ × qP is frequently used to estimate photochemical efficiency

under illumination [52], these relationships can be tenuous [17] as was also recently dis-
cussed by Sipka et al. [53]. Nevertheless, our result that either Fv

′/Fm
′ × qP or xanthophyll

cycle pool conversion correlated closely with the light-use efficiency of plant productivity in
duckweed is consistent with the assumption that the activity of any additional dissipative
processes varies in proportion with the regulated non-photochemical dissipation of excita-
tion energy associated with de-epoxidized xanthophyll cycle components in this species.
Future research should examine a possible involvement of alternative photochemical sinks
for excitation energy (other than carbon fixation [54]; see also [55,56]) such as oxygen
reduction by electron transport, photorespiration, and nitrogen reduction (especially by
plastid nitrite reductase). In Lemna, nitrogen reduction could be of interest because of
the demonstrated enrichment in the duckweed genome of core enzymes in amino acid
synthesis [34] and the propensity of duckweed to produce vegetative storage protein.

In the present study, light- and CO2-saturated maximal photosynthetic capacity on a
frond area or dry mass basis was lower in fronds grown under 1000 μmol photons m−2 s−1

compared to fronds grown under either 50 μmol photons m−2 s−1 (this report) or under
100 to 700 μmol photons m−2 s−1 [2]. This lower maximal photosynthetic capacity did
not, however, lead to a lower growth rate in the fronds grown under 1000 versus 50 μmol
photons m−2 s−1, which indicates that at the very high growth PFD of 1000 μmol m−2 s−1

of continuous light, the somewhat lower photosynthetic capacity was sufficient to support
the same high growth rate as at 50 μmol photons m−2 s−1. The lower photosynthetic
capacity on an area or dry mass basis in fronds grown under 1000 μmol photons m−2 s−1

thus represents an adjustment that allows the plants to maintain a similar growth rate
with a lesser photosynthetic capacity and a much lower chlorophyll content in a growth
environment with a very high light supply. This feature could also be associated with
duckweed accumulating Rubisco levels in excess of what is needed for CO2 fixation
at a given time. Total Rubisco level may be associated with light- and CO2-saturated
photosynthetic capacity, but varying proportions of this capacity may be sufficient to
support growth under different growth PFDs [44]. The observed extremely high capacity
of photosynthetic O2 evolution on a Chl basis in fronds grown under 1000 μmol photons
m−2 s−1 of continuous light is consistent with a strong preferential downregulation of
antenna size relative to the components of photosynthetic electron transport under this
high growth PFD.

Furthermore, L. gibba accumulated considerable starch at higher growth PFDs includ-
ing under 700 μmol photons m−2 s−1 where no decline in photosynthetic capacity was
seen [2], which suggests that the lower photosynthetic capacity in plants grown under
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1000 μmol photons m−2 s−1 may not be due to downregulation associated with starch
accumulation. Lemna’s propensity for unabated growth and photosynthetic activity over a
wide range of growth environments is consistent with the reported reduction of control by
water and nutrient level in duckweeds coupled with their genome reduction and associated
permanently open stomates and highly effective nutrient acquisition [35].

In a nutshell, L. gibba plants grown under continuous high light of 1000 μmol pho-
tons m−2 s−1 effectively counteracted build-up of potentially dangerous excess excitation
through a combination of strong downregulation of antenna size (i.e., how much light
is absorbed) with strong non-photochemical dissipation of excess absorbed light under
the high growth PFD. These photoprotective processes did not interfere with the ability
of photosynthetic electron transport to support similar area production and higher dry
biomass production in the plants grown under 1000 versus 50 μmol photons m−2 s−1. This
high light tolerance of duckweed is reminiscent to that of the alga Chlorella ohadii, which
can thrive under a light intensity equivalent to twice that of sunlight [57]. Under such high
light conditions, this alga also exhibited unabated fast growth, a high photosynthesis rate,
a small antenna size (a constitutive small antenna and an extremely high Chl a/b ratio of
13:1), and photoprotective energy dissipation that, however, relied on mechanisms other
than zeaxanthin-associated non-photochemical energy dissipation [57]. The latter results
and those reported here illustrate the existence of photosynthetic systems that grow at
high rates under extremely high light and use unique combinations of photoprotective
mechanisms. Duckweed is presumably well adapted to a range of natural environments
that include predominantly either continuously shaded or high-light-exposed sites (where
antenna size modulation should be particularly beneficial) as well as sites with rapidly
fluctuating light (where the rapid reversibility of non-photochemical dissipation should be
particularly beneficial).

In conclusion, the duckweed L. gibba was evidently able to acclimate to very high
growth light intensity through a combination of a high growth rate with pronounced starch
and protein accumulation, decreased light absorption (presumably by downregulation
of antenna size), pronounced non-photochemical dissipation of excess light associated
with zeaxanthin as well as other forms of photoprotection provided by the xanthophyll
lutein (that can remove excitation energy from Chl in the triplet state [58]), β-carotene
(that can contribute to the photoprotection of photosystem I [59]), and α-tocopherol (that
can scavenge singlet oxygen and lipid peroxy radicals [60,61]). The greater levels of
especially zeaxanthin, α-tocopherol, lutein, and to some extent β-carotene relative to Chl
under high growth PFD are consistent with an enhanced need for photoprotection on part
of the plant. From the standpoint of human/animal nutrition, however, production of
micronutrients per area or as a percent of biomass matters most. Whereas zeaxanthin
production required high light irrespective of reference basis, α-tocopherol (vitamin E),
lutein, β-carotene (provitamin A), and protein levels as a percent of biomass were all
lower under the high growth PFD. Therefore, a mixed lighting protocol with mainly low
background PFD, supplemented with brief exposures to high light (see, e.g., [62]) might be
attractive to produce high-quality nutrition for the consumer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10061481/s1, Table S1: Source, species, and grouping of data used for principal component
analysis of pigment composition (see Figure 10), as well as scores for all eight of the resulting principal
components; Table S2: Loading values of the eight pigment parameters used for principal component
analysis (see Figure 10) for the eight resulting principal components; Table S3: Correlation matrix for
the eight variables used in the principal component analysis of pigment composition (see Figure 10).
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Abstract: Microbial endophytes organize symbiotic relationships with the host plant, and their
excretions contain diverse plant beneficial matter such as phytohormones and bioactive compounds.
In the present investigation, six bacterial and four fungal strains were isolated from the common bean
(Phaseolus vulgaris L.) root plant, identified using molecular techniques, and their growth-promoting
properties were reviewed. All microbial isolates showed varying activities to produce indole-3-acetic
acid (IAA) and different hydrolytic enzymes such as amylase, cellulase, protease, pectinase, and
xylanase. Six bacterial endophytic isolates displayed phosphate-solubilizing capacity and ammonia
production. We conducted a field experiment to evaluate the promotion activity of the metabolites
of the most potent endophytic bacterial (Bacillus thuringiensis PB2 and Brevibacillus agri PB5) and
fungal (Alternaria sorghi PF2 and, Penicillium commune PF3) strains in comparison to two exogenously
applied hormone, IAA, and benzyl adenine (BA), on the growth and biochemical characteristics
of the P. vulgaris L. Interestingly, our investigations showed that bacterial and fungal endophytic
metabolites surpassed the exogenously applied hormones in increasing the plant biomass, photo-
synthetic pigments, carbohydrate and protein contents, antioxidant enzyme activity, endogenous
hormones and yield traits. Our findings illustrate that the endophyte Brevibacillus agri (PB5) provides
high potential as a stimulator for the growth and productivity of common bean plants.

Keywords: endophytes; culture filtrate; exogenously hormone; Phaseolus vulgaris; antioxidant en-
zymes

1. Introduction

Common beans (Phaseolus vulgaris L.) are important legumes as a source of food and
money for small farm owners worldwide [1]. Common beans are an essential source of
micronutrients and protein, in addition to their caloric content. They are of interest in
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developing countries as an inexpensive protein source (compared to animal protein sources)
and because of their long-term storage life [2]. The popularity of this crop stems from its
relative ease of production, variety of uses, good source of nutrition, and deliciousness.
Beans are widely adapted to moderate temperature growing environments, with an average
precipitation of approximately 400 mL and a growing season of 60–120 days [3]. By the
year 2050, the world’s population is expected to increase by 34% (approximately 9.1 billion
people), and thus, we need approximately 70% more food production [4].

Plant hormones, or phyto-regulators, have the leading role in a plant’s life cycle [5].
Plant hormones are involved in most of development stages such as seed germination, fruit
maturation, seedling, and leaf senescence [6]. Auxin is the most common class of plant
hormones, the most prominent of which is indole-3-acetic acid (IAA), a key regulator of
plant growth and development [7], involved in the phototropic response, fruit development,
cell differentiation, division, and elongation, and has a major role in plant physiology [7].
IAA increases stomatal conductance, the photosynthetic average, plant pigmentation, and
the piling up of total soluble sugars such as fructose and glucose [8].

Other frequently used plant hormones are cytokinin’s, which affect cell division and
many other aspects of the plant development and growth processes involving shoot growth
and initiation, seed germination, abscission, senescence, and apical dominance [9,10]. Ben-
zyl adenine (BA) is one of the commonly used cytokinin’s [11], which has promotional
effects that have been demonstrated by several studies. IAA is the most common en-
dogenous hormone and has an effective role in root elongation and growth. It results
from the metabolism of L-tryptophan by various microorganisms, including plant growth-
promoting bacteria (PGPB) [12].

Fungi and plant-related bacteria produce many plant hormones, including IAA, as one
of the mechanisms to manage plant development and growth. Microbial indole modifies
the structure of roots to boost the availability of nutrients to these microbes that can produce
plant hormones [13].

PGPB, which have many useful effects on their host plant, involve the growth activa-
tion, metabolism regulation, and modulation of phytohormone signaling that contribute to
the adaptation to adverse environmental conditions [14]. Endophytes are being studied
for their ability to create novel biologically active compounds, as well as their ability to
preserve plant health through their biofertilizer and biocontrol properties [15].

Endophytic fungi as symbiosis are well recognized, and approximately 1.5 million
different fungal species have been identified in various host plants, with one million of them
being endophytic in nature [16]. Both endophytic fungi and the host plants profit from their
mutualistic relationship. Fungal endophytes have been documented to produce a variety
of bioactive compounds, which improve plant tolerance to various biotic stresses [7].

Moreover, endophytes exhibit a disease-suppressive capacity, which might be induced
by the production of various secondary metabolites, including salicylic acid, siderophores,
enzymes, proteins, elicitors and/or antibiotics [17]. Recently, these diverse metabolites
can be utilized for various biotechnological applications [18–20]. Beneficial endophytic
bioinoculants must possess plant growth-promoting properties such as the production
of ammonia, phytohormones, hydrogen cyanide, and siderophore, as well as phosphate
solubilization [21]. Utilizing endophytes as biofertilizers and/or biocontrol agents in the
organic farming of diverse crops has become interesting due to their richness in naturally
bioactive products [22].

The efficacy of microbial endophytes in promoting plant-growth and their comparison
with exogenously applied hormones have not been investigated until now. Therefore, the
aim of the current investigation was the isolation, identification, and characterization of
bacterial and fungal endophytes from the roots of the Phaseolus vulgaris plant, and the
exploration of their potentiality compared to two common exogenously applied hormones
on the growth and biochemical properties of P. vulgaris plants to explore the possibility
of applying these microbial isolates as biofertilizers for the improvement of the growth
performance and metabolites of crops.
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2. Materials and Methods

2.1. Plant Sampling and Microbial Endophytes Isolation

Unearthed roots of the common bean (Phaseolus vulgaris L.) plant were collected from
El-Menofia governorate (30◦38′33.5” N 30◦56′54.4” E), Egypt. Plant roots were preserved in
plastic pages at 4◦C for 48 h before being processed. The roots are thoroughly rinsed with
tap water and then sterilized distilled water. Roots were surface sterilized by immersing
them in sterile distilled water for 1 min, 70% ethanol for 1 min, 2.5 percent chlorine bleach
for 4 min, 70% ethanol for 30 s, and then washing them three times in sterile distilled water.
To ensure that the sterilization process is working properly; the water of last washing was
streaked onto nutrient (readymade, Oxoid) and Czapek Dox (CD) (readymade, Oxoid)
agar media, the absence of microbial growth in the cultured media verified the sterilization
process’ success [23].

The sterilized roots were cut into small segments (5 mm/segment) aseptically, and
fifteen root segments were put on three nutrient agar plates (5 segments/plate). The
plates were daily observed to detect bacterial growth. The bacterial isolates that appeared
around the root segment are picked up and streaked on another nutrient plate for complete
purification. The same previous procedure was repeated by putting root segment on
Czapek Dox (CD) agar media for fungal isolation. The fungal colony that appears around
the root segment are picked up and undergo purification steps on CD agar media [24]. The
purified fungal and bacterial isolates were stored on slants at 4 ◦C for future studies.

2.2. Molecular Identification of Microbial Endophytes

The endophytic bacterial and fungal isolates obtained from the surface-sterilized
roots were subjected to molecular identification based on amplification and sequencing of
bacterial 16S rRNA and fungal ribosomal DNA internal transcribed spacer (ITS) region.

For bacterial identification, the genomic DNA was extracted according to the modified
method [25], and the PCR protocol was achieved according to Fouda et al. [26]. Briefly,
individual bacterial colonies were picked up using a sterile toothpick and resuspended in
50 μL of sterile deionized H2O. The cell suspension was heated for 10 min in a water bath
at 97 ◦C, then the cell lysate was forced (15,000× g, 10 min) and the upper layer containing
the DNA was retrieved. The content of extracted DNA was calculated by detecting its
absorbance at 260 nm using a UV spectrophotometer. A fragment of 16S rDNA was PCR-
amplified using the bacterial universal primers 27f (50-AGAGTTTGATCCTGGCTCAG-30)
and 1492r (50-GGTTACCTTGTTACGACTT-30). The PCR tube contained 1 × PCR buffer,
0.5 mM MgCl2, 2.5 U Taq DNA polymerase (QIAGEN Inc., Germantown, MD, USA),
0.25 mM dNTP (Deoxynucleoside triphosphate), 0.5 μM primers, and approximately 5 ng
of bacterial genomic DNA.

In the case of fungi, genomic DNA was extracted using the Gene Jet Plant genomic
DNA purification Kit (Thermo procedure). Using genomic DNA as a template and primers
for ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-
3′), the ITS region was amplified in PCR reaction. Maxima Hot Start PCR Master Mix
(Thermo), 0.5 μM of each primer, and 1 μL of extracted fungal gDNA were included in the
PCR mixture (50 μL) [27].

The PCR was carried out in a DNA Engine Thermal Cycler by Sigma Scientific Services
Company (Cairo, Egypt) with a hot starting performed at 94 ◦C for 3 min, followed by
30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 60 s, followed by a final extension
performed at 72 ◦C for 10 min. GATC Company (Germany) used an ABI 3730x1 DNA
sequencer to perform the sequencing. Using the NCBI BLAST software, the obtained
sequences were compared to the Gene Bank database. BLASTN was used to compare
sequences to 16S rRNA and ITS sequences in the Gene Bank database, and bootstrap
analysis was used to build phylogenetic trees. The sequences obtained in this analysis were
deposited in Gene Bank under accession numbers MW485939 to MW485944 for bacteria
and MW485935 to MW485938 for fungi.
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2.3. Screening of Plant Growth Promotion Potential of Microbial Endophytes
2.3.1. Colorimetric Determination of Indole-3-Acetic Acid (IAA)

Bacterial endophytes were inoculated in 20 mL of LB broth (contain g L−1: tryptone,
10; yeast extract, 5; NaCl, 10; 1.0 L dis. H2O, adjusted to pH 7) amended with 5 g L−1 of
L-tryptophan (chosen as the best concentration from our previous study) and incubated in
orbital shaker (180 rpm) at 30 ± 2 ◦C for 7 days. Also, fungal discs (10 mm in diameter)
covered with hyphae were cultured in 20 mL CD broth containing 5 g L−1 of L-tryptophan
and incubated in the same manner at 28 ◦C for 10 days. At the end of incubation period,
five mL of each endophytic culture were collected and centrifuged at 6000 rpm at 4 ◦C for
30 min. Two mL of Salkowski’s reagent was added to 1.0 mL of each culture supernatant
and measured at 530 nm (Jenway 6305 UV spectrophotometer). IAA was quantified with
pure IAA standard [28].

2.3.2. Ammonia Production

The potency of isolated microbial endophytes to produce ammonia in peptone broth
(containing g L−1: peptone, 10; NaCl, 5; 1.0 L dis. H2O) was evaluated and detected by
Nessler’s reagent. The degree of color change indicates the potency of the endophytic
isolates to produce ammonia.

2.3.3. Phosphate Solubilization

To determine the phosphate solubilizing strains, bacterial and fungal endophytes
were cultured on Pikovskaya’s agar medium (containing g L−1: dextrose, 10; yeast extract,
0.5; MgSO4·7H2O, 0.1; Ca3(PO4)2, 5; (NH4)2SO4, 0.5; FeSO4·7H2O, 0.0001; MnSO4·H2O,
0.0001; KCl, 0.2; and agar 15 g/1000 mL dis. H2O). The development of clear zones around
bacterial colonies and fungal discs considered as positive [29].

2.3.4. Extracellular Enzymatic Activities

Extracellular enzymes produced by bacterial endophytes were assessed based on
minimal salt (MS) media (Containing g L−1: KH2PO4, 1.5; NaNO3, 6; KCl, 5; MgSO4·7H2O,
0.5; FeSO4, 0.01; ZnSO4, 0.01; and agar 15 g/1000 mL dis. H2O) containing the specific
dissolved indicative substrate. The inhibition zones induced around microbial endophytes
growth after adding the specific reagent was measured as indicative for the enzymatic activ-
ity. Estimation of the endophytic fungal enzymes was achieved under the same conditions
with addition of yeast extract (5 g L−1) to the MS media [30]. Endophytic enzyme activities
of pectinase, amylase, xylanase, cellulase and protease were estimated by culturing the
bacterial and fungal isolates on MS media containing 1% of pectin, soluble starch, xylan,
carboxy-methylcellulose (CMC) and gelatin, respectively. The specific reagents hexadecyl-
trimethyl ammonium bromide, iodine, absolute ethyl alcohol, and acidic mercuric chloride
were used to visualize pectinolytic, amylolytic, and cellulolytic, xylanolytic, and proteolytic
enzymatic activities, respectively [31].

2.3.5. In Vitro Evaluation of Antagonistic Activity of Endophytic Isolates against Selected
Phytopathogenic Fungi

All the endophytic isolates were screened for their antagonistic properties against the
fungal phytopathogens based on dual-culture assay method [32]. The widely prevalent
fungal pathogens Fusarium oxysporum, Verticillium dahlia, Alternaria alternata and Pythium
ultimum were obtained from the Plant Pathology Department, Faculty of Agriculture,
Zagazig University, Egypt. Each bacterial isolate was spotted at 3 equidistant points along
the perimeter of the potato dextrose agar (PDA, readymade, Oxoid) plates and incubated
in dark for 48 h at 28 ◦C. The fungal pathogens were previously grown on PDA at 28 ◦C for
7 days. Every fungal pathogen had one plug (6 mm) cut from the leading edge and inserted
in the center of the incubated bacterial plates; plates without bacterial inoculation served
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as controls. The dual culture plates were incubated for 5 days at 28 ◦C, after incubation.
The percentage of mycelial growth inhibition was calculated by the formula:

Inhibition percentages (I%) =
R1 − R2

R1
× 100 (1)

where R1 is the radial growth of the phytopathogen without bacterial endophyte (control),
while in endophytic inoculated plates, R2 represents pathogen radial development (dual
culture plates).

Likewise, the four days-old fungal plugs (6 mm) of the endophytic isolates were
inoculated in the dual culture PDA plates as the bacterial isolates.

2.4. Field Experiment Using Phaseolus vulgaris L. Plant
2.4.1. Experimental Design

A field experiment was conducted under field conditions during the winter season of
2019 at the garden of the Faculty of Science, Al-Azhar University, Cairo, Egypt, to evaluate
the impact of foliar spray of two exogenously plant hormone [i.e. indole-3-acetic acid (IAA)
and benzyl adenine (BA)] compared to the metabolites of most potent endophytic bacterial
strains (PB2 and PB5, separately or in a consortium (BM)) and fungal strains (PF2 and
PF3 separately or in a consortium (FM)) on growth, biochemical and yield parameters of
bean (Phaseolus vulgaris L.) plant.

The Phaseolus vulgaris seeds were surface disinfested by immersing them in ethyl
alcohol (70%) for one minute, then in 4% sodium hypochlorite for 15 min, followed by
sterilized distilled water washing.

The soil of the experimental site was classified as sandy soil containing sand, silt,
and clay of 95.16%, 3.45%, 1.39%, respectively, in the 0–30 cm soil layer. The chemical
compositions of soil used were Na, Ca, K, P, and Cl with values of 185.25, 25.0, 16.20,
24.30, and 132.50 mg kg−1, respectively. The plant was grown under field conditions and
irrigated when needed. The field trial was set up in a completely randomized design (CRD).
A randomized complete block design with 5 blocks was set up. Within each block were
9 plots: treated with C (control: distilled water), H1 (IAA, 100 ppm), H2 (BA, 100 ppm),
endophytic metabolites (100 ppm) of PB2, PB5, BM, PF2, PF3, and FM. Each planted plot
contained one row with 5 plants per treatment and 30 cm between each plant, in total
225 were grown with 45 plants for each block. For analysis, five plant samples were
randomly collected per treatment.

2.4.2. Culture Conditions and Extraction of Endophytic Secondary Metabolites

Endophytic bacterial isolates (PB2, PB5, and BM) were grown in LB medium for 24 h,
at the end of incubation period, adjusted the bacterial concentrations at 108 cell/mL. About
200 μL of the previous bacterial concentration were inoculated into 500 mL of LB broth
amended with 5 g L-1 tryptophan. In a shaking incubator, the cultures were incubated
for 6 days at 28 ◦C. The bacterial broth media was centrifuged for 30 min at 6000 rpm,
and the supernatant was harvested after incubation period. On the other hand, the fungal
endophytes (PF2, PF3, and FM) were grown in CD agar medium at 28 ◦C, two fungal discs
(10 mm) of a 5-day old cultures of each fungus was inoculated in 500 mL CD broth and
incubated at 28 ◦C in shaking incubator. After incubation for ten days, fungal cultures
were filtered through gauze cloth, forced for 30 min at 6000 rpm, and the supernatant
was harvested.

The endophytic metabolites were extracted using the method of Kim et al. [33], with
minor modifications: the obtained supernatant was mixed with an equivalent volume of
ethyl acetate (1:1 v/v) and kept for 10 h at 4 ◦C, the solvent layer (containing metabolites)
was separated by a separation funnel and evaporated in a rotary evaporator (40 ◦C/90 rpm)
to get the crude metabolites. Ten mg of the concentrated residue was re-dissolved in 100 mL
distilled water to get a final concentration of 100 ppm.
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2.4.3. Foliar Spraying of Phaseolus Vulgaris Plants with Endophytic Metabolites and
Exogenously Applied Hormone

Suspensions of the exogenously hormones (IAA and BA), the endophytic metabolites
(PB2, PB5, PF2, and PF3), and their consortium (BM and FM) were prepared and adjusted
to a concentration of 100 ppm. During foliar spray, the soil was coated with aluminum foil
to ensure that the solution only reached the tops of the plants, not the ground. Spraying
was done up to down, a spray atomizer was used for foliar application, the final volume
of liquid to spray the leaves was 2 mL per plant. The first spraying was done when the
seedlings were 15 days old, while the second and third foliar spraying was performed when
the seedlings were 30 and 50 days old, respectively. The harvest was achieved for three
times described as follows: after 35 days of planting (first harvest) as a vegetative stage;
after 55 days (second harvest) as a flowering stage; and the third harvest was achieved
after 90 days of planting (yield stage).

2.4.4. Growth and Vegetative Parameters Measurement

The shoots of 35 and 55-day-old bean plants (n = 5) were separated from the plants
and were putted in an oven at 70 ◦C until a constant weight, then, the heights and dry
weights of the shoots were measured. Fresh apical of shoot subsamples were stored in
refrigerator for assessment the plant enzymatic activities.

2.4.5. Physiological Parameters Measurements
Determination of Photosynthetic Pigments

The quantitative determination of chlorophylls was done using the method of Vernon
and Seely [34]. One gram aliquot of fresh leaves was cut into small pieces. The pigments
were extracted by grinding the cut tissue with suitable amount of glass powder in mortar
using 100 mL of 80% aqueous acetone (v/v). The homogenate was transferred quantita-
tively to a Buchner filter with Whatman No. 1 filter paper. The filtrate was transferred
quantitatively to 100 mL volumetric flask and made up to a total volume of 100 mL using
80% acetone.

The optical density of the plant extract was measured using spectrophotometer of
two wavelengths (649 and 665 nm). These are positions in the spectrum where maximum
absorption by chlorophyll (a) and (b) occurs. The concentrations of chlorophyll (a), (b) and
total chlorophyll in leaf plant tissue were calculated using the following equations:

Mg. chlorophyll (a)/g tissue = 11.63 (A 665) − 2.39 (A 649) (2)

Mg. chlorophyll (b)/g tissue = 20.11 (A 649) − 5.18 (A 665) (3)

Mg. chlorophyll (a + b)/g tissue = 6.45 (A 665) + 17.72 (A 649) (4)

For carotenoids, the concentration was carried out according to equation [35]:

Car. = 1000 × (A 470) − 1.82 Chl (a) − 85.02 Chl (b)/198 = mg/g fresh wt. (5)

where (A) denotes the optical density, Chl (a) denotes the chlorophyll a; Chl (b) denotes the
chlorophyll b.

Determination of Total Soluble Carbohydrates and Proteins

The content of total soluble carbohydrates in the dry shoot were determined using the
Umbriet et al. method [36]. Contents of soluble proteins in the dry shoot were estimated
according to the methods of lowery et al. [37].

Determination of Amylase and Protease Enzymes Activity

Amylase activities were estimated using a method modified from that described by
Afifi et al. [38]. In this method, the enzyme-substrate reaction mixture consisted of 1.0 mL
of the supernatant to be assayed for amylase activity and 1.0 mL of soluble starch solution
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(10 mg mL−1) into 0.5 M sodium acetate buffer pH 5.3, containing 20 mM CaCl2. The
reaction mixture was allowed to react for 15 min at 40 ◦C. The reaction was stopped by
adding 5.0 mL of 0.5 M acetic acid. To 1.0 mL of the incubated mixture, 3.0 mL of iodine
reagent (0.01% Potassium iodide and 0.001% iodine) were added to obtain starch iodine
complex, which showed blue color. The amylase activity was estimated by measuring
O.D. at 660 nm. Proteases were determined using the method of Ong & Gaucher [39]. In
this method, 0.25 mL of the supernatant to be assayed for proteases activities was added
to 1.75 mL of 0.25% casein in 0.2 M phosphate buffer pH 7 and incubated at 37 ◦C for
60 min. At the end of the incubation period, 3.0 mL of 5% trichloroacetic acid was then
added, and after standing at room temperature for 30 min, the solution was filtered. To
1.0 mL of the filtrate, 5.0 mL of 0.4 N NaOH and 1.0 mL diluted (1:2 v/v) BDH were added
consecutively and after color development for 30 min. The O.D. at 660 nm was determined
using UV-visible spectrophotometer.

Determination of Antioxidant Enzymes Activity

In 50 mL sodium phosphate buffer (pH 7.0) containing 1% soluble polyvinyl pyrro-
lidine (PVP), five grams of fresh leaf tissue including the terminus buds in addition to
the first and second young leaves were macerated. The homogeneous agent has been
centrifugated at a rate of 15,000 rpm for 20 min at 4 ◦C and used for enzyme activity testing.
The activity of catalase (EC 1.11.1.6) enzyme was determined using the method defined
by Chen et al. [40]. The mixture of final reaction (10 mL) containing 40 μL enzyme extract
was added to 9.96 mL H2O2 phosphate buffer pH 7.0 (0.16 mL of 30% H2O2 to 100 mL of
50 mM phosphate buffer). The rate of change in H2O2 absorbance over 60 s was calculated
using a spectrophotometer set to 250 nm and expressed in EU mg-1 protein. The amount of
enzyme that reduced 50% of H2O2 in 60 s at 25 ◦C was described as one unit of enzyme
activity. Peroxidase (POD, EC 1.11.1.7) activity was calculated using the method defined
by Kar and Mishra [41]. In a final volume of 5 mL, the sample mixture included 125 μM
phosphate buffer (pH 6.8), 50 μM pyrogallol, 50 μM H2O2, and 1.0 mL of the 20 diluted
enzyme extract. The enzyme activity was expressed as EU mg-1 protein, and the volume of
purpurogallin produced was calculated by calculating the absorbance at 420 nm.

Extraction, Purification, and Determination of Endogenous Hormones

The methods for extraction, purification, and determination of the hormones were
carried out according to [42] with some modifications.

Hormone extraction: Around 1.0 g apical buds have been melted with liquid nitrogen;
10.0 mL acetonitrile extraction medium has been applied with an antioxidant of 50 mg L−1

diethyldithiocarbamate. The homogenous product was incubated at 4 ◦C for 12 h in the
dark.The extracts were forced for 10 min at 10,000× g. The residue was removed with the
same solvent twice.

Hormone purification: The supernatant was mixed and condensed to residual through
rotatory evaporation under low pressure at 37 ◦C, then re-dissolved in 10.0 mL 0.5 mol L−1

phosphate buffer (pH 8.0), and then applied 8.0 mL chloroform and oscillated to eliminate
pigment. The chloroform phase was eliminated. To eliminate hydroxybenzene, 0.15 g
insoluble polyvinylpyrrolidone (PVP) was applied to the aqueous phase and centrifuged
at 10,000× g for 10 min. Pipette 5.0 mL supernatant and switch pH to 3.0 with pure
formic acid. The aqueous layer was removed twice with 3.0 mL ethyl acetate. By rotatory
evaporation under low pressure, the ethyl acetate phase was condensed and re-dissolved
in a 1 mL combined solution of acetonitrile/methanol/0.6 percent acetic acid solution
(5:50:45, V:V:V). Finally, 0.22 mm hydrophobic membranes were used to filter the hormone
extraction.

Hormone determination: A high-performance liquid chromatography (HPLC) method
was used to analyze the hormones. For loading into a Waters symmetry C18 column
(4.6 mm × 150 mm, 5 mm), samples (20 μL) were loaded into a specific 20 μL loop.
Acetonitrile: methanol: 0.6% acetic acid solution (5:50:45, V:V:V) have been used as a
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mobile phase. A Waters series 515 pump was used to elute samples from the column at
a flow rate of 0.6 mL min−1 at 25 ◦C. Hormone peaks were observed using a photodiode
array detector (Waters 2998 Sparations Module, USA) with absorbance set at 218 nm for
IAA, 270 nm for BA, 200 nm for GAs, and 262 nm for ABA.

Hormone quantification: By comparing the retention time and characteristic absorp-
tion wavelength of various standard hormones (Sigma Chemical, Co., St. Louis, MO, USA),
the sample hormones were identified. The hormone concentrations were determined by
comparing the peak areas of the samples to those of standard samples. Both of the results
were adjusted to account for the known recovery rates of various hormone concentrations.
BA, IAA, GAs, and ABA had recovery rates of 86.35 ± 3.17, 84.79 ± 3.48, 83.65 ± 4.15,
and 88.01 ± 2.98%, respectively (calculating process of the recovery rate: two equivalent
samples were taken, one of which was added with a quantitative reference material of
the component to be checked, and then the two samples were purified and measured
simultaneously using the same procedure). The recovery rate was calculated as the ratio
of the difference between the two samples’ measured quantities and the added standard
material quantity.

Yield Parameters Measurements

The number and weight of pods per plant were measured after 90 days of sowing from
five single plants of the row in each plot. The number and weight of seeds per pod were
assessed from five single plants of the row in each plot. One hundred-seed weight (g) was
determined using a sensitive digital balance. Contents of the total soluble carbohydrate
and the total soluble protein were determined in seed yield that are calculated form the
five single plants of the row of each plot using sensitive digital balance and corrected based
on seed moisture content.

2.5. Statistical Analysis

Data were statistically analyzed using SPSS v17 (SPSS Inc., Chicago, IL, USA). One-
way analysis of variance (ANOVA) was used to evaluate the In-vitro antagonistic ac-
tivity, extracellular enzymes production, IAA, and ammonia production potential, P-
solubilization ability of endophytic isolates and comparing the effect of spraying the
metabolites of these endophytes and spraying exogenously IAA, BA on Phaseolus vul-
garis growth performance. Tukey’s range tests were used to do an a posteriori multiple
comparison at p < 0.05. As mentioned above, all analyses are the averages of three to six
independent replicates.

3. Results and Discussion

3.1. Isolation and Identification of Bacterial and Fungal Endophytes Isolated from Root of Common
Bean Plant

In this study, a total of twenty-five bacterial isolates and twelve fungal isolates were
isolated from the surface-sterilized roots of common bean (Phaseolus vulgaris L.) as cul-
turable endophytes (as mentioned in the material and method section). Out of bacterial
and fungal isolates, six bacterial species (PB1, PB2, PB3, PB4, PB5, and PB6) and four
fungal species (PF1, PF2, PF3, and PF4) were selected as different strains based on mor-
phological and cultural characteristics, as well as microscopic examination. These isolates
were subjected to molecular identifications based on gene sequence analysis of 16S rRNA
for bacterial isolates and internal transcribed spacers (ITS) for fungal isolates. The gene
sequence analysis revealed that the isolated bacterial endophytes were related to two
phyla. The Proteobacteria (class: γ-Proteobacteria) and Firmicutes (class: Bacilli) had,
percentages of 33.3% and 66.7%, respectively. The γ-Proteobacteria strains were identified
as Enterobacter asburiae PB1 and Acinetobacter radioresistens PB3, while the Firmicutes strains
were identified as Bacillus thuringiensis PB2, Brevibacillus brevis PB4, Brevibacillus agri PB5,
and Bacillus subtilis PB6 with similarity percentages ranging between 98.88% and 99.84%
(Table 1, Figure 1).
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Table 1. The 16S rRNA and ITS sequence identifications of the bacterial and fungal endophytes isolated from sterilized root
of common bean plants.

Microbial Strain
Code

GenBank Accession
Number

Homolog Sequences
Sequence Identity

(%)
Closest Accession

Number

PB1 MW485939 Enterobacter asburiae 99.16 BBED01000197

PB2 MW485940 Bacillus thuringiensis 99.69 ACNF01000156

PB3 MW485941 Acinetobacter radioresistens 99.70 BAGY01000082

PB4 MW485942 Brevibacillus brevis 98.88 AB271756

PB5 MW485943 Brevibacillus agri 99.84 D78454

PB6 MW485944 Bacillus subtilis 98.99 ABQL01000001

PF1 MW485935 Penicillium crustosum 99.62 NR077153

PF2 MW485936 Alternaria sorghi 98.63 NR160246

PF3 MW485937 Penicillium commune 98.69 NR111143

PF4 MW485938 Aspergillus flavus 98.84 NR111041

Figure 1. Phylogenetic tree of the 16S rRNA sequences of bacteria isolated from the root of the common bean plant.
PB1–PB6 refers to the 16S rRNA sequences of bacterial isolates. The bacterial isolates and their identities were listed in
Table 1. MEGA 6 was used to carry out the analysis, which used the neighbor-joining approach with a bootstrap value
(1000 replicates).

Consistent with our data, López-López et al. [43] recorded Bacillus spp. and Acinetobac-
ter radioresistens as bacterial endophytes isolated from the surface-sterilized root of Phaseolus
vulgaris. Recently, Sendi et al. [44] showed that most bacterial endophytes associated with
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the roots of the common bean belong to Bacillus spp. with a percentage of 58.33%. Moreover,
the bacterial endophytes isolated from sterilized common bean leaves are related to the
Proteobacteria (36.7%), Firmicutes (32.9%), and Actinobacteria (29.7%) of the total bacterial
isolates [45]. The Bacillus species are considered the most predominant endophytic strains
isolated from different plant species, having been isolated from Glycyrrhiza spp., Lycium
chinense, Belamcanda chinensis, Pinellia ternata, Achillea fragrantissima, Taxus yunnanensis,
Bletilla striata, Pulicaria incisa, Fagonia mollis, Leonurus heterophyllus, Digitalis purpurae and
Pinellia pedatisecta as described previously [29,46].

In the current study, four fungal endophytic strains were obtained from the steril-
ized root of the Phaseolus vulgaris plant belonging to Ascomycota, defined as Penicillium
crustosum PF1, Alternaria sorghi PF2, Penicillium commune PF3 and Aspergillus flavus PF4,
with identification percentages ranging between 98.63% and 99.62% (Table 1, Figure 2).
To the best of our knowledge, this is the first record of Alternaria sorghi being isolated as
an endophytic strain. In our recent study, Penicillium spp., Alternaria spp., and Aspergillus
spp. were identified as endophytic fungi isolated from the medicinal plant Ephedra pachy-
clada [47]. These fungi have a variety of plant growth-promoting properties, including IAA
production, antimicrobial activity, ammonia production, and phosphate solubilization. To
date, there have been few published studies concerning fungal endophytes isolated from
the root of Phaseolus vulgaris as plant growth-promoting.

Figure 2. Phylogenetic tree of fungal strains’ ITS sequences against NCBI reference sequences (National Center for
Biotechnology Information). PF1–PF4 refers to the ITS sequences of fungal isolated from common bean plants. The
fungal isolates and their identities were listed in Table 1. The analysis was carried out in MEGA 6 using the neighbor-
joining approach.
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3.2. In Vitro Assessment of the Plant Growth-Promoting Activities of Bacterial and
Fungal Endophytes
3.2.1. Colorimetric Determination of IAA

Our results showed the ability of all the endophytic isolates to produce IAA to varying
degrees in media containing tryptophan (5 g L−1). The fungal endophytes exhibited higher
bio-fabrication of IAA than those made by endophytic bacteria. The fungal endophytes of
Alternaria sorghi PF2 and Penicillium commune PF3 displayed the maximum IAA production,
recording 235.33 ± 7.51 and 183.33 ± 7.53 μg mL−1, respectively, while elevated bacterial
IAA synthesis was carried out by isolating Bacillus thuringiensis PB2 and Brevibacillus agri
PB5, with values of 181.66 ± 7.62 and 164.66 ± 6.38 μg mL−1, respectively (p ≤ 0.001;
Figure 3). In the same regard, ALKahtani et al. [29] reported the potency of the endophytic
Brevibacillus sp. for production of IAA (59.7 μg mL−1) in media containing 5 mg mL−1

of tryptophan. Moreover, HPLC analysis confirmed IAA production by the endophytic
fungi Colletotrichum fructicola associated with Arabica coffee, recording 1205.58 μg mL−1

after 26 days of incubation [48]. Previous studies have indicated the ability of microbial
endophytes to produce IAA to varying degrees, whereas in the current study, isolated
endophytes produced IAA in the range of 81.6 ± 2.6–235.3 ± 7.5 μg mL−1. IAA has a vital
role in plant microbial interactions; it has been suggested as a communication method
between the endophytic microbiome and the roots of the host plant [49]. Therefore, our
isolates may affect plant growth and are candidates for use as surrogates to improve crop
quality and productivity.

Figure 3. IAA production by (A) endophytic bacterial isolates and (B) endophytic fungal isolates; with 5 g L−1 tryptophan.
Bars with the same letter for each endophytic isolate did not differ significantly at a significant level of (p ≤ 0.05); Error bars
indicate means ± SE by LSD test (n = 6). PB1 is E. asburiae; PB2 is B. thuringiensis; PB3 is A. radioresistens; PB4 is B. brevis;
PB5 is B. agri; PB6 is B. subtilis; PF1 is P. crustosum; PF2 is A. sorghi; PF3 is P. commune; PF4 is A. flavus.
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3.2.2. Ammonia Production and Phosphate Solubilization

Adding nitrogen fertilizers to the soil is costly, so ammonia-producing endophytes that
are likely to supply plants with nitrogen constitute a desirable feature of soil fertility and
improved plant growth. Additionally, ammonia production helps plants resist colonization
by pathogens [50]. Herein, a varying degree of ammonia production capacity was observed
in 50% of the bacterial isolates Bacillus thuringiensis PB2, Brevibacillus brevis PB4, and
Brevibacillus agri PB5, and in 75% of the fungal isolates Penicillium crustosum PF1, Alternaria
sorghi PF2, and Penicillium commune PF3 (Supplementary Table S1). The high proportion
of isolates producing ammonia in this study is consistent with the study conducted by
Szilagyi-Zecchini et al. [51]. Most of the endophytic bacteria of the genera Pseudomonas,
Enterobacter, and Bacillus isolated from chickpea plants have been identified as ammonia
producers [52]. Recently, Ripa et al. [53] isolated and identified the endophytic fungal
inhabitance of wheat plants and declared that 34% of the isolated fungi displayed ammonia
production activities; these isolates belong to the genera Aspergillus, Fusarium, Alternaria and
Trichoderma. Endophytic bioinoculants must possess plant growth-enhancing properties
such as hydrogen cyanide, phytohormones, siderophores, ammonia production, and
phosphate solubilization [21].

With the exception of nitrogen, phosphate is the most important macronutrient needed
by plant, and despite the abundance of phosphates in agricultural soil, plants do not have
access to them, because they are incorporated into organic compounds or in the form of
mineral salts of scarce solubility [54]. Therefore, we explored the ability of our isolates to
dissolve phosphate and the possibility of using them as alternatives for sustainable agri-
culture. The phosphate-solubilizing activity of isolated endophytes was indicated by the
clearance zones developed on Pikovskaya’s media containing tricalcium phosphate. Three
bacterial isolates and three fungal isolates were potent phosphate solubilizers. However,
the fungal endophytic isolates manifested higher phosphate-solubilizing capacity than the
bacterial endophytes, with the highest phosphate-solubilizing activity listed for fungal
isolates Alternaria sorghi PF2 and Penicillium commune PF3 (Supplementary Table S1).

In the same regard, 11 fungal isolates associated with wheat plants (Triticum aestivum L.),
showed phosphate-solubilizing potential to varying degrees and were defined as phos-
phate solubilizers based on the halo zones that were developed around the fungal growth
on Pikovskaya’s medium [53]. Interestingly, one of the most essential properties of en-
dophytes is their ability to dissolve insoluble phosphate in the soil. Haidar et al. [55]
isolated 27 endophytes of bacteria from the endosphere of Corchorus olitorius and specified
the isolates, Bacillus sp., Bacillus firmus, Staphylococcus pasteuri and Kocuria sp. as robust
phosphate solubilizers, and they estimated the solubilized phosphate in broth media in
the range of 113.52 - 218.47 μg P/mL. Microorganisms dissolve inorganic phosphate by
acidification due to the production of inorganic and organic acids and the excretion of H+,
in addition to siderophore and exopolysaccharide production, while organic phosphate
solubilization is mediated by phytase, C–P lyase, and phosphatase enzymes [56].

3.2.3. Extracellular Enzymatic Activities

Practically, fungal and bacterial endophytes produce various key enzymatic groups
such as tyrosinase, xylanases, amylases, pectinases, hemicellulases, gelatinase, phytases,
cellulases, proteases, chitinase and asparaginase. The majority of these enzymes are
produced by the endophytes residing in crops or medicinal plants, and the enzymatic
activities of these endophytes have been detected based on agar-based procedures [57].

The bacterial and fungal endophytic isolates showed different activities in the produc-
tion of one or more of the tested enzymes. In general, the fungal isolates produced more
enzymes than the bacterial isolates; this was evidenced by recording larger clear degrading
sectors than those recorded for the bacterial isolates on the indicative substrate plates.
Bacterial isolates Bacillus thuringiensis PB2 and Brevibacillus agri PB5 produced the highest
amounts of amylase, cellulase, and protease, while the isolate Acinetobacter radioresistens
PB3 was the largest producer of bacterial pectinase and xylanase (p ≤ 0.001). The maximum
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fungal enzymatic production was assigned to the isolate Bacillus thuringiensis FB2 with
degrading clear zones of 37 ± 1.7, 42 ± 1, 38.3 ± 1.2, 42.3 ± 1.3, and 31.3 ± 0.8 mm
for amylase, cellulase, protease, pectinase, and xylanase respectively (Supplementary
Table S1).

Compatible with our results, ALKahtani. et al. [29] isolated 13 culturable bacterial
endophytes from plants that have therapeutic properties, namely, Fagonia mollis Delile
and Achillea fragrantissima (Forssk) Sch. Bip. These isolates belong to genera Bacillus,
Paenibacillus and Brevibacillus and showed varying activity of pectinase, xylanase, CMCase,
gelatinase, cellulase and amylase. Furthermore, 52 endophytic fungal isolates were ob-
tained from Thai orchids; at least 25% of these isolates showed enzymatic activity by the
production of one or more of the exo-enzymes: Lipase, amylase, protease, cellulase and
pectinase [58]. Endophytic enzymes play a major role in the hydrolysis processes that aid
their colonization of the selected host plant and then gain their food from the plant tissues
and their interactions with plant pathogens [59]. On the contrary, during long periods
of co-evaluation, plants may try to limit the growth of endophytes by producing many
toxic substances, but endophytes try to gradually form some tolerance mechanisms by
producing mycotoxins and exoenzymes. In addition, these enzymes are valuable in many
industrial, agricultural, and medical applications [60].

3.2.4. In Vitro Antagonistic Activities

Previous studies have given increasing attention to the endophytic microbes as a
distinct choice for the biological control of some plant diseases for being environmentally
safe. Likewise, our results showed the potency of all the isolated endophytes to reduce the
radial growth of the phytopathogenic fungi cultured on dual culture plates. The bacterial
and fungal isolates inhibited more than 20% of the fungal growth of Fusarium oxysporum,
Alternaria alternata, Verticillium dahlia, while Pythium ultimum growth was reduced by more
than 9%. The maximum growth inhibition of A. alternata and V. dahlia was assigned to the
bacterial isolate Brevibacillus agri PB5, recording antagonistic indices of 51.6 ± 0.5% and
62.6 ± 2%, respectively. The fungal isolate Penicillium commune PF3 showed the highest
antagonistic activity against F. oxysporum with an inhibition percentage of 61.3 ± 2.3%. In
addition, the extreme suppression of P. ultimum (55.3 ± 2.6%) was attributed to the fungal
isolate Alternaria sorghi PF2 (Table 2).

Table 2. The antagonistic activity of isolated endophytes against selected phytopathogenic fungi.

Endophytic
Isolates

Percentage of Growth Inhibition (%)

F. oxysporum A. alternata V. dahlia P. ultimum

Control 0 i 0 h 0 h 0 h

PB1 31.6 ± 1.4 g 45.6 ± 0.8 c 28.6 ± 0.3 f 12.3 ± 0.8 f

PB2 54 ± 0.57 c 49 ± 1.1 b 57.6 ± 2 b 24.3 ± 1.4 d

PB3 24.6 ± 0.33 h 34.6 ± 0.8 f 22.6 ± 1.4 g 13.3 ± 1.4 ef

PB4 41.6 ± 1.4 e 44.6 ± 0.8 c 33.6 ± 0.8 e 15 ± 1.1 e

PB5 58.6 ± 0.6 ab 51.6 ± 0.5 a 62.6 ± 2 a 22.6 ± 2.6 d

PB6 26.6 ± 2 h 21 ± 0.57 g 36.3 ± 0.3 d 9.6 ± 0.3 g

FP1 46.6 ± 1.45 d 37.3 ± 1.2 e 21.6 ± 1.3 g 41 ± 1.7 c

FB2 57.3 ± 0.6 b 42.3 ± 0.8 d 38.6 ± 0.8 c 55.3 ± 2.6 a

FB3 61.3 ± 2.3 a 45.6 ± 1.4 c 31.6 ± 1.4 e 48.3 ± 3.1 b

FB4 35.6 ± 1.4 f 33.3 ± 0.8 f 26.6 ± 0.8 f 24.6 ± 0.8 d

Values in the same column with different letters are significantly different (p ≤ 0.05), values refer to the means ± SE
(n = 3).

145



Cells 2021, 10, 1059

In agreement with our findings, Egamberdieva et al. [61] isolated endophytic bacteria
from plants with therapeutic properties, that is, Hypericum perforatum and Ziziphora capitata,
the isolates of which belonged to the genera Stenotrophomonas, Pantoea, Achromobacter,
Serratia, Enterobacter, Bacillus, Erwinia, Arthrobacter, and Pseudomonas and showed diverse
antagonistic activity against a group of pathogenic soil-borne fungi, including the genera
Fusarium, Botrytis, Pythium, Gaeumannomyces and Alternaria.

Bacterial endophytes should have various properties that manage the control of
phytopathogens such as siderophores, antibiotics and antifungal production, the secretion
of extracellular enzymes that degrade fungal cell wall and fusaric acid, and the synthesis
of volatile organic components, in addition to the induction of host plant-induced systemic
resistance [62].

In addition, various investigations have reported the contrasted antagonistic activity of
different fungal endophytes against the phytopathogenic fungi; Fusarium solani, Ganoderma
boninense, Sclerotinia sclerotiorum and Colletotrichum acutatum [63,64].

3.3. Evaluation of the Promotion Effect of the Most Potent Bacterial and Fungal Endophytic Strains
on the Growth and Metabolic Activities of the Phaseolus vulgaris Plant under Field Conditions

A field study was performed in the Botany and Microbiology Department, Faculty of
Science, Al-Azhar University, Cairo, Egypt, during the winter season in 2019 to investigate
the effect of two exogenously plant growth-promoting hormones (IAA and BA) compared
to the metabolites of the most potent bacterial (Bacillus thuringiensis PB2 and Brevibacillus
agri PB5) and fungal (Alternaria sorghi PF2, Penicillium commune PF3) endophytic strains
isolated from the roots of common bean plants, or their combination (BM and FM) as a
foliar spraying on the growth and metabolic activities of Phaseolus vulgaris L. plants at
three harvested stages. The first harvest (35 days of planting) as a vegetative stage; the
second harvest (55 days) as a flowering stage; the third harvest as a yield stage (90 days of
planting). The vegetative growth parameters, as well as all physiological parameters, were
analyzed from the first and second harvest, whilst the yield parameters were analyzed only
from the third harvest.

The foliar spraying approach is preferring over other treatment method such as
soaking because of symmetrical spread of different treatments over the whole crop, in
addition, the spraying method increase the response of plant to treatments. Recently, the
spraying method was more effective than the soaking method during the study of CuO-NPs
on the morphological and physiological growth traits of Triticum aestivum L. [65]. Moreover,
Sarkar et al. [66] showed that the foliar spraying of micronutrients was more effective due
to it is overcomes the losses of nutrient in soil amendment other treatment methods.

3.3.1. Effect of the Foliar Spraying of Exogenously Applied Hormone and Microbial
Endophyte Metabolites on the Vegetative Growth Traits of Common Bean Plants

Foliar spraying of common bean plants with 100 ppm of IAA or BA led to a non-
significant increase in shoot and root lengths compared to control plants. However, plants
treated with IAA showed a non-significant decrease in root length at the first stage, while
the shoots of plants treated with BA significantly increased in the first stage of growth
compared to non-treated plants. On the contrary, plants treated with the metabolites of
the endophytic isolates displayed a significant increase in shoot length during the first
stage of growth, and the root length significantly increased in the second stage of growth
compared to control plants. Neither exogenously hormones nor bacterial metabolites had a
significant effect on the leaf number of plants with respect to control plants (Table 3). In the
same context, Turbat and colleagues performed a plant bioassay to investigate the effect of
fungal endophytic extracts on some of the growth parameters of Arabidopsis thaliana and
recorded a boost in the length of the primary root, and the significant modifications in the
photosynthetic pigments were due to endophytic fungal extract treatments. However, they
reported a decrease in the plant biomass [67]. Moreover, the fermentation filtrate from
the endophytic bacterial complex (Pestalotiopsis aff. neglecta/Luteibacter sp.) significantly
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increased the length of tomato seedlings with considerably longer roots compared to
controls in a seedling assay conducted in vitro in petri dishes [68].

Table 3. Effect of foliar spraying of exogenously applied hormone and microbial endophyte metabolites on root, shoot
length and leave numbers of common bean plants.

Treatments
Shoot Length (cm) Root Length (cm) Leaf Numbers

1st Stage 2nd Stage 1st Stage 2nd Stage 1st Stage 2nd Stage

Control 22.4 ± 0.5 b 27.4 ± 0.3 ab 9.3 ± 0.6 ab 8.98 ± 0.3 b 5.0 ± 0.0 a 5.67 ± 0.2 a

Exogenously
Applied

Hormones

IAA 23.3 ± 0.5 b 29.3 ± 0.9 ab 8.0 ± 0.4 b 9.8 ± 0.7 ab 4.6 ± 0.3 a 6.0 ± 0.0 a

BA 25.3 ± 0.4 a 28.2 ± 0.7 ab 9.7 ± 0.4 ab 8.9 ± 0.4 b 4.4 ± 0.2 a 6.0 ± 0.0 a

Bacterial
Endophytes

PB2 26.9 ± 0.8 a 34.0 ± 0.9 a 10.03 ± 0.3 ab 11.5 ± 0.6 a 4.6 ± 0.2 a 6.0 ± 0.0 a

PB5 28.7 ± 0.9 a 33.8 ± 1.6 a 9.4 ± 0.4 ab 10.5 ± 0.9 ab 4.6 ± 0.3 a 6.0 ± 0.0 a

BM 25.1 ± 0.8 a 25.5 ± 0.7 b 9.5 ± 0.2 ab 11.5 ± 0.4 a 4.1 ± 0.1 a 6.0 ± 0.0 a

Fungal
Endophytes

PF2 26.1 ± 0.4 a 29.2 ± 0.7 ab 8.4 ± 0.3 b 12.7 ± 0.7 a 4.0 ± 0.0 a 6.0 ± 0.0 a

PF3 26.1 ± 0.7 a 25.5 ± 0.3 b 10.2 ± 0.5 ab 12.5 ± 0.5 a 4.1 ± 0.1 a 6.0 ± 0.0 a

FM 25.3 ± 0.7 a 27.2 ± 0.8 ab 10.4 ± 0.3 ab 11.0 ± 0.5 a 4.0 ± 0.0 a 6.0 ± 0.0 a

Different letters between columns denote that mean values are significantly different (p ≤ 0.05) by Tukey’s test.

Furthermore, foliar spraying with exogenously applied hormones or endophytic
extracts resulted in a comparable increase in the biomass (fresh and dry root and shoot
weight) of treated plants at all stages of development, and this increase was significant
in most treatments. However, the root fresh weight of the Penicillium commune (PF3) and
fungal consortium (FM) treatments recorded insignificant weight loss, while the root dry
weight of Alternaria sorghi (PF2) plants significantly decreased in the first stage of growth
compared to controls (Supplementary Table S2).

Analysis of the pure culture filtrates of the fungal endophytes Phoma glomerata LWL2
and Penicillium sp. LWL3 proved the existence of various concentrations of gibberellins
(GAs) and IAA. Moreover, the application of these culture filtrates significantly improved
the shoot length, chlorophyll content, and fresh and dry weight of shoots of both the
dwarf mutant Waito-C (GAs-deficient) and the common rice cultivar (Dongjin-beyo) [69].
The endophytic fungi associated with mangroves were also evaluated for their ability to
promote Oryza sativa L. growth. All of the isolated endophytic fungi were found to promote
the growth of O. sativa L. “Cempo Ireng” [70]. Concerning the effect of exogenously applied
hormones on plant growth, spraying exogenous auxins and cytokinin such as IAA and
6-benzylaminopurine resulted in an asymmetrical response of the treated alfalfa plants
during their vegetative growth, while their application as a mixture was most effective
and increased the biomass of plant shoots; however, the clearest effect was for the rate
of total chlorophyll to carotenoid content [71]. Some endophytic fungi isolated from
maize and rice plants, such as Fusarium, Sarocladium, Aspergillus and Penicillium, have been
confirmed to be determining factors in plant growth improvement [72]. Fouda et al. [31]
found that Penicillium chrysogenum and Alternaria alternata endophytic fungi, isolated
from the Asclepias sinaica plant, experience enhanced root growth and root elongation
attributed to the production of ammonia and IAA. Abdallah et al. [73] investigated the
ability of endophytic bacteria isolated from Withania somnifera fruits to promote plant
growth. According to the findings, the most active isolate, Alcaligenes faecalis, was found to
produce indole-3-acetic acid and improve phosphate solubilization.

Generally, microbial endophytes can be used as biofertilizers, which reduce the re-
liance on chemical fertilizers while also increasing nutrient availability, thus enhancing
plant growth.
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3.3.2. Effect of the Foliar Spraying of Exogenously Applied Hormones and Microbial
Endophyte Metabolites on the Chlorophyll and Carotene Contents of Common
Bean Plants

The photosynthetic is a key process for life, it is meaning consumption of solar energy
and transformed to energy for chemical compounds synthesis, also, it is strongly affected
by various environmental stressors such as drought, high or low temperature, salinity,
and intensity of light [74]. Plant photosynthetic potential is correlated with chlorophyll
concentration, which provides some insight into the physiological state of the plant system.
Regarding chlorophyll a (Chl. a), no treatments had a significant effect except for BA treat-
ment, which led to a significant increase in the Chl. a content during the two harvest stages.
In agreement with our results, Hanaa and Safaa [75] concluded that foliar application of
IAA (100 ppm) can enhance the chlorophyll content of Triticum aestivum L. (bread wheat).
Ma and co-authors used chlorophyll and carotenoids as indicator for investigate the effect
of exogenous application of abscisic acid and 1-naphthaleneacetic acid on the coloration of
fruits [76].

In addition, the metabolites of P. commune (PF3) were the only treatment that signif-
icantly increased chlorophyll b (Chl. b) in the first harvest stage, whereas in the second
harvest stage, plants treated with IAA, PB5, BM, and PF3 showed a significant increase in
their Chl. b content. The total chlorophyll content was increased for plants treated with
B. thuringiensis (PB2) and P. commune (PF3) in the first harvest stage, while the following
treatments of PB5, BM, PF3, and FM positively affected the total chlorophyll content of
plants in the second harvest stage. These findings are consistent with those of Heidari and
Golpayegani [77], who discovered that rhizobacteria (Pseudomonades sp., Bacillus lentus,
Azospirillum brasilens and their combinations) improved photosynthetic pigments in basil
(Ocimum basilicum L.) plants, where a combined inoculation of Pseudomonas sp. and Bacillus
lentus in plant stimulated chlorophyll synthesis as well as photosynthetic electron trans-
port. Timmusk et al. [78] found that inoculating wheat seedlings with Bacillus thuringiensis
AZP2 under drought stress resulted in increased plant biomass and five-fold higher sur-
vival under extreme drought due to lower volatile emissions and increased photosynthesis,
implying that bacterial inoculation enhanced plant stress resistance. Naveed et al. [79]
reported that Burkholderia phytofirmans strain PsJN and Enterobacter sp. FD17 increased
plant biomass and photosynthetic rate of the Mazurka maize cultivar up to 48% and 45%,
respectively, as compared with the control under normal irrigation. Kumar et al. [80] ob-
served a decline in chlorophyll content in chickpea leaves due to drought stress; however,
inoculation with PGPR mitigated the negative effects of drought on chlorophyll content.

Based on our results, none of the treatments appeared to have effect on the plant
carotene contents in the first harvest stage. However, common bean plants treated by
BA, PB2, PF2, PF3, and FM experienced slight increases in plant carotene in the second
stage, while IAA, PB5, and BM negatively affected plant carotene content (Supplementary
Table S3).

The growth stimulatory effect of IAA and BA could improve plant nutrient content,
so the augmented pigmentation in our treated plants could be attributed to a potential
increase in Mg and the other essential elements required for chlorophyll synthesis, in addi-
tion to down-regulation of the chlorophyll degradation process [81]. Moreover, the foliar
spraying of IAA (10-8 M) elevated the chlorophyll level of Brassica juncea by 13.27%, 18.90%,
and 17.87% after 30, 45, and 60 days, respectively, from sowing [82]. In addition, enhanced
growth involves increased leaf area and a consequent improvement in photosynthetic prop-
erties [82], keeping in mind the role of cytokinin’s in boosting the activity of the ribulose-1,
5-bisphosphate carboxylase/oxygenase (Rubisco) enzyme in the photosynthesis process,
raising the photosynthetic capability [83]. Sosnowski et al. [71] observed that cytokinin
increased the content of plastid pigments in alfalfa leaves. However, a combination of
auxin and cytokinin increased nitrate reductase production in alfalfa roots and increased
the ratio of overall chlorophyll content to carotenoids.
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3.3.3. Effect of the Foliar Spraying of Exogenously Applied Hormones and Microbial
Endophyte Metabolites on the Total Soluble Carbohydrate and Protein Contents of
Common Bean Plants

Our results indicate that all treatments, whether of exogenously applied hormones
or endophytic metabolites, led to a significant increase in the carbohydrate and protein
contents of the roots and shoots in all treated plants during the two growth stages. However,
the plants treated with IAA, BA, or the Bacillus thuringiensis PB2 and Alternaria sorghi
PF2 endophytes led to an insignificant increase in root proteins in both growth stages.
Moreover, the plants sprayed with the endophytic culture filtrates manifested maximum
increases in carbohydrate and protein contents in all growth stages, while plants treated
with BA showed a maximum increase in the root proteins for all growth stages (Table 4).

Table 4. Effect foliar spraying of exogenously applied hormones and microbial endophyte metabolites on carbohydrates
and protein contents of common bean plants.

Treatments

Root Carbohydrate
(mg g−1 DW)

Root Protein
(mg g−1 DW)

Shoot Carbohydrate
(mg g−1 DW)

Shoot Protein
(mg g−1 DW)

1st
Stage

2nd
Stage

1st
Stage

2nd
Stage

1st
Stage

2nd
Stage

1st
Stage

2nd
Stage

Control 90.7 ± 0.4 c 70.4 ± 0.7 e 58.8 ± 0.6 b 60.9 ± 0.9 b 75.7 ± 1.2 d 77.2 ± 1.5 d 49.8 ± 0.3 d 56.4 ± 0.7 b

Exogenously
Applied

Hormones

IAA 108.4 ± 1.7 b 86.6 ± 1.1 d 59.8 ± 0.7 b 64.2 ± 0.9 b 98.7 ± 0.6 c 101.9 ± 2.9
c 53.7 ± 0.4 c 59.3 ± 0.8 a

BA 113.2 ± 3.2 ab 90.6 ± 4.2 cd 61.2 ± 0.8 b 67.4 ± 1.5
ab

115.6 ± 3.5
ab

112.4 ± 1.4
ab 65.5 ± 0.3 a 59.3 ± 0.4 a

Bacterial
Endo-
phytes

PB2 108.4 ± 1.7 bb 99.5 ± 0.7 bc 61.1 ± 0.7 b 64.6 ± 0.9 b 113.2 ± 4.5
ab

107.6 ± 4.9
bc 58.6 ± 0.7 b 60.7 ± 1.1 a

PB5 118.2 ± 1.7 a 95.5 ± 1.4 c 64.8 ± 0.1 a 69.3 ± 1.3 a 110.0 ± 5.5
b

117.3 ± 2.4
ab 58.9 ± 0.6 b 59.8 ± 0.2 a

BM 107.6 ± 3.7 b 105.9 ± 3.5 b 64.9 ± 0.6 a 70.8 ± 0.9 a 122.9 ±
2.02 a

116.5 ± 1.6
ab 59.0 ± 0.5 b 59.3 ± 0.6 a

Fungal En-
dophytes

PF2 103.5 ± 4.5 b 121.4 ± 4.2 a 61.5 ± 0.8 b 66.2 ± 0.8 b 119.8 ± 6.9
a

111.2 ± 1.2
ab 58.3 ± 0.9 b 59.8 ± 0.3 a

PF3 104.4 ± 2.1 b 106.1 ± 2.9 b 64.01 ± 0.8 a 69.85 ±
1.21 a

103.6 ± 2.9
b

107.6 ± 4.9
bc 59.3 ± 0.4 b 60.3 ± 0.2 a

FM 109.9 ± 2.8 b 110.03 ± 2.8
ab 63.9 ± 0.8 a 70.7 ± 1.5 a 113.2 ± 4.5

ab
120.5 ± 0.7

a 58.9 ± 0.6 b 60.3 ± 0.4 a

Different letters between columns denote that mean values are significantly different (p ≤ 0.05) by Tukey’s test.

Frequent studies have reported the favorable effect of applying exogenously applied
hormones on the contents of soluble carbohydrates and proteins in plants. In this context,
treating the in vitro cultures of Aechmea blanchetiana with the auxins 1-naphthaleneacetic
acid (NAA) and indole-3-butylic acid (IBA) enhanced the dry and fresh mass of the roots.
Moreover, the roots of the 70-day-old plantlets treated with IBA showed increased concen-
trations of its soluble protein content. After 90 days of culture, the roots of the plantlets
treated with NAA displayed high concentrations of soluble carbohydrates [84]. In general,
sucrose is the main photosynthetic product; it is the essential substrate of sink metabolism
and the major form of transported carbon. Thus, IAA, BA, and endophytic extracts have a
fundamental role in increasing the carbohydrate content of sprayed plants [85].

Our results confirm the findings of Ismail et al. [86], who reported that the association
between the fungal endophyte Aspergillus japonicus and the roots of soybeans causes a
considerable increase in growth traits and significantly increased the plant content of total
sugars, lipids, and proteins under normal and heat-stressed growth conditions. Existing
evidence suggests the role of cytokinin’s and auxin in managing endosperm cell division
through the grain-filling phase in rice. Thus, these leading hormones might control the sink
size (grain capacity) for carbohydrate accumulation [87]. Moreover, Bhatia and Singh [88]
used 14C and proved the favorable role of IAA in transforming sugars into starch in grain.
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3.3.4. Effect of the Foliar Spraying of Exogenously Applied Hormones and Microbial
Endophyte Metabolites on the Amylase, Protease, Catalase, and Peroxidase Activities of
Common Bean Plants

The common bean plants treated with 100 ppm IAA manifested a significant increase
in catalase and peroxidase activities in both growth stages. Meanwhile, protease activity
showed a non-significant increase, and although amylase activity showed a non-significant
increase in the first stage of growth, it experienced a significant increase in the second
stage of growth. On the contrary, P. vulgaris plants sprayed with 100 ppm BA showed
a significant increase in peroxidase activity in all growth stages, as well as a significant
decrease in catalase activity in the second growth stage.

Interestingly, the common bean plants treated with endophytic metabolites displayed
varying degrees of enzymatic activities. Plants sprayed with 100 ppm PB5 showed a
maximum increase in amylase, protease, catalase, and peroxidase activities in all growth
stages. The obtained results in Table 5 clearly show the insignificant responses of protease
activity to microbial endophytes individually or mixed at both stages of growth. In
harmony with our results, Sadar et al. [89] determined that the crown leaves and fruit
pulp of pineapples (Ananasa comosus) harbor 28 fungal endophytes belonging to the genera
Aspergillus, Penicillium, Cladosporium, Fusarium, Colletotrichum and Alternaria. These fungal
endophytes produce one or more of the enzymes amylase, protease, and lipase in varying
degrees. Extracellular enzymes are the byproducts of microbial cell formation, and they
play a role in a variety of biological and environmental processes outside of cells. Plants
use antioxidant enzymes such as catalase and peroxidase to ameliorate the toxic substances
such as reactive oxygen species (ROS), biotic, and abiotic stresses [90].

Table 5. Effect of foliar spraying of exogenously applied hormones and microbial endophyte metabolites on amylase,
protease, catalase, and peroxidase of common bean plants.

Treatments

Amylase
(Unit/μg FW)

Protease
(Unit/μg FW)

Catalase
(Unit/μg FW)

Peroxidase
(Unit/μg FW)

1st
Stage

2nd
Stage

1st
Stage

2nd
Stage

1st
Stage

2nd
Stage

1st
Stage

2nd
Stage

Control 1.2 ± 0.1 b 1.3 ± 0.2 c 0.14 ± 0.01 a 0.15 ± 0.0 b 66.7 ± 1.4 a 95.0 ± 2.9 c 58.33 ± 1.7 d 58.33 ± 1.7
c

Exogenously
Applied

Hormones

IAA 1.7 ± 0.1 b 1.9 ± 0.02 b 0.15 ± 0.01 a 0.18 ± 0.0 ab 82.0 ± 1.7 b 106.6 ± 1.7 b 95.00 ± 5.0 ab 96.67 ± 3.3
b

BA 1.8 ± 0.1 b 1.9 ± 0.1 b 0.14 ± 0.0 a 0.16 ± 0.01 b 63.3 ± 1.3 a 63.3 ± 3.3 d 101.6 ± 1.7 a 105.0 ± 2.9
a

Bacterial
Endo-
phytes

PB2 2.7 ± 0.2 a 2.9 ± 0.1 a 0.16 ± 0.01 a 0.15 ± 0.01 b 83.3 ± 0.4 b 123.3 ± 3.3 b 86.7 ± 3.3 b 103.3 ± 1.7
a

PB5 2.7 ± 0.1 a 3.1 ± 0.1 a 0.17 ± 0.0 a 0.19 ± 0.0 a 88.3 ± 1.7 b 155.0 ± 5.0 a 101.7 ± 1.7 a 111.6 ± 4.4
a

BM 1.7 ± 0.1 b 2.8 ± 0.3 a 0.15 ± 0.0 a 0.19 ± 0.0 a 83.3 ± 1.4 b 113.3 ± 3.3 b 103.3 ± 1.7 a 96.67 ± 3.3
b

Fungal En-
dophytes

PF2 2.13 ± 0.2 a 1.9 ± 0.1 b 0.18 ± 0.0 a 0.18 ± 0.01 ab 86.7 ± 0.3 b 111.6 ± 4.4 b 76.67 ± 1.7 c 103.3 ± 3.3
ab

PF3 1.7 ± 0.1 b 2.2 ± 0.1 b 0.18 ± 0.0 a 0.18 ± 0.01 ab 75.0 ± 0.4 c 83.33 ± 4.4 c 98.33 ± 4.4 a 91.67 ± 1.7
b

FM 1.76 ± 0.1 b 2.3 ± 0.1 b 0.15 ± 0.0 a 0.18 ± 0.0 ab 85.0 ± 0.9 b 91.67 ± 1.7 c 38.33 ± 4.4 e 66.67 ± 4.4
c

Different letters between columns denote that mean values are significantly different (p ≤ 0.05) by Tukey’s test.

In reality, the xylanase, hemicellulase, phytase, protease, asparaginase, cellulase,
pectinase, tyrosinase, gelatinase, chitinase, amylase, and other enzymes formed by the
endophytic bacteria and fungi that inhabit medicinal or crop plants, are among the most
important enzymes [57].
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3.3.5. Effect of the Foliar Spraying of Exogenously Applied Hormones and Microbial
Endophyte Metabolites on the Endogenous Hormones of Common Bean Plants

Exogenous hormones play an important role in stimulating plant growth under
various biotic and abiotic stresses, but little is known about the relationship of exogenous
hormones to their endogenous concentrations [91]. Our tests showed that the application of
exogenously hormones as well as endophytic extracts had varying effects on the hormonal
content of the common bean plants, and some of these treatments caused a significant
increase in the hormonal content of the plant. The maximum increase in the plant contents
of IAA, GA3, and BA (0.8 ± 0.5, 18.4 ± 1.3, and 3.4 ± 0.1 mg/100 g fresh weight (FW),
respectively) was achieved due to treatment by the metabolites of B. thuringiensis (PB2),
while the foliar spray using metabolites of A. sorghi (PF2) led to the maximum increase in
ABA (6.2 ± 0.5 μg/100 g) (Table 6).

Table 6. Effect of exogenous application of exogenously applied hormones and microbial endophyte
metabolites on endogenous levels of indole-3-acetic acid (IAA), benzyl Adenine (BA), gibberellic acid
(GA3), and abscisic acid (ABA) of common bean plants.

Treatments
IAA

(mg/100 g FW)
BA

(mg/100 g FW)
GA3

(mg/100 g FW)
ABA

(μg/100 g FW)

Control 0.3 ± 0.02 b 1.3 ± 0.7 cd 2.6 ± 0.9 c 1.02 ± 0.7 c

Exogenously
Applied

Hormones

IAA 0.3 ± 0.05 b 0.85 ± 0.6 d 14.8 ± 2.4 b 2.1 ± 0.3 c

BA 0.4 ± 0.05 ab 1.9 ± 0.7 bc 3.2 ± 1.7 c 1.6 ± 0.6 c

Bacterial
Endophytes

PB2 0.8 ± 0.5 a 3.4 ± 0.1 a 18.4 ± 1.3 a 2.2 ± 0.5 c

PB5 0.4 ± 0.1 b 2.0 ± 0.8 b 8.3 ± 1.9 d 2.7 ± 0.2 c

BM 0.31 ± 0.06 b 1.4 ± 0.5 c 3.8 ± 1.9 c 4.1 ± 0.3 b

Fungal
Endophytes

PF2 0.4 ± 0.04 b 2.6 ± 0.6 ab 16.9 ± 1.02 ab 6.2 ± 0.5 a

PF3 0.34 ± 0.04 b 1.8 ± 0.1 bc 17.1 ± 1.7 a 5.7 ± 0.7 ab

FM 0.6 ± 0.05 a 3.0 ± 0.9 a 2.9 ± 1.5 c 4.3 ± 0.8 b

Different letters between columns denote that mean values are significantly different (p ≤ 0.05) by Tukey’s test.

In a comparative study, El-Mergawi and El-Wahed [92] conducted a greenhouse
experiment to determine how foliar sprays of IAA or salicylic acid (SA) affect maize plant
growth and the concentrations of endogenous IAA and SA. They reported that spraying
plants with IAA and SA (0.25–2 mM) significantly increases the endogenous content of IAA
and SA in a concentration-dependent manner, and the maximum increase (10–34%) was
recorded after two days of treatment. Hormones applied exogenously alter plant growth
and development by causing changes in their intrinsic contents. However, it is unclear
whether exogenous hormones have direct effects on growth or are linked to changes in
endogenous hormones [93].

Regarding endophytic extracts, the culture filtrates of the endophytic fungi Fusarium
proliferatum BRL1 and Asprgillus fumigatus TS1 were examined for their plant growth-
promoting traits on the mutant rice cultivar Waito-C. It was demonstrated that these
culture filtrates improve biomass, chlorophyll content, and shoot-root length. In addition,
a considerable increase in endogenous gibberellin (GA1) has been reported in treated
rice plants [94]. Our results might be attributed to the master role of IAA in promoting
plant development and growth by inducing various processes involving apical dominance,
tissue growth, cell division, differentiation of vascular tissues, senescence and ripening,
gravitropism and phototropism, embryogenesis, and lateral root initiation [82]. In addition,
BA stimulates plant cell division, promotes plant growth, sets blossoms, and improves
fruit quality [95].

The reason the IAA concentration was sometimes higher/lower or the same in the
control and IAA-treated plants (Table 6) could be attributed to PGPR influencing plant
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auxin homeostasis by various mechanisms depending on the strains of bacteria. In addition,
PGPR can affect the expression of the plant genes that are part of auxin synthesis, transport,
or signaling machinery. For instance, PGPR Pseudomonas putida 1290 can utilize IAA as a
nutritive substrate, thus eliminating the inhibiting effect of high levels of exogenous IAA
on plant. The extracellular applications of both IAA and IAA-producing strains was used
as a source of exogenous IAA [96].

Furthermore, PGPR can synthesize substances with auxin-like activity such as cy-
clopeptides and indole. Cyclopeptides stimulate the expression of auxin-induced marker
constructs DR5/uidA and BA3/uidA and cause the degradation of Aux/IAA, the repressor
of auxin-dependent genes, enhancing auxin signal transduction [97]. A small fraction of
the indole that is produced by the PGPR can be converted into IAA. Interestingly, indole at
higher concentrations can act as an auxin antagonist [98].

In addition, some biologically active substances produced by PGPR do not have auxin-
like activity but can still affect plant auxin homeostasis such as the volatile compounds
acetoin, 3,4-butanediol [99], albuterol and 1,3- propanediol, which can affect the expression
of IAA transporter genes and can enhance the expression of auxin synthesis genes [100].

In a greenhouse, a soya bean seedling was inoculated with Porostereum spadiceum
AGH786 endophytic fungus under NaCl stress. Phytohormones such as GAs, JA, and ABA,
as well as isoflavones, tended to be secreted, but GAs was secreted in greater quantities
than in the control plants [101]. Different phytohormones produced by endophytes reduce
the dependence on synthetic fertilizers.

3.3.6. Effect of the Foliar Spraying of Exogenously Applied Hormones and Microbial
Endophyte Metabolites on the Yield Parameters of Common Bean Plants

In the current study, yield analysis demonstrated that all treatments (IAA, BA, PB2,
PB5, BM, PF2, PF3, and FM) caused a significant increase in pod count, seed count, and
protein content; the maximum increase in these parameters was recorded for the FM
treatment. In addition, IAA and all endophytic metabolites significantly increased pods
and seeds weight, with a maximum increase recorded for Brevibacillus agri PB5 treatment.

The exogenous application of IAA (100 ppm) caused significant increases in the
weight of 100 seeds, while the outcomes of the other treatments seemed similar to that of
the control. By contrast, all treatments significantly increased the carbohydrate content of
the treated common beans, and the maximum increase was assigned for the Brevibacillus
agri PB5 treatment (Table 7).

Table 7. Effect of foliar spraying of exogenously applied hormones and microbial endophyte metabolites on yield parameters
and seed yield components of common bean plants.

Treatments

Pods/Plant Seeds/Pod
100 Seeds

Weight
Seed Yield Components

Number Weight (g) Number Weight (g) Weight (g)
Carbohydrate
(mg/g DW)

Protein
(mg/g DW)

Control 2.0 ± 0.02 c 7.3 ± 0.1 b 6.3 ± 0.3 d 6.0 ± 0.0 b 45.2 ± 4.8 b 81.5 ± 0.9 c 54.6 ± 0.2 b

Exogenously
applied

Hormones

IAA 3.0 ± 0.6 b 8.8 ± 0.4 ab 11.3 ± 2.03 c 7.7 ± 0.3 ab 71.2 ± 9.9 a 110.8 ± 3.5 b 60.1 ± 1.0 a

BA 3.7 ± 0.3 ab 7.7 ± 0.3 b 13.7 ± 0.9 b 6.7 ± 0.3 b 49.3 ± 4.7 b 123.1 ± 4.3 ab 63.5 ± 1.9 a

Bacterial
Endo-
phytes

PB2 4.0 ± 0.1 a 8.5 ± 0.3 ab 15.0 ± 0.6 b 7.1 ± 0.1 ab 47.6 ± 1.2 b 134.6 ± 2.1 a 64.9 ± 1.2 a

PB5 4.7 ± 0.3 a 10.4 ± 0.2 a 18.0 ± 0.6 a 9.0 ± 0.1 a 50.1 ± 1.3 b 138.9 ± 1.9 a 62.8 ± 0.1 a

BM 4.7 ± 0.3 a 8.7 ± 0.3 ab 16.3 ± 2.2 ab 7.7 ± 0.3 ab 48.3 ± 5.1 b 120.7 ± 0.7 b 64.9 ± 1.2 a

Fungal En-
dophytes

PF2 5.0 ± 1.0 a 8.9 ± 0.2 ab 18.7 ± 0.9 a 7.7 ± 0.3 ab 41.3 ± 3.02 b 118.4 ± 1.2 b 61.2 ± 0.8 a

PF3 5.3 ± 0.3 a 9.5 ± 0.4 a 17.0 ± 2.7 ab 8.3 ± 0.3 a 51.6 ± 8.3 b 127.5 ± 4.5 ab 65.9 ± 0.5 a

FM 5.4 ± 0.3 a 9.9 ± 0.3 a 20.3 ± 0.3 a 8.7 ± 0.3 a 42.7 ± 2.3 b 107.6 ± 3.7 b 67.1 ± 1.3 a

Different letters between columns denote that mean values are significantly different (p ≤ 0.05) by Tukey’s test.
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Another experiment was carried out to see how different growth regulators affected
the growth and yield of lentil plants. Giannakoula and colleagues reported that plants
treated with gibberellic acid showed a 26% reduction in the 1000-seed weight. Spraying
plants with prohexadione-calcium and topflor, on the contrary, increased the weight of
1000 seeds by 16% percent and 30%, respectively [102]. It has been observed that the
application of culture filtrate of the endophytic fungus Piriformospora indica to pots con-
taining Helianthus annus Sun gold plants and growing plants for 90 days in a greenhouse
increased the seed number, seed dry weight, and seed oil content by 9.12%, 45.89% and
51.13% respectively, in addition to increasing the total biomass (roots, stems, leaves, flowers,
and seeds) by 36.7% compared to the control [103]. Several studies have reported that
endophytes enhance legume crop yield by producing phytohormones such as IAA and
GA3 [104], and ethylene [105].

4. Conclusions

Endophytic microbes have been shown to play an important role in plant growth,
development, and fitness by producing growth-promoting substances and secondary
metabolites. Therefore, six bacterial and four fungal endophytes were isolated from the
sterilized roots of the Phaseolus vulgaris plant, and they were subjected to molecular identi-
fication based on the amplification and sequencing of bacterial 16S rRNA and the fungal
ribosomal DNA internal transcribed spacer (ITS) region. The obtained microbial species
exhibited plant growth-promoting activities, including phosphate solubilizing, ammonia
production, nitrogen fixation, biocontrol of phytopathogen, extracellular enzymatic ac-
tivities, and IAA production. A field trial was conducted to investigate the effect of two
exogenously plant growth-promoting hormones (IAA and BA) compared to the metabo-
lites of the most potent bacterial (Bacillus thuringiensis PB2 and Brevibacillus agri PB5) and
fungal (Alternaria sorghi PF2, Penicillium commune PF3) endophytic species individually or
in combination (BM and FM) as a mode of foliar spraying on the growth and biochemical
properties of common bean plants in order to evaluate the possibility of applying these
microbial isolates as enhancers for legume plants. This study represents the first investiga-
tion of the efficacy of microbial endophytes as plant growth-promoters in comparison to
exogenously applied hormones. Our investigations demonstrated that bacterial and fungal
endophytic metabolites surpassed the exogenously applied hormones in increasing the
plant biomass, photosynthetic pigments, carbohydrate and protein contents, antioxidant
enzyme activity, endogenous hormones, and yield traits. Our findings illustrate that the
endophyte Brevibacillus agri (PB5) had the greatest effect on both the vegetative growth
and metabolism of the common bean plants. In the future, the use of endophytic microbes
for plant growth promotion will eliminate the need for organic fertilizers and synthetic
growth regulators in various crops. More research on different plant species is required to
see whether these are plant-specific characteristics and to learn more about the processes at
work in the interactions between microbial metabolites and the host that enable plants to
optimize their responses under aggressive conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10051059/s1, Table S1: Extracellular enzymatic activities of bacterial and fungal endophytic
strains isolated from roots of common bean plants. Table S2: Effect of foliar spraying of exogenously
applied hormones and microbial endophyte metabolites on fresh and dry weight of shoot and
root of common bean plants. Table S3: Effect of foliar spraying of exogenously applied hormones
and microbial endophyte metabolites on chlorophyll and carotene content of common bean plants.
Figure S1. Example of plant growth-promoting activities of some endophytic bacteria and fungi. (A)
ammonia production; (B) phosphate solubilization; (C and D) amylase activity for some bacterial and
fungal strains; (E) Protease activity for some bacterial strain; (F) cellulase activity for some fungal
strains; (G) Xylanase activity for some bacterial strains. PB1 is E. asburiae; PB2 is B. thuringiensis;
PB3 is A. radioresistens; PB4 is B. brevis; PB5 is B. agri; PB6 is B. subtilis; PF1 is P. crustosum; PF2 is A.
sorghi; PF3 is P. commune; PF4 is A. flavus. Figure S2: In vitro antagonistic activity of some endophytic
bacterial species obtained in the current study against against Fusarium oxysporum (A), Pythium
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ultimum (B), and Alternaria alternata (C) as plant pathogenic fungi. The selected endophytic bacterial
species denotes as (A) Brevibacillus agri PB5; (B) Bacillus thuringiensis PB2; (C) Brevibacillus brevis PB4;
(D) Brevibacillus agri PB5; (E) Acinetobacter radioresistens PB3; (F) Brevibacillus agri PB5. Figure S3. (A)
photo of greenhouse experiemnt; (B) photo showed gradually shhot and root length for different
treatment.
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Abstract: Photosynthesis is an important target of action of numerous environmental factors; in par-
ticular, stressors can strongly affect photosynthetic light reactions. Considering relations of photosyn-
thetic light reactions to electron and proton transport, it can be supposed that extremely low frequency
magnetic field (ELFMF) may influence these reactions; however, this problem has been weakly inves-
tigated. In this paper, we experimentally tested a hypothesis about the potential influence of ELFMF
of 18 μT intensity with Schumann resonance frequencies (7.8, 14.3, and 20.8 Hz) on photosynthetic
light reactions in wheat and pea seedlings. It was shown that ELFMF decreased non-photochemical
quenching in wheat and weakly influenced quantum yield of photosystem II at short-term treatment;
in contrast, the changes in potential and effective quantum yields of photosystem II were observed
mainly under chronic action of ELFMF. It is interesting that both short-term and chronic treatment
decreased the time periods for 50% activation of quantum yield and non-photochemical quenching
under illumination. Influence of ELFMF on pea was not observed at both short-term and chronic
treatment. Thus, we showed that ELFMF with Schumann resonance frequencies could influence
photosynthetic light processes; however, this effect depends on plant species (wheat or pea) and type
of treatment (short-term or chronic).

Keywords: extremely low frequency magnetic field; Schumann resonance frequencies;
photosynthetic light reactions; non-photochemical quenching; quantum yield of photosystem II;
wheat; pea

1. Introduction

Photosynthesis, participating in solar energy consumption and its transformation
into energy of chemical compounds, is a key process in plant life; however, it is also an
important target of action of environmental factors and, thereby, can participate in the
development of stress changes in plants. There are numerous investigations, which show
that photosynthetic processes can be affected by action of environmental factors on plant
organism (light with excess intensity [1–3], low or high temperatures [4–6], drought [7–9],
salinity [10–12], etc.) or by propagation of long-distance stress signals through plant
body (e.g., electrical signals [13–15]). These photosynthetic changes have intricate charac-
ter including photosynthetic damage and decrease of photosynthetic intensity (e.g., de-
crease of CO2 assimilation and quantum yield of photosystem II (ΦPSII)) [3,9,12] and
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induction of numerous adaptive responses, which participate in photosynthetic protection
and can also modify photosynthetic activity (e.g., increase of non-photochemical quench-
ing (NPQ) [12,16,17], activation of cyclic electron flow [8,17], changes in localization of
ferredoxin-NADP-reductase [18,19], etc.).

Photosynthetic light reactions are strongly related to transport of electrons through
chloroplast’s electron transport chain (ETC) [16,17] and ion fluxes through thylakoid mem-
branes [20,21]; considering that both processes are charge transfer, they can probably be
influenced by magnetic fields (MFs). MFs are important physical factors of environment;
they include stationary geomagnetic fields, stationary artificial magnetic fields, and non-
stationary MFs. In particular, extremely low frequency magnetic fields (ELFMFs) are
widely produced as a result of direct human activity (mainly, MFs with industrial fre-
quencies, equaling to 50 and 60 Hz) and as result of natural environmental events, mainly
magnetospheric substorms and lightning [22]. From the beginning of its development,
the Earth’s biosphere has been influenced by various electromagnetic fields, among which
a special place is occupied by fields at frequencies of Schumann resonances formed by the
Earth–ionosphere resonator [22]. The Schumann resonance frequencies equal 7.8, 14.3, 20.8,
27.3, and 33.8 Hz [23,24].

It is important that ELFMFs can strongly influence physiological processes in living
organisms (e.g., see works [22,25,26]). There are studies [27–30] which show the influence
of these MFs on growth, seed germination, ions transport, tolerance to environmental
stressors, and other processes in plants; however, changes in these processes can be contro-
versial. In particular, numerous investigations (see reviews [27–30]) focus on the influence
of ELFMFs on plant growth processes because positive effects can be important for plant
agricultural cultivation, in contrast, negative effects should be considered in plant protec-
tion. It is shown that ELFMFs [27–30] mostly stimulate plant growth and production of
biomass; however, their suppression is also observed. Size and (or) direction of the effect is
dependent on plant species (e.g., 60 Hz frequency MF strongly stimulates growth of radish,
weakly influences the growth in barley and does not influence this process in mustard [31]),
duration of long-term ELFMF treatment (e.g., 50 Hz frequency MF stimulates wheat growth
at 17–24-h treatment and suppresses it at 2-day treatment [32]), duration of short-term
exposition and magnitude of the magnetic fields (e.g., 50 Hz frequency MF induces dif-
ferent growth stimulation at 5, 10, and 15 min of exposition [33]), etc. It is interesting
that growth changes can be also observed under low frequencies and magnitudes of MFs;
e.g., sinusoidal ELFMF with about 16 Hz frequency and 20 μT magnitude increases root
dry weights in wheat and does not influence this parameter in sunflower seedlings [34].
Considering the influence of ELFMFs on processes of plant growth and production of
biomass, it can be expected that these magnetic fields influences photosynthetic processes.

There are a number of works (see reviews [27–30]), which show the influence of
ELFMFs on photosynthesis and related processes. In particular, treatment by ELFMF can
change the content of chlorophylls and carotenoids [35–38], stimulate gene expression of
ribulose 1,5-bisphosphate carboxylase/oxygenase small subunit [36], influence photosyn-
thetic CO2 assimilation and transpiration [36,38,39]. However, there are only few studies,
which are devoted to investigation of the influence of ELFMFs on plant seedlings [36,39];
other works are devoted to the influence of these magnetic fields on seeds [35,37,38].
Results of these works are rather contradictory: Yano et al. [39] show that chronic action of
ELFMFs can decrease photosynthetic CO2 assimilation while the short-term action of these
magnetic fields (2 h) does not influence the assimilation; in contrast, Alemán et al. [36] show
that short-term action of ELFMFs (3 min) both suppresses and stimulates net photosynthe-
sis (the type of effect is dependent on the stage of development). There are many potential
reasons of these differences, including the study of different plants (radish [39] and Coffea
arabica [36]) and use of very different magnetic field strengths (50 μT [35] and 2 mT [36]).
It should be also noted that both papers [36,39] are devoted to the investigation of only
MFs with 50 Hz industrial frequency and do not analyze photosynthetic light reactions.
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Thus, the problem of the influence of ELFMFs on photosynthetic processes remains
poorly investigated; moreover, investigations of the influence of MFs with Schumann
resonance frequencies (7.8, 14.3, 20.8, 27.3, and 33.8 Hz [23,24]) on photosynthetic processes
are absent. However, ELFMFs with Schumann resonance frequencies are ubiquitously gen-
erated as a result of global lightning activity [22]; amplitude of these natural environmental
frequencies can be dependent on global climate changes (i.e., it can be indirectly related
to human’s activity). Considering these points, problem of the influence of ELFMFs with
Schumann resonance frequencies on photosynthetic processes in plants can be important
for plant biology. The present work is devoted to the analysis of the influence of ELFMFs
with Schumann resonance frequencies (the first, second, and third harmonics that equal
7.83, 14.3, and 20.8 Hz) on photosynthetic light reactions in seedling of wheat and pea.

2. Materials and Methods

2.1. Materials

Wheat (Triticum aestivum L., cultivar “Zlata”) and pea (Pisum sativum L., cultivar “Al-
bumen”) seedlings were used in experiments with treatment by magnetic fields. Seeds
were soaked for 3 days before planting. Plants were cultivated (up to 9–13-days age) in
vegetation room in pots with soil at 24 ◦C and 16/8 h (light/dark) photoperiod; lumines-
cent lamps FSL YZ18RR (Foshan Electrical And Lighting Co., Ltd., Foshan, China) were
used for illumination.

2.2. Short-Term and Chronic Treatments by Magnetic Fields with Schumann
Resonance Frequencies

Two systems for plant treatment by artificial ELFMFs were manufactured: the first
system was used for photosynthetic measurements in leaves of plants under simultaneous
treatment by MFs (volume of homogenous magnetic field was about 20 × 20 × 20 cm3)
(Figure 1a); the second system was used for plant cultivation under chronic action of
ELFMFs (volume of homogenous magnetic field was about 30 × 30 × 30 cm3) (Figure 1b).
Both systems were based on Helmholtz coils (100 loops for first system and 130 loops for
second system for each coil with corrected input impedance of 50 ohm) with different
radii (0.3 m for the first system and 0.5 m for the second system). Positions of Helmholtz
coils supported the direction of ELFMFs, which was perpendicular to the direction of a
geomagnetic field (about 50 μT). RIGOL DG1032 Waveform Generator (RIGOL Technology
Co., Ltd., Suzhou, China) was used for the generation of sinusoidal electrical signals with
frequencies equaling 7.8, 14.3, and 20.8 Hz (for experiments with short-term treatment) or
14.3 Hz (for experiments with chronic treatment). Magnitude of ELFMFs was 18 μT in all
variants of the experiments.

Short-term treatment of wheat seedlings by ELFMFs (in 9–13 days after pea planting
and in 9–11 days after wheat planting) was initiated after fixation of plants in the first
system; treatment was continued during the measurement of parameters of photosynthetic
light reactions (30 min) (Figure 1a). In the control variant, seedlings were fixed in the
system and their photosynthetic parameters were measured; however, the ELFMFs did not
act on plants.

Both systems were used for chronic treatment of seedlings by the investigated ELFMF:
the plants were cultivated in the second system with MF treatment (Figure 1b) from initia-
tion of soaking of seeds to plant planting (3 days) and from plant planting to transfer of
seedlings into the first system for photosynthetic measurements (on the 9th day of cultiva-
tion) (Figure 1a). The time taken for plant translocation from the second system to the first
one was less than 30 s. Parameters of ELFMF in the first system were identical to the ones in
the second system in this experimental variant (chronic treatment by MF). Photosynthetic
parameters were measured by the action of this field. In control, seedlings were cultivated
and measured under similar conditions (analogical system for plant growth was used);
however, ELFMF treatment was absent.
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Figure 1. (a) Schema of plant localization in experiments with simultaneous action of artificial
extremely low frequency magnetic field (ELFMF) and measurements of parameters of photosynthetic
light reactions using IMAGING-PAM M-Series MINI Version. ML measuring light, SP saturation
pulse, and AL actinic light. Blue light (450 nm) was used for ML, SP, and AL. FL is chlorophyll
fluorescence. (b) Schema of localization of plants in experiments with chronic action of ELFMF.
Luminescent lamps FSL YZ18RR were used as a light source for growth. Wheat plants were used
as examples in both figures. Localization of plants in control experiments was identical for both
variants; however, they were not treated by ELFMF. The direction of ELFMF was perpendicular to
the direction of the geomagnetic field (about 50 μT).

2.3. Measurements of Parameters of Photosynthetic Light Reactions

All measurements of photosynthetic parameters (excluding control variants) were
performed simultaneously with the plant treatment by magnetic fields; duration of the pho-
tosynthetic measurements was about 30 min. Only one photosynthetic measurement was
performed for each seedling. In experiments with chronic action of ELFMF, seedlings were
measured on the 9th day after plant planting; 9–11 days age wheat and 9–13 days age pea
seedlings were used for photosynthetic measurements in experiments with short-term
action of ELFMFs.

A system of pulse-amplitude-modulation (PAM) fluorescence imaging (IMAGING-
PAM M-Series MINI Version, Heinz Walz GmbH, Effeltrich, Germany) was used for
measurements of parameters of photosynthetic light reactions in the second mature leaves
of wheat and pea seedlings (Figure 1a). The pulses of measuring light (ML) with low aver-
age intensity (less than 1 μmol m−2s−1), saturation pulses (SP) with 800 ms duration and
6000 μmol m−2s−1 intensity, and actinic light (AL) with 625 μmol m−2s−1 intensity were
used for analysis. Only, blue light (450 nm) was used for the photosynthetic investigations.
Five wheat leaves were simultaneously investigated in each experiment; photosynthetic
parameters were calculated as averaging of ones in three areas in each leaf (Figure 2a).
Single pea leaf was investigated in each experiment; photosynthetic parameters were
calculated as averaging of ones in six areas in the leaf (Figure 2b). Standard round areas
(which were formed by software of IMAGING-PAM) were used; their localizations were
approximately similar for all investigated leaves in the control and ELFMF-treated plants.
The procedure minimized errors, which could be related by different shapes and areas of
the investigates leaves.
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Figure 2. (a) Localizations of investigated areas (ROIs) in wheat leaves at PAM-imaging. Photosyn-
thetic parameters were averaged for each wheat leaf (3 ROIs were averaged). (b) Localizations of
investigated areas (ROIs) in pea leaves at PAM-imaging. Photosynthetic parameters were averaged
for pea leaf (6 ROIs were averaged). (c) Record of changes in quantum yield of photosystem II (ΦPSII)
under action of actinic light (its intensity is marked as PAR). Fv/Fm is the potential quantum yield
of photosystem II, ΦPSII

L is the effective quantum yield of photosystem II after 10 min of illumina-
tion by actinic light, and t1/2(ΦPSII) is the time taken for 50% increase of ΦPSII under illumination.
Wheat leaf is used for this record. (d) Record of changes in non-photochemical quenching (NPQ)
under action of actinic light. NPQF is fast-relaxing component of NPQ after 10 min of illumination,
NPQS is slow-relaxing component of NPQ after this illumination, NPQmax is maximal value of NPQ,
and t1/2(NPQ) is time taken for 50% increase of NPQ under illumination. Wheat leaf is used for
this record.

Seedlings were adapted to dark conditions for 15 min after fixation in the measuring
system. After that, ML was turned on and SPs were periodically generated every 10 s.
The first SP was used for estimation of initial and maximum rates of photosystem II
fluorescence (F0 and Fm, respectively); following SPs were used for estimation of the
current rates of fluorescence (F) and maximum fluorescence rates under light conditions
(Fm

′). AL was turned on for 80 s after the first SP; duration of illumination by actinic
light was about 10 min. Periodical SPs were generated for 5 min after termination of
illuminations. Parameters of photosystem II, including Fv/Fm, the potential quantum
yield of photosystem II, ΦPSII, the effective quantum yield of photosystem II, and NPQ,
the non-photochemical quenching of chlorophyll fluorescence, were calculated on the basis
of F0, Fm, F, and Fm

′ in accordance to standard equations [16,40,41].
For further analysis, we used Fv/Fm, ΦPSII

L (effective quantum yield of photosystem
II after 10 min of illumination by actinic light), and t1/2(ΦPSII) (time taken for 50% increase
of ΦPSII under illumination); estimation of these parameters are shown in Figure 2c. In ad-
dition, we used NPQF (fast-relaxing component of NPQ after 10 min of illumination),
NPQS (slow-relaxing component of NPQ after this illumination), NPQmax (maximal value
of NPQ during illumination), and t1/2(NPQ) (time taken for 50% increase of NPQ under
illumination); estimation of these parameters were shown in Figure 2d.
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2.4. Statistics

We used 30 wheat seedlings and 9 pea seedlings for each variant of the experiment
(control, 7.8, 14.3, and 20.8 Hz) with short-term treatments by magnetic fields. 30 Wheat
seedlings and 6 pea seedlings were exposed to chronic treatment by ELFMF (14.3 Hz);
same quantities of plants were used in the control. Mean values, standard errors, and Pear-
son’s correlation coefficients were presented. The Student’s t-test was used for estimation
of significance of differences between control plants and plants treated by ELFMFs.

3. Results

3.1. Investigation of the Influence of Short-Term Treatment by Magnetic Fields with Schumann
Resonance Frequencies on Parameters of Photosynthetic Light Reactions

Investigation of the influence of short-term treatment by magnetic fields with Schu-
mann resonance frequencies (the first, second, and third harmonics) on parameters of
photosynthetic light reactions in wheat and pea seedlings was the first task of our work.

Figure S1 shows light-induced changes in ΦPSII and NPQ, which were different in the
control plants and those treated by ELFMF. Figure 3a shows that short-term treatment by
ELFMFs (with frequencies equaling to 7.8, 14.3, and 20.8 Hz) did not influence the potential
quantum yield of photosystem II, which was related to the maximal photochemical effi-
ciency of photosystem II [16,40,41], in leaves of wheat seedlings. Effective quantum yield
under illumination by AL, which was related to the photochemical efficiency of photosys-
tem II under used light conditions [16,40,41], was also not affected by ELFMFs (Figure 3b).
In contrast, significant decrease in time taken for 50% increase of ΦPSII under illumination,
which can likely be related to light-induced activation of ETC [42,43], was observed under
action of MFs with 14.3 and 20.8 Hz frequencies (Figure 3c). This decrease was not signif-
icant under the action of ELFMF with 7.8 Hz frequency; however, the tendency for this
decrease was also observed at this variant of MF treatment.

Figure 3. Influence of short-term treatment by artificial extremely low frequency magnetic field on
potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem II
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under illumination (ΦPSII
L) (b), and time taken for 50% increase of ΦPSII under illumination

(t1/2(ΦPSII)) (c) in wheat seedlings (n = 30). Action of the artificial magnetic field was immedi-
ately initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic
parameters were measured by the action of this field. Magnitude of the magnetic fields was 18 μT;
frequencies were 7.8, 14.3, and 20.8 Hz. Control plants were not treated by this artificial magnetic
field. *, difference between the experiment and control plants was significant (p < 0.05).

Influence of short-term treatment by the investigated ELFMFs on non-photochemical
quenching of chlorophyll fluorescence was more expressive. It was shown (Figure 4a) that
the treatment of wheat seedlings by MFs with 14.3 and 20.8 Hz frequency significantly de-
creased fast-relaxing component of NPQ, which can be considered as an energy-dependent
component of the non-photochemical quenching [40,43,44]. Figure 4b shows that treat-
ment by ELFMFs with frequencies equaling 7.8, 14.3, and 20.8 Hz could also decrease
the slow-relaxing component of non-photochemical quenching, which was probable to be
related to components of NPQ, which were caused by state transition (migration of the
light harvesting complex II from photosystem II to photosysthem I) and photodamage of
photosystem II [3,40,43,45,46]. Figure 4c shows that all used frequencies of ELFMFs, which
were used for short-term treatment, decreased the maximal value of NPQ. Figure 4d shows
that ELFMFs with 7.8 and 14.3 Hz frequencies decreased time taken for 50% increase of
NPQ under illumination. The 20.8 Hz magnetic field also decreased this NPQ activation
time; however, the effect was not significant. Considering the strong relation between light-
induced photosynthetic activation and transient increase of NPQ (e.g., see our theoretical
work [43]), decreases of both NPQmax and t1/2(NPQ) could reflect stimulation of electron
transport through ETC and acceleration of H+ transport through thylakoid membranes.

Figure 4. Influence of short-term treatment by artificial extremely low frequency magnetic field
on the fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a),
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slow-relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maxi-
mal value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ
under illumination (t1/2(NPQ)) (d) in wheat seedlings (n = 30). Action of the artificial magnetic
field was immediately initiated before dark adaptation; total duration of its action was 30 min.
Photosynthetic parameters were measured by the action of this field. Magnitude of the magnetic field
was 18 μT; frequencies were 7.8, 14.3 and 20.8 Hz. Control plants were not treated by this artificial
magnetic field. *, difference between the experiment and control plants was significant (p < 0.05).

Thus, results of analysis of the influence of short-term treatment by ELFMFs with
frequencies equaling 7.8, 14.3, and 20.8 Hz on photosynthetic light reactions in leaves of
wheat seedlings showed that these MFs could modify photosystem II parameters (especially,
NPQ). This effect was most stable under MFs of 14.3 Hz frequency; as a result, we supposed
that ELFMF with this frequency could be used for the analysis of the action of chronic
treatment of wheat on photosynthetic light reactions.

Analysis of the influence of short-term treatment by ELFMFs with 7.8, 14.3, and 20.8 Hz
frequencies on photosynthetic light reactions in leaves of pea seedlings showed other results.
Figure S2 shows light-induced changes in ΦPSII and NPQ, which seemed to be similar in
the control plants and those treated by ELFMF. Figures 5 and 6 show that this treatment
did not influence all photosynthetic parameters, which were investigated in our work
(Fv/Fm, ΦPSII

L, t1/2(ΦPSII), NPQF, NPQS, NPQmax, and t1/2(NPQ)); even tendencies to
changes were absent. As a result, we could not select an optimal frequency for analysis of
the chronic action of ELFMFs on pea seedlings on the basis of these results. Considering
the high efficiency of short-term treatment of wheat seedlings by 14.3 Hz MFs, we also used
the second harmonic in Schumann resonance frequencies for investigation of the influence
of chronic ELFMF on pea seedlings in a further investigation.

Figure 5. Influence of short-term treatment by artificial extremely low frequency magnetic field on
potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem II
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under illumination (ΦPSII
L) (b), and time taken for 50% increase of ΦPSII under illumination

(t1/2(ΦPSII)) (c) in pea seedlings (n = 9). Action of the artificial magnetic field was immediately
initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic parameters
were measured by the action of this field. Magnitude of the magnetic fields was 18 μT; frequencies
were 7.8, 14.3 and 20.8 Hz. Control plants were not treated by this artificial magnetic field. Significant
differences between the experiment and control plants were absent.

Figure 6. Influence of short-term treatment by artificial extremely low frequency magnetic field
on fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-
relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal
value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under
illumination (t1/2(NPQ)) (d) in pea seedlings (n = 9). Action of the artificial magnetic field was
immediately initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic
parameters were measured by the action of this field. Magnitude of the magnetic fields was 18 μT;
frequencies were 7.8, 14.3, and 20.8 Hz. Control plants were not treated by this artificial magnetic
field. Significant differences between the experiment and control plants were absent.

3.2. Investigation of the Influence of Chronic Treatment by Magnetic Fields with the Second
Harmonic in Schumann Resonance Frequencies on Parameters of Photosynthetic Light Reactions

Analysis of the influence of chronic treatment by ELFMF with 14.3 Hz frequency
on photosynthetic light reactions in leaves of wheat seedlings showed that the effect of
this treatment was different from the effect of short-term treatments by the investigated
ELFMFs (Figure 7 and Figure S3). The potential quantum yield of photosystem II decreased
under chronic treatment by 14.3 Hz frequency MF (Figure 7a); in contrast, the effective
quantum yield of photosystem II under light conditions was increased under this treatment
(Figure 7b). It is important that magnitudes of both changes were small (about 1.5% for
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Fv/Fm and 4% for ΦPSII
L); these magnitudes were lower than photosynthetic changes,

which were induced by short-term ELFMFs treatment (mainly, 10–20%). Figure 7c shows
that time taken for 50% increase of ΦPSII under illumination decreased under chronic action
of 14.3 Hz frequency MF; magnitude of this effect was about 20% and was similar to the
magnitudes of photosynthetic changes under short-term action of ELFMFs.

Figure 7. Influence of chronic treatment by artificial extremely low frequency magnetic field on
potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem
II under illumination (ΦPSII

L) (b), and time taken for 50% increase of ΦPSII under illumination
(t1/2(ΦPSII)) (c) in wheat seedlings (n = 30). Chronic action of the artificial magnetic field was
initiated from soaking of seeds. Magnitude of the magnetic field was 18 μT; frequency was 14.3 Hz.
Photosynthetic parameters were measured by the action of this field. Control plants were not
treated by this artificial magnetic field. *, difference between the experiment and control plants was
significant (p < 0.05).

Figure 8 shows that chronic treatment by 14.3 Hz frequency ELFMF did not change
the fast and slow relaxing components of NPQ and maximal value of non-photochemical
quenching in leaves of wheat seedlings; in contrast, time taken for 50% increase of NPQ un-
der illumination was significantly decreased by this chronic MF treatment (more than 20%).
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Figure 8. Influence of chronic treatment by artificial extremely low frequency magnetic field on
fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-
relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal
value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under
illumination (t1/2(NPQ)) (d) in wheat seedlings (n = 30). Chronic action of the artificial magnetic
field was initiated from soaking of seeds. Magnitude of the magnetic field was 18 μT; frequency was
14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were
not treated by this artificial magnetic field. *, difference between the experiment and control plants
was significant (p < 0.05).

Figure 9, Figure 10, and Figure S4 show that chronic action of 14.3 Hz frequency
ELFMF did not influence most of the investigated parameters of photosynthetic light
reactions in leaves of peas seedlings, excluding the slow-relaxing component of NPQ.
This parameter was significantly decreased under chronic action of ELFMF with frequency
equaling 14.3 Hz (Figure 10b); the magnitude of this effect was about 14%. It is also
interesting that a weak tendency to decrease under chronic treatment by 14.3 Hz frequency
ELFMF was observed for t1/2(ΦPSII) and t1/2(NPQ). This effect was similar to changes in
these parameters in wheat seedlings under short-term and chronic treatment by MFs.
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Figure 9. Influence of chronic treatment by the artificial extremely low frequency magnetic field on
the potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosys-
tem II under illumination (ΦPSII

L) (b), and time taken for 50% increase of ΦPSII under illumination
(t1/2(ΦPSII)) (c) in pea seedlings (n = 6). Chronic action of the artificial magnetic field was initiated
from soaking of seeds. Magnitude of the magnetic field was 18 μT; frequency was 14.3 Hz. Pho-
tosynthetic parameters were measured by the action of this field. Control plants were not treated
by this artificial magnetic field. Significant differences between the experiment and control plants
were absent.
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Figure 10. Influence of chronic treatment by the artificial extremely low frequency magnetic field
on fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-
relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal
value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under
illumination (t1/2(NPQ)) (d) in pea seedlings (n = 6). Chronic action of the artificial magnetic field
was initiated from soaking of seeds. Magnitude of the magnetic field was 18 μT; frequency was
14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were
not treated by this artificial magnetic field. *, difference between the experiment and control plants
was significant (p < 0.05).

4. Discussion

It is known that photosynthesis can be strongly affected by numerous environmen-
tal stressors, including light with excess intensity [1–3], low or high temperatures [4–6],
drought [7–9], salinity [10–12] or long-distance signals, relating to the action of stressors
(e.g., electrical signals [13–15]). However, there are environmental factors with weakly-
investigated influence on photosynthetic processes; in particular, ELFMFs that can be
produced by direct human activity (mainly, 50 and 60 Hz [22]) and by natural environ-
mental events (mainly, thunderstorm-caused Schumann resonance frequencies [23–25]).
Considering the strong relation of photosynthetic activity to electron transport through
chloroplast’s ETC [16,17] and ion fluxes through thylakoid membranes [20,21], it can be
expected that these processes should be affected by EFLMFs, which can likely influence
charge transfer in different ways [27].

There is a small amount of work devoted to the investigation of ELFMFs on photo-
synthesis and relating processes (see reviews [27–30]). Moreover, only few works show
the influence of these MFs on photosynthesis in plant seedlings [36,39]; other works in-
vestigate the influence on photosynthetic parameters in plants after seed treatments by
ELFMFs [35,37,38]. Our current work, which is devoted to the analysis of the influence of
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ELFMFs with 7.8, 14.3, and 20.8 Hz frequencies (the first, second and third Schumann reso-
nance frequencies) on parameters of photosynthetic light reactions, shows the following
points:

1. ELFMFs with Schumann resonance frequencies can significantly influence photo-
synthetic parameters in plants; however, this effect is dependent on plant species: changes
are observed in wheat seedlings (Figures 3, 4, 7 and 8) and mainly absent in pea seedlings
(Figures 5, 6, 9 and 10), excluding NPQS decrease under chronic action of MF (Figure 10b).

2. Effects induced by short-term and chronic treatments by ELFMFs are different:
short-term action mainly influences NPQ (Figure 4a–c), chronic action mainly modifies
quantum yields (Figure 7a,b). However, magnitudes of changes in these yields under
chronic action of MFs (1.5–4%) are much lower than magnitudes of changes in NPQ under
the short-term action (10–20%).

3. Both short-term and chronic treatments by ELFMFs are likely to decrease the time
of light-induced activation of ETC in wheat seedlings, because decreases of t1/2(ΦPSII)
(Figures 3c and 7c) and t1/2(NPQ) (Figures 4d and 8d) are shown under short-term and
chronic treatments. Relative magnitudes of these decreases are about 20%.

The last point shows some potential mechanisms of revealing photosynthetic changes.
t1/2(NPQ) for wheat seedling is about 0.9–1.4 min in our experiments (Figures 4d and 8d).
These fast changes are related to the induction of the energy-dependent component of NPQ,
which is caused by pH decrease in the chloroplast lumen and protonation of PsbS proteins
in the light-harvesting complex [46–48]; i.e., they are dependent on proton transport
through a thylakoid membrane. It should be additionally noted that slower mechanisms of
NPQ can also be dependent on proton transport: synthesis of zeaxanthin and anteraxanthin
from violaxanthin in the xanthophyll cycle [46,49–51] and state transition [52] are activated
by decrease of pH in lumen.

It is probable that light-induced increase of ΦPSII (Figure 3c, Figure 7c, and Figures S1
and S3) is also influenced by proton transport through thylakoid membrane and increased
pH in the stroma of chloroplasts [53] because stroma alkalization can stimulate enzymes of
the Calvin-Benson cycle [54,55] and activate ferredoxin-NADP-reductase through change
in its localization [18,19].

If the hypothesis about participation of proton transport in both NPQ and ΦPSII in-
crease under illumination is correct, it should be expected that t1/2(NPQ) and t1/2(ΦPSII)
should be related. Correlation analysis shows that Pearson’s correlation coefficients be-
tween these values are 0.71 (p < 0.05) and 0.68 (p < 0.05) for the control wheat seedlings in
short-term and chronic experiments, respectively. Moreover, these coefficients are 0.61–0.78
for different experimental variants with treatment by MFs (p < 0.05 for all variants, data
not shown). The results support the hypothesis about participation of proton transport in
the increase of NPQ and ΦPSII under illumination.

There are different mechanisms of proton transport through thylakoid
membranes [20,21,56]: proton influx to lumen at ETC activity, proton efflux to stroma
through H+-ATP-synthase, and proton fluxes through co-transporters of protons and ions
(in particular, Ca2+/H+ antiport in thylakoid membrane [57]). Potentially, increases in rates
of both H+ influx to lumen and H+ efflux to stroma should decrease time of forming of
stationary pH; however, increase in H+ influx is accompanied by stimulation of lumen
acidification under illumination and increase of H+ efflux is related to weakening of this
acidification. Our experimental results show that NPQF, NPQS, and NPQmax are decreased
in wheat seedlings under short-term treatment by ELFMFs, which induces a decrease
of t1/2(NPQ) and t1/2(ΦPSII) (Figure 4); moreover, similar insignificant decreases are also
observed under chronic action of ELFMFs (Figure 8). Considering a strong relation between
NPQ formation and decrease of pH in lumen [46–52], the results support weakening of
lumen acidification under treatment by ELFMFs; i.e., increase of rate of H+ efflux is a more
probable result of wheat treatment by ELFMFs than increase in H+ influx rate.

Probable stimulation of H+ efflux by treatment by ELFMFs with Schumann resonance
frequencies can also be supported by literature data. (i) Increase in the membrane per-

172



Cells 2021, 10, 149

meability for ions (including protons) after plant treatment by ELFMFs [58]; the effect is
observed at 10 or 100 μT and 50 or 60 Hz. Similar increase in the membrane permeability
can contribute to proton leak and stimulate H+ efflux to lumen. (ii) ELFMFs can influence
Ca2+ homeostasis in plants (including increase in free Ca2+ concentration) [59–63] that
can be related to the direct or indirect effects of cyclotron resonance [27,62]. Considering
Ca2+/H+ antiport in thylakoid membrane [53], increase in Ca2+ concentration can stim-
ulate H+ efflux. (iii) Increase in Ca2+ concentration can also modify the activity of the
Calvin-Benson cycle [57,64]; in accordance with our previous work, modification of the
photosynthetic dark stage can strongly influence the activity of H+-ATP-synthase and
luminal and stromal pH [65].

The influence of ELFMFs on photosynthetic light reactions in wheat seedlings and
the absence of the influence in pea plants is another important result of our work. It is in
good agreement with the results of others (e.g., [31,34]), which show different MF-induced
physiological changes in different plant species. Mechanisms of revealed differences in
photosynthetic responses on ELFMFs require future investigations; however, some poten-
tial ways can be speculated. Our results show that pea seedlings are more sensitive to light
intensity than the wheat ones. In particular, pea leaves have low ΦPSII (Figures 5b and 9b)
in comparison to wheat leaves (Figures 3b and 7b) under the used intensity of actinic light.
The energy-dependent component of NPQ in pea leaves is larger than this parameter in
wheat (average NPQF, which is calculated on the basis of all control plants, is 0.881 ± 0.042
in pea and 0.696 ± 0.023 in wheat, p < 0.05) and NPQ relaxation under light conditions is
slower (Figures S1–S4). Considering the relation between energy-dependent NPQ forming
and lumen acidification [46–52], pea chloroplasts can likely have a larger magnitude of
proton gradient across the thylakoid membrane than wheat ones. In this case, the influence
of the ELFMF-induced increase of proton leak on pH in lumen should be weak (proton
concentration in lumen is high). Additionally, the potential effect of ELFMF-induced stimu-
lation of Ca2+/H+ antiport, which is localized in the thylakoid membrane [53], can also be
weak because high proton gradient should induce strong Ca2+ flux into the lumen even
without the additional stimulation by ELFMFs (i.e., this additional stimulation of antiporter
probably weakly influences Ca2+ concentrations in lumen and stroma of chloroplast).

As a whole, we reveal changes in the parameters of photosynthetic light reactions
in wheat seedlings under short-term and chronic treatment by ELFMFs with Schumann
resonance frequencies. The results show that photosynthetic light reactions can be affected
by ELFMFs and that light-induced changes in photosynthetic processes (possibly relating
to proton transport through thylakoid membrane) are likely to be more sensitive to the
action of these magnetic fields than stationary photosynthetic parameters.

5. Conclusions

We investigated the influence of ELFMFs with Schumann resonance frequencies
(7.8, 14.3, and 20.8 Hz) on parameters of photosynthetic light reactions in wheat and pea
seedlings. These are the following points shown in our current investigation:

ELFMFs with Schumann resonance frequencies can significantly influence photosyn-
thetic parameters in plants; however, this effect is dependent on plant species: changes are
observed in wheat seedlings and mainly absent in pea seedlings, excluding NPQS decrease
under chronic action of MF.

Effects induced by short-term and chronic treatments by ELFMFs are different: short-
term action mainly influences NPQ, while chronic action mainly modifies quantum yields.
However, magnitudes of changes in these yields under chronic action of MFs are much
lower than those in NPQ under the short-term action.

Both short-term and chronic treatments by ELFMFs are likely to decrease the time of
light-induced photosynthetic activation in wheat seedlings, because decreases in t1/2(ΦPSII)
and t1/2(NPQ) are shown under short-term and chronic treatments.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2073-440
9/10/1/149/s1, Figure S1: Average dynamics of changes in quantum yield of photosystem II (ΦPSII)
(a) and non-photochemical quenching (NPQ) (b) under action of actinic light (its intensity is marked
as PAR) in wheat seedlings under short-term action of ELFMFs with different frequencies. Figure S2:
Average dynamics of changes in quantum yield of photosystem II (ΦPSII) (a) and non-photochemical
quenching (NPQ) (b) under action of actinic light (its intensity is marked as PAR) in pea seedlings
under short-term action of ELFMFs with different frequencies. Figure S3: Average dynamics of
changes in quantum yield of photosystem II (ΦPSII) (a) and non-photochemical quenching (NPQ) (b)
under action of actinic light (its intensity is marked as PAR) in wheat seedlings under chronic action
of ELFMF. Figure S4: Average dynamics of changes in quantum yield of photosystem II (ΦPSII) (a)
and non-photochemical quenching (NPQ) (b) under action of actinic light (its intensity is marked as
PAR) in pea seedlings under chronic action of ELFMF.
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Abstract: Cyanobacteria and microalgae present in the aquatic or terrestrial environment may be
emitted into the air and transported along with air masses over long distances. As a result of
staying in the atmosphere, these organisms may develop a greater tolerance to stressful factors, but
this topic is still relatively unknown. The main aim was to show an autecological characteristic of
some airborne microalgae and cyanobacteria strains by a factorial laboratory experiment approach,
including changes in irradiance, temperature, and salinity conditions. The additional purpose of
this work was also to present part of the Culture Collection of Baltic Algae (CCBA) collection,
which consists of airborne algae (AA) isolated from the atmospheric air of the southern Baltic Sea
region. Altogether, 61 strains of airborne cyanobacteria and microalgae from the southern Baltic
Sea region were isolated from May 2018 to August 2020. Selected microorganisms were tested
in controlled laboratory conditions to identify their response to different irradiance (10–190 μmol
photons m−2 s−1), temperature (13–23 ◦C), and salinity conditions (0–36 PSU). The highest numbers
of cells (above 30 × 105 cell mL−1) were recorded for cyanobacterium Nostoc sp., and for diatoms
Nitzschia sp., Amphora sp., and Halamphora sp. We found that for cyanobacterium Nostoc sp. as well as
for green alga Coccomyxa sp. the maximum cell concentrations were recorded at the salinity of 0 PSU.
Moreover, cyanobacteria Planktolyngbya contorta, Pseudanabaena catenata, Leptolyngbya foveolarum,
Gloeocapsa sp., and Rivularia sp. were able to grow only at a salinity of 0 PSU. On the other hand, in
the range of 16–24 PSU, the highest cell numbers of examined diatoms have been identified. Our
research provided that deposited airborne microalgae and cyanobacteria showed full colonization
potential. The present experiment suggests that the adaptive abilities of microorganisms, in particular
those producing toxins, may contribute to the spread in the future. Thus, it may increase human
exposure to their negative health effects. Any distinctive adaptations of the genera give them an
additional competitive advantage and a greater chance for territorial expansion.

Keywords: environmental stress; abiotic stressors; chlorophyll fluorescence; growth; photosynthetic
pigments; plant physiology

1. Introduction

Cyanobacteria and microalgae present in the aquatic or terrestrial environment can be
emitted into the air and transported along with air masses over long distances [1–3]. As
of today, it is known that the cyanobacteria and microalgae present in the air play a role
in processes occurring in the air and in global climate change [4,5]. Through absorbing
and dispersing solar radiation, these species affect the radiation budget of the Earth and
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may also form ice-nucleating particles and cloud condensation nuclei [3,4,6,7]. There
are also scientific reports that cyanobacteria and microalgae can, after the aerosolization
process, invade the human respiratory tract and constitute a serious health risk [1,8–11].
Bioaerosols may be emitted from the water surface with the air bubbles and spray, which
is correlated with the wind speed and wave conditions. The mechanisms of the emission
of cyanobacteria and microalgae to the air are complex processes and were described in
detail in several reviews [3–5]. Nevertheless, in both aerobiology and phycology, these
microorganisms are the least understood [12,13].

The conditions in the atmosphere are certainly not favorable for the presence of
cyanobacteria and microalgae. Bioaerosols, including cyanobacteria and microalgae present
in the air, are exposed to stress factors such as temperature, humidity, oxidative stress,
nitrogen starvation, radiation, and osmotic stress [2–5]. There is a theory suggesting that
this stress is an evolutionary force that causes selection pressure and hence affects the
spread and evolution of organisms [2]. The atmospheric survival capability depends on the
adaptability of cyanobacteria and microalgae to changing environmental conditions [2,3,5].
The stress response is of great importance to their capability to colonize new habitats
and to survive. Certain cyanobacteria can form sheath and mucilage, while microalgae
form resistant stages [5,14]. They also tolerate demanding environmental conditions:
irradiance, temperature, and humidity gradients [3,5,14,15]. According to Tesson et al. [5]
and Jewson et al. [16], there is a possibility that microalgae may change the stage of life
e.g., into dormant cells, during their stay in unfavorable weather conditions. Therefore,
further investigation of the physiological modifications that affect airborne microalgae
as they disperse is essential. Mathematical models exist to help understand the emission
and transport of bioaerosols in the atmosphere, but do not provide information on the
biological consequences for the organisms concerning survival, vitality, and metabolic
activity [2]. Hence, the knowledge about these adaptations is still insufficient and requires
environmental research and laboratory experiments.

The emergence of new phytoplankton species and changes in their taxonomical com-
position indicate changes in biodiversity in the Baltic Sea [17]. Ojaveer et al. [17] emphasize
that the causes of biodiversity change are not yet fully understood, and the impact of biodi-
versity changes on the Baltic Sea ecosystem cannot be determined yet. The authors clarify
that the possibility of introduction and acclimatization of new phytoplankton organisms
to the Baltic Sea is enhanced by global patterns related to climate change [17]. Thus, the
goal of our study was to indicate from which regions of the Baltic Sea the isolated airborne
microalgae are originated. In addition, our research was aimed at demonstrating their
potential for expansion range and the possibility of an invasion into other regions of the
Baltic Sea and even further aquatic ecosystems. The study will extend the knowledge
of algal biodiversity and help to preserve the microbial and biological resources of the
region. Thus, cyanobacteria and microalgae strains from CCBA AA will help to investigate
the biodiversity of the atmospheric environment, and through isolation, collection, and
maintenance of new strains they can give information about their potentially negative
impact on human health.

2. Results and Discussion

2.1. Characterization of Airborne Cyanobacteria and Microalgae Strains

Altogether, 61 strains of airborne cyanobacteria and microalgae belonging to 14 orders
and 4 phyla from the southern Baltic Sea region were isolated from May 2018 to August
2020 (Figure 1). In scientific studies, the number of recorded organisms is given, but usually,
they are not isolated and cultivated [3]. One of the largest amounts of cyanobacteria and
microalgae in the air was recorded by Brown et al. [18] and it was 62 species. The success
of the study was attributed to the diverse methods used by the authors to sample by
using vehicle, aircraft, and normally-exposed Petri dishes at many sites. According to
a review study conducted by Wiśniewska et al. [3], Chlorella sp. was the most common
Chlorophyte in these bioaerosol studies, while Chlorococcum sp. was another that appeared
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regularly. Among the analyzed phylum, Cyanobacteria Phormidium sp. was the most com-
mon Cyanobacteria; however, Lyngbya sp., Nostoc sp. and Anabaena sp. were also frequently
noted. On the other hand, Navicula sp. and Nitzschia sp. were the most commonly found
Bacillariophyta [3]. A detailed analysis of the number of blue-green algae and microalgae
identified in the air on a global scale was described by Wiśniewska et al. [3]. Analyzing
the number of isolated strains, it was shown that cyanobacteria (Cyanophyta) occurred in
June, July, August, and September 2018–2019 (Figure 1, Table S1). The highest number of
cyanobacteria isolates were recorded in August (12 strains) and in June (11 strains). Among
the isolated strains, cyanobacteria belonging to the orders Nostocales and Synechococco-
cales dominated in the study period. The green algae (Chlorophyta) were isolated from
May 2018 to September 2020. The largest number of green algae strains were isolated in
July (9 strains). The isolated green algae were also characterized by the highest diversity
(6 orders). Green algae belonging to the orders Chlorellales and Sphaeropleales were the
most numerous. In June and September 2018–2019, four diatom species (Bacillariophyta)
belonging to 3 orders (Naviculales, Thalassiophysales, and Bacillariales) were also iso-
lated. In addition, one strain belonging to Klebsormidiales (Charophyta) was isolated in
September 2019, and one strain belonging to Eustigmatales (Ochrophyta) in November
2019. There have been months when individual strains could not be isolated, e.g., due to
not enough organisms in the sample (Figure 1, Table S1).

Figure 1. The number of airborne cyanobacteria and microalgae strains belonging to orders isolated in the study period
(2018–2020).

As the largest number of isolated strains was recorded in the summer (June–August),
it was decided to select three strains of cyanobacteria, green algae, and diatoms belonging
to different orders for further research. In this study, we undertook the characteriza-
tion of three strains of airborne cyanobacteria: Nostoc sp. (CCAA 03), Synechococcus sp.
(CCAA 14), Aphanothece sp. (CCAA 48), green algae (B): Oocystis sp. (CCAA 20), Coccomyxa
sp. (CCAA 21), Kirchneriella sp. (CCAA 38), and diatoms (C): Nitzschia sp. (CCAA 17),
Amphora sp. (CCAA 34), Halamphora sp. (CCAA 47), which were the most abundant in
aerosols of the Baltic Sea region. The listed organisms, depending on their preferences, can
occur in various environments, from marine, through brackish, to freshwaters. However,
the exact classification is often related to the species or strain of the microorganism [19].

It was shown that with the same initial value (OD750 = 0.1), the tested strains differed
in the absorbance spectrum (Figure 2). Apart from the visible peaks of chlorophyll a
(Chl a), which have approximate absorbance maxima of 430 nm and 662 nm, phycobilin
pigments (Phyco) are visible in cyanobacteria. Absorption peaks for phycoerythrin (PE)
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in the visible light spectrum are measured at 498 and 565 nm. Phycocyanin (PC) has a
single absorption peak at 621 nm. In green algae, there is also a peak for chlorophyll b
(Chl b), which has approximate maxima of 453 nm and 642 nm. While in diatoms there
is a characteristic peak for chlorophyll c (Chl c), the absorption maxima of which are
around 450, 581, and 629 nm. Cyanobacteria and microalgae have a variety of different
pigments that can absorb energy from a wide range of wavelengths [20]. However, when
an absorbance spectrum is performed on living organisms, the peaks may overlap, masking
the view of the individual pigments. A more adequate way to characterize live strains is
to perform a flow cytometer measurement. Thus, it can easily distinguish and identify
selected airborne cyanobacteria and microalgae. It has been shown that depending on
photosynthetic pigments, small organisms (Synechococcus sp. and Aphanothece sp.) are
visible by the low signal intensity at 640 nm and 480 nm on the cytogram, while larger-sized
organisms (Nitzschia sp., Oocystis sp.) and filamentous Nostoc sp. were marked by the high
signal intensity at 640 nm and 480 nm on the cytogram (Figure 2). It is worth noticing
that based on our observations, only the strains within the groups can be differentiated
(although for green algae it would be difficult for accurate separation in a mixed sample).
Some organisms from the same group (green algae, cyanobacteria, diatoms) with a different
structure and cell size may not be ideal and separated.

Figure 2. Left-hand panel—PAR absorbance spectra determined for the airborne cyanobacteria (A): Nostoc sp. (CCAA 03),
Synechococcus sp. (CCAA 14), Aphanothece sp. (CCAA 48), green algae (B): Oocystis sp. (CCAA 20), Coccomyxa sp. (CCAA 21),
Kirchneriella sp. (CCAA 38), and diatoms (C): Nitzschia sp. (CCAA 17), Amphora sp. (CCAA 34), Halamphora sp. (CCAA 47)
at an optical density (OD750) = 0.1; right-hand panel—cytograms obtained using a BD Accuri C6 Plus flow cytometer. FL3
detectors (red fluorescence) read fluorescence emissions excited by the blue laser (480 nm), whereas the FL4 detector (orange
fluorescence) reads emissions excited by the red laser (640 nm).
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Organisms obtained for the algae collections are usually isolated from seas and differ-
ent inland waters [21,22]. This research focused on the isolation of airborne cyanobacteria
and microalgae. At the moment, little data are allowing to determine the differences in
the physiology of strains obtained from the air and the water samples [23]. However, it
can be assumed that differences within one species may exist [21,24]. A great advantage of
isolating cyanobacteria and microalgae from the atmosphere is the fact that it enables us
to obtain species unusual for a given water reservoir or area because these organisms can
be introduced from remote areas. The transport distance depends on the size and shape
of particles. The large and heavy particles are dragging by the wind at a shorter distance.
Small cells may be transported on hundreds of kilometers and then be deposited [1,4,5].
Studies are confirming the influence of meteorological parameters such as wind speed,
air masses direction, air temperature, and humidity on the diversity of cyanobacteria
and microalgae from the air [25,26]. However, the determination of their source of ori-
gin focuses on the use of the backward trajectories of air masses and the analysis of the
taxonomic composition of potential sources location [3,26]. The isolation of species from
the air can significantly enrich collection cultures of cyanobacteria and microalgae with
organisms from distant regions. To the best of our knowledge, there is no significant algal
culture collection maintaining airborne cyanobacteria and microalgae except for our newly
established airborne algae (AA) collection, which is part of the Culture Collection of Baltic
Algae (CCBA).

2.2. The Cell Concentration of Airborne Strains under Different Culture Conditions

The Baltic Sea is relatively shallow and small (the average depth of the Baltic Sea is
52.3 m, the maximum—459 m, and the area is approximately 415,266 km2) with limited
water exchange through the narrow and shallow Danish Straits. Photosynthetically active
radiation may fluctuate between 389 and 2117 μmol photons m−2 s−1 during the day [27].
Many different habitats and marine species are affected by pollution, fishing, physical
modification, and other human activities, making the sea a harsh place for organisms to
live [28,29]. The unique feature of the Baltic Sea is that there are areas where freshwater,
brackish, and marine species occur [30]. Climatic diversity within the Baltic Sea shows the
wide fluctuation in many physical and chemical parameters such as river runoff, salinity,
sea level, and sea ice. Its salinity increases from east to west and north to south, from
almost freshwater conditions in the northern Gulf of Bothnia, with salinity fluctuaing
between 1–3 PSU, to almost oceanic conditions in the northern Kattegat, with salinity
within the range 18–30 PSU. Sea surface temperature in the Proper Baltic varies from
1–2 ◦C in February up to 17–18 ◦C in August [30]. In such a variable ecosystem as the
Baltic Sea region, autotrophic organisms should show the ability to adapt quickly, which
is crucial for their survival and the possibility of settling in new areas. The future climate
changes leading to global warming may favor the development of picocyanobacterial—the
smallest cell-size cyanobacteria (0.2–2 μm) [31]—which under high temperatures achieve
the maximum abundance [32,33]. Our research, conducted between 2018 and 2020 in the
southern Baltic Sea region, showed that the increasing intensity of light and temperature
had a positive effect on the cell concentration of the studied cyanobacterium Nostoc sp.,
and for diatoms Nitzschia sp., Amphora sp., and Halamphora sp.

In this study, the concentration of cyanobacteria and microalgae cells were determined
under different irradiance and temperature conditions (Figure 3). In general, it was shown
that both irradiance and temperature significantly affected the number of cells of examined
airborne cyanobacteria (ANOVA, p < 0.001, p < 0.001, p < 0.01, for Nostoc sp., Synechococcus
sp., and Aphanothece sp., respectively), green algae (ANOVA, p < 0.001, p < 0.05, p < 0.001,
for Oocystis sp., Coccomyxa sp., and Kirchneriella sp., respectively), and diatoms (ANOVA,
p < 0.001, p < 0.001, p < 0.001, for Nitzschia sp., Amphora sp., and Halamphora sp., respec-
tively; Table S2). ANOVA results also showed that for each airborne strain, the effect of
temperature on the cell concentration was higher than the influence of irradiance and the
interaction of both factors simultaneously. It is worth mentioning here that irradiance had
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no significant effect on Coccomyxa sp. (ANOVA, p > 0.5; Table S2). Coccomyxa sp. is resistant
to enduring particularly harsh environmental conditions, e.g., grown under a low and high
temperature and even high irradiance [34]. Its low variability of cells number indicates a
good adaptation of the harsh conditions during emissions from the water reservoir and
transport in the atmosphere.

Figure 3. The number of cells (N × 105 mL−1) obtained after 7 days of experiment for airborne cyanobacteria: Nostoc sp.
(Aa), Synechococcus sp. (Ab), and Aphanothece sp. (Ac); airborne green algae: Oocystis sp. (Ba), Coccomyxa sp. (Bb), and
Kirchneriella sp. (Bc); airborne diatoms: Nitzschia sp. (Ca), Amphora sp. (Cb), and Halamphora sp. (Cc) under different
irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

It was shown that for cyanobacterium Nostoc sp., green algae Oocystis sp. and Kirchner-
iella sp., and for all tested diatoms, the increase in light and temperature had a positive effect
on the cell numbers in the cultures. In turn, cyanobacterium Synechococcus sp. showed
growth inhibition in the highest tested irradiance. Moreover, picocyanobacteria Syne-
chococcus sp. and Aphanothece sp. showed a significant increase in cell concentration with
increasing temperature (Figure 3A). This indicates that in the future Aphanothece sp. and
also Synechococcus sp. may become dominant in the Baltic Sea region and other aquatic
ecosystems. Thus, if a new organism inhabits a given area, there is a high probability
that if it acclimates there, it can show allelopathic effects on organisms already present
there. The minimum number of cells was obtained for Kirchneriella sp. at 13 ◦C and
10 μmol photons m−2 s−1 (0.45 × 105 cell mL−1; Figure 3B). The highest number of cells
(71.66 × 105 cell mL−1) was noted for Halamphora sp. at 190 μmol photons m−2 s−1 and
23 ◦C (Figure 3C). Halamphora sp., isolated from the Baltic Sea, has a wide temperature range
of 15–25 ◦C, but a 30 ◦C-preferring strain has also been isolated. By higher temperatures,
the authors noted a decrease in photosynthesis [35]. Moreover, high numbers of cells (above
30 × 105 cell mL−1) were also recorded for diatoms Nitzschia sp. and Amphora sp. and for
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cyanobacterium Nostoc sp. (Figure 3) The latest research on airborne microalgae proves
that these organisms have several adaptations, like better UV tolerance, that distinguish
them from microalgae present in water [23]. Better adaptation of these organisms to stress
treatment can give them the advantage to settle in new areas and become invasive species.
It indicates that, after entering the appropriate environment, these species will easily attain
substantial biomass and even become the dominant species in this aquatic ecosystem. It is
worth noting here that Nostoc sp. is an important CyanoHABs species [36,37], as well as
Nitzschia sp. as a Red Tide organism [38]. The presence of microorganisms that produce
toxins in the air, and their ability to spread and acclimate to new environmental conditions
is of particular importance in terms of its impact on human health [3].

Assessing the origin of microorganisms that are present in the air in small amounts is
a difficult task. It is often based solely on the analysis of the backward air masses trajectory.
Hence it is worth enriching them with laboratory experiments such as the analysis of
the number of organisms under different salinity conditions. To estimate the region
of origin of airborne cyanobacteria and microalgae, additional experiments have been
performed to determine the effect of salinity on the cells’ number (Figure 4). In our work,
we used different salinity of culture medium to isolate new strains of airborne cyanobacteria
and microalgae. Based on our observations, we have shown that most of the CCAA
strains grow satisfactorily at the salinity medium of 8 PSU. However, there are several
strains (Planktolyngbya contorta CCAA11, Pseudanabaena catenata CCAA12, Leptolyngbya
foveolarum CCAA15, Gloeocapsa sp. CCAA18, Pseudanabaena catenata CCAA19, and Rivularia
sp. CCAA 49) that grow at 0 PSU salinity.

In general, one-way ANOVA tests showed that salinity significantly affected the num-
ber of cells of examined airborne cyanobacteria (p < 0.001, for all), green algae (p < 0.001, for
all), and diatom (p < 0.001, for all; Table S3). It was found that for cyanobacterium Nostoc sp.
(Figure 4A) as well as for green alga Coccomyxa sp. (Figure 4B) the maximum cell concentra-
tion was recorded at the salinity of 0 PSU (24.15 × 105 cell mL−1 and 3.82 × 105 cell mL−1,
respectively). It is worth mentioning here that Coccomyxa sp. did not grow at salinity
above 16 PSU, despite numerous information related to their wide tolerance to harsh
environmental conditions including salinity [34]. Moreover, the highest cell numbers of
tested diatoms were found in the range of 16–24 PSU (21.14 × 105 cell mL−1 for Nitzschia
sp., 15.52 × 105 cell mL−1 for Amphora sp., and 20.32 × 105 cell mL−1 for Halamphora sp.;
Figure 4C).

Our measurements have shown that salinity has also a significant impact on the
concentration of cells of individual species of algae and cyanobacteria. It was found that
for cyanobacterium Nostoc sp. as well as for green alga Coccomyxa sp. the maximum cell
concentrations were recorded at the salinity of 0 PSU (Figure 4A,B). Moreover, cyanobacte-
ria Planktolyngbya contorta, Pseudanabaena catenata, Leptolyngbya foveolarum, Gloeocapsa sp.,
and Rivularia sp. belonging to the CCAA were able to grow only at a salinity of 0 PSU (data
not shown). It suggests that these species come from freshwater communities. Research
conducted by Woelfel et al. [27] indicates that salinity did not strongly influence the growth
of diatoms, they also have a high tolerance to low salinity. In contrast, diatoms isolated
from the air had the highest cell numbers found in the range of 16–24 PSU; however, all of
them had lower tolerance to 0 PSU (Figure 4C). According to Potapova [39], the disparity
in salt content between coastal and inland waters was considered a significant barrier that
only a few diatom lineages were able to cross in one direction, from marine to freshwater
habitat. These findings indicate that the airborne diatoms may come from the western part
of the Baltic Sea [17]. Surprisingly, it was found that the picocyanobacteria Synechococcus
sp. and Aphanothece sp. showed a similar abundance in the whole range of tested salinity.
Considering their small cell size and their ability to be transported with aerosols over long
distances, this property may give them an advantage in colonizing new water areas even
with various salinity. The HYSPLIT air mass trajectories model [40,41] let us determine
whether the given cyanobacteria and microalgae present in the air were brought from
near or far, land or sea source areas [1,3]. We noted that only in the case of Nitzschia sp.
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and Aphanothece sp. Did the analysis of the backward trajectories of air masses indicated
their transport from over the land (Figure S1e). When analyzing the salinity preferences
of selected strains, with the highest abundance by 4 PSU, it can be also concluded that
Aphanothece sp. had a terrestrial origin. The preference for Aphanothece sp. to freshwater is
confirmed by literature data [42]. In addition, Dembowska [43] showed the presence of
Aphanothece sp. in the waters of lakes (Iławskie Lake District) over which the mass of air
passed through.

Figure 4. The number of cells (N × 105 mL−1) obtained after 7 days of experiment for airborne cyanobacteria (A): Nostoc sp.
(CCAA 03), Synechococcus sp. (CCAA 14), Aphanothece sp. (CCAA 48), green algae (B): Oocystis sp. (CCAA 20), Coccomyxa
sp. (CCAA 21), Kirchneriella sp. (CCAA 38), and diatoms (C): Nitzschia sp. (CCAA 17), Amphora sp. (CCAA 34), Halamphora
sp. (CCAA 47) under different salinity conditions.

In all other cases, the analysis of taxa origin was much more difficult because the
air masses passed through the Southern Baltic Proper first and then through the land.
In the case of Synechococcus sp., Oocystis sp., Coccomyxa sp., and Halamphora sp., the air
masses flowed over the measuring station all the way from the North Sea (Figure S1b).
Analyzing salinity preferences in combination with the backward trajectories of air masses,
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it is most likely that only Halamphora sp. could have arrived from the distant Kattegat
region (Figure S1a).

2.3. Effect of Irradiance and Temperature on Pigments Content

The autecology of airborne cyanobacteria and microalgae was characterized by the
changes in composition and proportion of photosynthetic pigments, i.e., Chl a, Chl b,
Chl c, and Phyco under different irradiance (μmol photons m−2 s−1) and temperature
(◦C) conditions. As Chl a is the main photosynthetic pigment, and Car is responsible
for protecting the microorganisms and is a variable when cells are under stress, they
are presented in Figures 5 and 6. While additional pigments (Phyco, Chl b, Chl c) were
presented in the Supplementary Materials Figure S2.

Figure 5. Changes in Chl a content (pg cell−1) obtained after 7 days of experiment for airborne cyanobacteria: Nostoc sp.
(Aa), Synechococcus sp. (Ab), and Aphanothece sp. (Ac); airborne green algae: Oocystis sp. (Ba), Coccomyxa sp. (Bb), and
Kirchneriella sp. (Bc); airborne diatoms: Nitzschia sp. (Ca), Amphora sp. (Cb), and Halamphora sp. (Cc) under different
irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

It was found that irradiance and temperature as well as their interaction significantly
affected the Chl a content in Nostoc sp., Synechococcus sp., and Aphanothece sp. (ANOVA,
p < 0.001, p < 0.001, and p < 0.001, respectively), as well as Car content (ANOVA, p < 0.001,
p < 0.001, and p < 0.001, respectively). ANOVA indicated that for examined cyanobacteria,
the effect of irradiance on cell-specific pigments content was higher than the effect of
temperature and the interaction of both factors (Table S4). It was shown that the cell-
specific pigments content (Chl a, Car) for Nostoc sp. and Synechococcus sp. decreased
with increasing irradiance (Figures 5 and 6). On the other hand, for Aphanothece sp. a
decrease in Chl a (Figure 5(Ac)) and Car content (Figure 6(Ac)) with increasing irradiance
was shown. The highest content of the studied pigments was found in Synechococcus sp.,
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while the lowest was in Aphanothece sp. The highest content of Chl a (Figure 5(Ab)) and
Car (Figure 6(Ab)) was recorded in Synechococcus sp. At the lowest irradiance (10 μmol
photons m−2 s−1) and the lowest temperature (13 ◦C), which is respectively 5.77 pg cell−1

and 4.69 pg cell−1.

Figure 6. Changes in Car content (pg cell−1) obtained after 7 days of experiment for airborne cyanobacteria: Nostoc sp.
(Aa), Synechococcus sp. (Ab), and Aphanothece sp. (Ac); airborne green algae: Oocystis sp. (Ba), Coccomyxa sp. (Bb), and
Kirchneriella sp. (Bc); airborne diatoms: Nitzschia sp. (Ca), Amphora sp. (Cb), and Halamphora sp. (Cc) under different
irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

Irradiance and temperature, as well as their interaction, were found to significantly
affect the Chl a content in tested strains of green algae (ANOVA, p < 0.001, for Oocystis sp.,
p < 0.001, for Coccomyxa sp., and p < 0.001, for Kirchneriella sp.), and Car content (ANOVA,
p < 0.001, for all). For Chl a, and Car content, the effect of temperature for Oocystis sp. And
Coccomyxa sp. Was higher than the effect of irradiance and the interaction of both factors
(Table S5). In turn, the Chl a and Car of Kirchneriella sp. Was more affected by irradiance
than by temperature. It was shown that the cell-specific pigments content (Chla a and Car)
for the analyzed green algae decreased with increasing irradiance at 13 ◦C and 23 ◦C. On
the other hand, at the temperature of 18 ◦C, the content of the analyzed pigments remained
at a similar level. The lowest Chla a, and Car content were recorded for Coccomyxa sp. On
the other hand, it was demonstrated that Kirchneriella sp. Had the highest concentration
of cell-specific pigments content was compared to examined green algae. The highest
content of Chla a (Figure 5(Bc)) and Car (Figure 6(Bc)) was recorded at irradiance 10 μmol
photons m−2 s−1 and temperature 18 ◦C, which were 12.84 pg cell−1 and 10.33 pg cell−1

respectively.
Both irradiance and temperature significantly affected also the cell-specific Chl a

content of Nitzschia sp., Amphora sp., and Halamphora sp. (ANOVA, p < 0.001, for all),
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as well as Car content (ANOVA, p < 0.001, for all). ANOVA indicated that the effect
of irradiance on pigments content was higher than the effect of temperature and of the
relationship of both factors (Table S6). It was shown that the cell-specific pigments content
for the analyzed diatoms decreased with increasing irradiance (Figures 5C and 6C). In
general, the lowest cell-specific pigment content for the analyzed diatoms was recorded at
190 μmol photons m−2 s−1 and 23 ◦C. The highest content of Chla a and Car was recorded
for Amphora sp., which in the light of 10 μmol photons m−2 s−1 and temperature of 18 ◦C
was equal to 0.85 pg cell−1 and 1.90 pg cell−1 respectively. Moreover, it was also shown
that Amphora sp. had the highest concentration of cell-specific pigment content compared
to other diatoms.

For many cyanobacteria and microalgae, the high light intensity is an unfavorable
environmental factor [44], which organisms can respond to by, for example, changing the
concentration of pigments in cells [23,32,45]. Generally, the factorial experiments performed
in this study showed a negative effect of the increasing irradiance on the content of the
cell-specific pigment for the analyzed airborne cyanobacteria and microalgae, obtaining the
highest contents at 10 μmol photons m−2 s−1 and the lowest for 190 μmol photons m−2 s−1.
It was shown that only the cell-specific Phyco content for Aphanothece sp. increased with
increasing light (Figure S2). High Chl a content in low light may indicate that airborne
cyanobacteria and microalgae may deposit in highly shaded waters and continue to grow
intensively [46]. The increased chlorophyll content found in microalgae grown at low
light intensity is possibly due to light/shaded adaptations that enhance the use of light
energy [47]. It is also worth noting that in the cases of cyanobacteria and diatoms, irradiance
has a stronger effect on pigments than temperature.

Moreover, under low irradiance, the greatest increase of Phyco in cyanobacterial cells
was noted (Figure S2), which additionally confirms the ability of these species to appear in
shaded waters [48,49]. It can be because photoaclimatization occurs when photosynthetic
pigments are reduced with the increase of irradiation intensity [50]. Thus, in the case of
isolated in the region of the southern Baltic Sea airborne cyanobacteria and microalgae,
except Aphanothece sp., the photoaclimatization ability was noted, which proves the ability
to adapt to changing environmental conditions. It is also worth mentioning here that
stressful factors such as high light intensity favor the accumulation of Car pigments that
have a protective function. The latest research on airborne green-algae has shown that these
organisms accumulate high levels of carotenoids in such stressful conditions [23]. However,
in the present study, this phenomenon was not observed, which may suggest that the
isolated microorganisms adapted to these conditions and were not under stress. According
to the “Everything small is everywhere” hypothesis, not much can be done to prevent
airborne microalgae and cyanobacteria to colonize new regions, when the environmental
factors change. Thus, such experiments are especially important for estimating future
effects in a changing environment.

2.4. Effect of Irradiance and Temperature on the Maximum PSII Quantum Efficiency

The effect of irradiance and temperature on changes in the maximum quantum effi-
ciency of PSII photochemistry (Fv/Fm parameter) of airborne cyanobacteria and microalgae
strains was also determined. It was found that irradiance and temperature, as well as their
interaction significantly affected the Fv/Fm of tested cyanobacteria (ANOVA, p < 0.001, for
all), green algae (ANOVA, p < 0.001, for all), and diatoms (ANOVA, p < 0.001, for Amphora
sp., and Halamphora sp., respectively). It was also shown that irradiance and temperature
had no significant effect on Nitzschia sp. (ANOVA, p > 0.05; Table S7). Generally, ANOVA
indicated that for tested airborne cyanobacteria, green algae, and diatoms the effect of
temperature on the Fv/Fm parameter was higher than the effect of irradiance and the
interaction of both factors (Table S7).

It was shown that for the tested cyanobacteria, an increase in the Fv/Fm value with
increasing temperature was noted. In turn, a decrease in Fv/Fm with increasing irradi-
ance was also recorded. The highest values of Fv/Fm among the examined cyanobac-
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teria, as in the case of the number of cells, were recorded for Nostoc sp. The highest
value of the Fv/Fm parameter, equal to 0.76, for this cyanobacterium, occurred under
100 μmol photons m−2 s−1 and 23 ◦C (Figure 7A). In general, for green algae and diatoms,
a decrease in Fv/Fm was recorded with increasing irradiance (Figure 7B,C). The greatest
differences were recorded for Coccomyxa sp. at 13 ◦C. In such conditions, the decrease of
this parameter from 10 to 190 μmol photons m−2 s−1 was more than 1.2-fold (Figure 7B).
Moreover, green algae were characterized by the highest values of the Fv/Fm parame-
ter compared to cyanobacteria and diatoms. For Oocystis sp. and Kirchneriella sp. the
Fv/Fm always exceeded the value of 0.8 (Figure 7B). In turn, the lowest Fv/Fm value
(0.12) among all the analyzed strains was recorded for Aphanothece sp. at irradiance
190 μmol photons m−2 s−1 and temperature 13 ◦C (Figure 8A).

Figure 7. Changes in the maximum PSII quantum efficiency (Fv/Fm) obtained after 7 days of experiment for airborne
cyanobacteria: Nostoc sp. (Aa), Synechococcus sp. (Ab), and Aphanothece sp. (Ac); airborne green algae: Oocystis sp. (Ba),
Coccomyxa sp. (Bb), and Kirchneriella sp. (Bc); airborne diatoms: Nitzschia sp. (Ca), Amphora sp. (Cb), and Halamphora sp.
(Cc) under different irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

The chlorophyll a fluorescence measurements may indicate changes in photosystem II
(PSII) activity by calculating the maximum quantum yield of PSII (Fv/Fm) [51]. On the basis
of our research, we determined that the studied airborne cyanobacteria and microalgae
showed differences in the functioning of the maximum quantum yield of PSII, depending
on the environmental factors. In general, for cyanobacteria, green algae, and diatoms, a
decrease in the maximum quantum yield of PSII was recorded with increasing light. It
was shown that for the tested cyanobacteria, an increase in the maximum quantum yield
of PSII with increasing temperature was noted. The green algae were characterized by
the highest values of the Fv/Fm parameter compared to cyanobacteria and diatoms. In
turn, the lowest Fv/Fm value among all the analyzed strains was recorded for Aphanothece
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sp. The appropriate composition of photosynthetic pigments, which is responsible for
the proper functioning of the photosynthesis mechanism, enables airborne cyanobacteria
and microalgae to grow under the control of changing environmental conditions and to
colonize different water bodies [20].

Figure 8. Photographs of airborne cyanobacteria (A): Nostoc sp. (CCAA 03; (a)), Synechococcus sp. (CCAA 14; (b)),
Aphanothece sp. (CCAA 48; (c)), green algae (B): Oocystis sp. (CCAA 20; (a)), Coccomyxa sp. (CCAA 21; (b)), Kirchneriella sp.
(CCAA 38; (c)), and diatoms (C): Nitzschia sp. (CCAA 17; (a)), Amphora sp. (CCAA 34; (b)), Halamphora sp. (CCAA 47; (c))
used in this study. Scale bar = 10 μm.

3. Materials and Methods

3.1. Culture Conditions

All airborne cyanobacteria and microalgae were collected between 2018 and 2020 at
a research station in Gdynia, located 1 km from the coastal zone of the Gulf of Gdańsk,
southern Baltic Sea region [1]. Algae have been identified by were identified using keys
and world literature [52–58]. The taxonomic composition was analyzed under a Nikon
Eclipse 80i microscope at a magnification of 10 and 100×. A list of species isolated in the
study period is shown in Table S1 (in Supplementary Material). The factorial experiments
were conducted on airborne cyanobacterial strains: Nostoc sp. (CCAA 03), Synechococcus
sp. (CCAA 14), Aphanothece sp. (CCAA 48), green algae strains: Oocystis sp. (CCAA 20),
Coccomyxa sp. (CCAA 21), Kirchneriella sp. (CCAA 38), and diatoms strains: Nitzschia sp.
(CCAA 17), Amphora sp. (CCAA 34), Halamphora sp. (CCAA 47) (Figure 8).

The strains isolated from the air over the Baltic Sea region are maintained as unialgal
cultures in the Culture Collection of Baltic Algae (Airborne Algae—AA) at the Institute of
Oceanography, University of Gdańsk, Poland. Tests on the “batch cultures” were carried
out in 25-mL glass Erlenmeyer flasks containing sterilized F/2 medium [59]. The strains
were incubated under a 16:8 h light:dark cycle at three PAR irradiances (10, 100, and
190 μmol photons m−2 s−1), at three temperatures (13 ◦C, 18 ◦C, and 23 ◦C), and salinity
of 8 PSU. For the experiment determining the abundance of the tested strains under the
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influence of different salinity, ten different F/2 mediums (in the range of 0 to 36 PSU) were
made. These mediums were obtained by dissolving the appropriate amount of Tropic
Marin Sea Salt in a specific volume of distilled water. The salinity of the medium was
measured by a salinometer (inoLabCond Level 1, Weilheim in Oberbayern, Germany).

The initial number of cells in all conducted experiments was 105 cells per mL. The
test cultures were grown in three replicates and were incubated for one week. After that
time in the exponential growth phase, the cells concentration, pigments content, as well as
photosynthesis performance, were measured in each replicate.

3.2. Calculation of Cell Density

Cell density was calculated using linear regression models based on cell concentration
(N mL−1) and optical density (OD). Calculation of the cell number was conducted using
the procedure described by Śliwińska-Wilczewska et al. [60] with a BD Accuri C6 Plus
flow cytometer (BD Biosciences, San Jose, CA, USA) or by Śliwińska-Wilczewska et al. [61]
with a light microscope (Nikon Eclipse 80i, Nikon, Tokyo, Japan) and the Bürker counting
chamber for filamentous cyanobacteria. This method makes it possible to determine the
correlation coefficients and the linear correlations between the number of cells and OD.
The cell concentrations in the test cultures were estimated on the basis of calibration curves
(Table S8).

3.3. Air Masses Trajectories

For each sampling day, using 6-h intervals, the air mass 48 h backward trajectory was
obtained using the HYSPLIT model (NOAA Air Resources Laboratory, College Park, MD,
USA) [40,41]. HYSPLIT is a complete system for computing basic trajectories of air parcels
for dynamic simulations of dispersion and deposition. The three standard air mass (500,
1000, and 1500 m AGL) arrival heights were used to test the location of air mass overlap.
By tracking the path of air masses at a given time 48h before sampling, this information
helps to determine the source of both chemical and biological air pollution.

3.4. Determination of the Chlorophyll, Carotenoids, and Phycobiliproteins Content

The concentration of chlorophyll (Chl a) for tested cyanobacterial and microalgal
strains was calculated according to Jeffrey and Humphrey [62]. The concentration of
carotenoids (Car) was calculated using the formula employed by Strickland and Par-
sons [63]. After 7 days of incubation, 20 mL of culture was filtered using 0.45 μm filters
(Macherey-Nagel MN GF-5, Dueren, Germany). Chl a and Car were extracted with cold
90% acetone in the dark for 2 h at −20 ◦C. To remove cell debris and filter particles the
pigment extract was centrifuged at 12,000× g rpm for 2 min (Sigma 2-16P, Osterode am
Harz, Germany). The extinction was determined at 750 nm, 665 nm, and 480 nm with a
UV-VIS Multiskan GO spectrophotometer (Thermo Scientific, Waltham, MA, USA) and
using 1 cm glass cuvette.

Phycobiliproteins (Phyco) were extracted for tested cyanobacterial strains according
to Stewart and Farmer [64]. After 7 days of incubation, 20 mL of culture was filtered using
0.45 μm filters (Macherey-Nagel MN GF-5, Dueren, Germany). Each filter was thoroughly
homogenized in a medium consisting of 0.25 M Trizma Base, 10 mM disodium EDTA, and
2 mg/mL lysozyme. The pH of the medium was adjusted to 5.0 through the addition of
hydrochloric acid (concentrated HCl). Homogenates were incubated in darkness for 2 h at
37 ◦C and then for 20 h at 2 ◦C. To remove cell debris and filter particles, the pigment extract
was centrifuged at 12,000× g rpm for 2 min (Sigma 2-16P, Osterode am Harz, Germany).
The absorbance of the pigment extract was measured at 565 nm, 620 nm, 650 nm, and
750 nm with a Multiskan GO spectrophotometer (Thermo Scientific, Waltham, MA, USA)
and using a 1 cm glass cuvette. The concentration of Phyco was calculated according to
Tandeau de Marsac and Houmard [65].
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3.5. Determination of the Chlorophyll a Fluorescence

The measurement of the chlorophyll fluorescence of airborne cyanobacteria and
microalgae was conducted after 7 days of the experiment according to the method de-
scribed by Śliwińska-Wilczewska et al. [24]. Fluorescence parameter Fv/Fm (where Fv—the
difference between the maximum and minimum fluorescence and Fm—the maximum
fluorescence) [51] was analyzed using pulse amplitude modulated (PAM) fluorometer
(FMS1, Hansatech, King’s Lynn, United Kingdom). Illumination was provided by a 594 nm
amber modulating beam with 4 step frequency control. Cyanobacterial and microalgal
materials were placed in the leaf clip on the 13 mm glass fiber filter (Whatman GF/C,
Saint Louis, MO, USA). The actinic light was the same as the one used for the growth
of algal cells to provide optimal conditions for photosynthetic activity. Saturation pulses
(4500 μmol photons m−2 s−1) of 0.7 s duration were used for all airborne cyanobacterial
and microalgal species. All samples were dark-adapted for 5 min before measurements.

3.6. Statistical Analyses

To test the influence of a light intensity, temperature, and their interaction on stud-
ied parameters the two-way ANOVA was used. One-way ANOVA was used to test the
effect of salinity on the number of cells of tested strains on the last day of the experi-
ment. Levels of significance were: * p < 0.05; ** p < 0.01; *** p < 0.001. All data are
reported as means ± standard deviations (SD). The statistical analyses were performed
using Statistica® 13.1 software (TIBCO Software Inc., StatSoft, Kraków, Poland). The heat
maps were performed using RStudio 1.3.1056 software (Boston, MA, USA).

4. Conclusions

Transport of bioaerosols with air masses may play important role in microbial disper-
sal, and thus maintaining the diversity of water systems [5,66]. To date, the invasiveness
of new species has been closely connected to their transfer from the basin to the basin
along with the ballast waters. Almost all known harmful algal bloom species have been
reported in viable form from this source [67]. However, nowadays research on airborne
algae confirms that these organisms can be carried far distances from their source of ori-
gin [1,5,68], thus it is worth testing their preferences and backward trajectories in order
to estimate their source. Our research has shown that cyanobacteria Nostoc sp. as well as
green alga Coccomyxa sp. may come from freshwater communities. On the other hand, the
highest cell numbers of analyzed diatoms were found in the range of 16–24 PSU. These
findings indicate that the airborne diatoms may come from the western part of the Baltic
Sea. Moreover, analyzing salinity preferences in combination with the backward trajecto-
ries of air masses, it is most likely that only Halamphora sp. could have arrived from the
distant Kattegat region. It was found that the picocyanobacteria Synechococcus sp. and
Aphanothece sp. showed a similar abundance in the whole range of tested salinity. Consider-
ing picocyanobacterial small cell size and their ability to be transported with aerosols over
long distances, this property may give them an advantage in colonizing new water areas
even with various salinity conditions. We also found that cyanobacterium Nostoc sp., and
diatom Nitzschia sp., a well-known bloom-forming species, can quickly reach significant
biomass and even become the dominant species in the aquatic ecosystem as they showed
the highest numbers of cells under favorable light, temperature, and salinity conditions.
The present experiment suggests that the adaptive abilities of microorganisms, in particular
those producing toxins, may contribute to the spread in the future. Thus, it may increase
human exposure to their negative health effects.

Airborne cyanobacteria and microalgae still remain a group of poorly understood
organisms due to difficulties in their extraction and isolation. Moreover, the increase in the
number of alien and invasive species is becoming an increasingly serious problem in the
world. Therefore, it is necessary to carefully examine the physiology and autecology of
airborne organisms and their ability to inhabit distant water bodies. Isolating and creating a
collection of cyanobacteria and microalgae has great potential. These organisms can later be
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used in environmental studies, education, or biotechnology [21]. In addition, the isolation
of individual strains allows their use in laboratory conditions exploring the relationships
between organisms present in the natural environment [21]. Thanks to this, the complex
relationships that occur in nature can be better understood.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
409/10/1/103/s1. Figure S1: 48-h air mass backward trajectory analysis from HYSPLIT model
(Draxler and Hess, 1998, NOAA Air Resources Laboratory, US) for the date of sampling; Figure S2:
Changes in Phyco (A; pg·cell−1), Chl b (B; pg·cell−1), and Chl c (C; pg·cell−1) content obtained
after 7 days of experiment for airborne cyanobacteria; Table S1: A list of species from the southern
Baltic Sea region isolated in 2018-2020.; Table S2: Two-way factorial ANOVA of cells concentration
measured in tested airborne cyanobacteria and microalgae growing at different temperatures (◦C)
and irradiance (μmol photons m−2 s−1); Table S3: One-way ANOVA of cells concentration measured
in tested airborne cyanobacteria and microalgae growing at different salinities (PSU); Table S4: Two-
way factorial ANOVA of cell-specific Chl a. Car. and Phyco content measured in tested airborne
cyanobacteria growing at different temperatures (◦C) and irradiance (μmol photons m−2 s−1); Ta-
ble S5: Two-way factorial ANOVA of cell-specific Chl a. Car. and Chl b content measured in tested
airborne green algae growing at different temperatures (◦C) and irradiance (μmol photons m−2

s−1); Table S6: Two-way factorial ANOVA of cell-specific Chl a. Car. and Chl c content measured
in tested airborne diatoms growing at different temperatures (◦C) and irradiance (μmol photons
m−2 s−1); Table S7: Two-way factorial ANOVA of Fv/Fm parameter measured in tested airborne
cyanobacteria and microalgae growing at different temperatures (◦C) and irradiance (μmol photons
m−2 s−1); Table S8: Linear regression and correlation coefficients (r) used to calculate the number (N)
of studied airborne cyanobacteria, green algae, and diatoms cells in cultures based on optical density
(OD) measurements.
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Abstract: Black spot disease, caused by Alternaria brassicicola in Brassica species, is one of the most
devastating diseases all over the world, especially since there is no known fully resistant Brassica
cultivar. In this study, the visualization of black spot disease development on Brassica oleracea var.
capitata f. alba (white cabbage) leaves and subsequent ultrastructural, molecular and physiological
investigations were conducted. Inter- and intracellular hyphae growth within leaf tissues led to
the loss of host cell integrity and various levels of organelle disintegration. Severe symptoms of
chloroplast damage included the degeneration of chloroplast envelope and grana, and the loss
of electron denseness by stroma at the advanced stage of infection. Transcriptional profiling of
infected leaves revealed that photosynthesis was the most negatively regulated biological process.
However, in infected leaves, chlorophyll and carotenoid content did not decrease until 48 hpi,
and several chlorophyll a fluorescence parameters, such as photosystem II quantum yield (Fv/Fm),
non-photochemical quenching (NPQ), or plant vitality parameter (Rdf) decreased significantly at
24 and 48 hpi compared to control leaves. Our results indicate that the initial stages of interaction
between B. oleracea and A. brassicicola are not uniform within an inoculation site and show a complexity
of host responses and fungal attempts to overcome host cell defense mechanisms. The downregulation
of photosynthesis at the early stage of this susceptible interaction suggests that it may be a part of a
host defense strategy, or, alternatively, that chloroplasts are targets for the unknown virulence factor(s)
of A. brassicicola. However, the observed decrease of photosynthetic efficiency at the later stages of
infection is a result of the fungus-induced necrotic lesion expansion.

Keywords: Alternaria brassicicola; chlorophyll a fluorescence; chloroplast ultrastructure; defense
response; microarray; photosynthesis; susceptibility
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1. Introduction

Brassica oleracea var. capitata (head cabbage) from the Brassicaceae family is one of eight Brassica
subspecies and an important vegetable in the human diet due to its nutritional values [1]. Many white,
red, and Savoy cabbage cultivars are cultivated widely in Europe, Asia, and North America, and used
as a staple diet item, an ingredient of many national cuisine vegetable dishes or an addition to salads.
In Northern Europe and New Zealand, cabbage is often used as feed for sheep and cattle [1,2]. As a
widespread crop, cabbage is exposed to many bacterial and fungal diseases, which lower its yield all
over the world. One of the most devastating fungus-induced diseases to all Brassicas is black spot
disease, caused by Alternaria brassicicola. Cabbage cultivars show various levels of susceptibility to
A. brassicicola, ranging from moderately to highly susceptible, but there is still not any known fully
resistant cabbage cultivar [3].

Alternaria brassicicola belongs to the large fungal division ascomycota (Ascomycetes),
order Pleosporales. According to the novel taxonomic classification based on the molecular phylogenetic
analysis, genus Alternaria consists of 27 sections with a distinct Brassicicola one [4]. As a necrotrophic
fungus, A. brassicicola is seed-transmitted, and thus infects young seedlings causing their damping
off [5,6]. In the case of mature plants, the fungus is wind- and insect-spread, infecting preferentially
older leaves. This results in black/brownish spreading lesions, which, at advanced stages of infection,
can be responsible for the decay of the whole plant [7–9]. As a post-harvest pathogen, A. brassicicola
has been found on cabbage debris and cabbage heads during storage [10]. The infection cycle of
A. brassicicola is simple, from a single conidium to a mycelial network, often with overlapping stages
typical for necrotrophic fungi [11]. After the initial attachment of the conidia to the leaf surface and
germination, the fungus penetrates the host tissues through the appressoria and stomata, or invades
them directly, using a preferential mode of penetration (depending on Brassica cultivar), or all of
them simultaneously [3,11,12]. The fungus forms dome-shaped and usually aseptate appressoria at
germ tube tips, similar to appressoria formed by Botrytis cinerea. Humidity, temperature, and conidial
concentration are factors that influence A. brassicicola germination and infection of a host under field
and laboratory conditions [13,14]. Prior to and during colonization, the fungus actively kills host cells
primarily through the secretion of lipases, cell wall degrading enzymes, small secondary metabolites
and was recently identified as the most abundant phytotoxin in A. brassicicola cultures—brassicicolin
A [15–17]. Many A. brassicicola mutants with a depleted production of these secreted compounds,
which also exhibit different levels of germination inhibition, were tested in planta, showing various
degrees of virulence inhibition [16]. However, a primary virulence factor of A. brassicicola has not been
discovered to date, thus it remains unknown how this fungus kills host plant cells. Moreover, it has
been postulated that the possible resistance against A. brassicicola in Brassicas might be based on the
cumulative effect of several genes rather than monogenicity [18,19].

The knowledge concerning plant defense mechanisms against A. brassicicola infection is mostly
based on the extensively investigated model pathosystem for Brassicaceae—non-host Arabidopsis
thaliana and A. brassicicola. Arabidopsis resistance against the fungus is compromised in pad3 and
coi1 mutants, indicating that it requires camalexin and jasmonic acid (JA)-dependent signaling,
respectively [20]. The hypersensitive host cell death during this interaction is restricted to the
inoculation site, and accompanied by generation of reactive oxygen species (ROS) and callose deposition
in wild-type Arabidopsis Col-0 [21,22]. On the other hand, camalexin is not metabolized by the fungus
and inhibits its germination and development, but Brassicas phytoalexins induced during interaction
with A. brassicicola, in most cases, are detoxified [23–25]. Although the transcriptome profiling of
Arabidopsis Col-0 during A. brassicicola infection indicates that the photosynthesis-related genes remain
unaffected in the resistant interaction [26]; Zmienko and Macioszek, unpublished data], the microarray
analysis of a susceptible pad3 mutant infected with A. brassicicola has demonstrated downregulation of
photosynthesis-related genes [27]. Moreover, recent research on susceptible Brassica juncea infected
with A. brassicicola revealed severe changes in chloroplast ultrastructure, and a post-inoculation time-
and leaf position-dependent decrease in chlorophyll a:b ratio and photosynthesis efficiency [9].
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Here, we report on the susceptible interaction between B. oleracea var. capitata f. alba (cultivar
‘Glory of Enkhuizen’) and A. brassicicola, both from the fungus and host plant perspective. In our work,
we focused on the details of the fungal development and colony formation and the plant cell reactions
during infection, at both light and transmission microscopy levels. Moreover, analyses of changes
in the host transcriptional profiles with a special attention paid to photosynthesis-related genes and
related physiological host responses to the fungus were conducted.

2. Materials and Methods

2.1. Plant Growth, Fungal Strain, and Inoculation

The seeds of Brassica oleracea var. capitata f. alba (white cabbage) early cultivar ‘Glory of
Enkhuizen’ were obtained from a Polish seed company and grown in soil:perlite mixture (15:1) in
a plant growth room under fluorescent light (Super TLD Philips 865) at 100 μmol m−2 s−1, 16 h
day/8 h night photoperiod, at temperature 22 ± 1 ◦C and relative humidity of approximately 65%.
The wild type strain of A. brassicicola (ATTC 96836) was grown on potato dextrose agar plates (PDA;
Difco, the Netherlands) for 7–10 days under the same conditions as plants, but in the dark. The second
leaves of four-leaf mature B. oleracea plants were inoculated with the A. brassicicola conidial suspension
at a concentration of 5 × 105 conidia per ml of distilled water, or just distilled water in case of control
plants, by putting one or two 10 μL drops per leaf or spraying the leaves using a Nalgene aerosol spray
bottle (Sigma-Aldrich, St. Louis, MO, USA) [9,11]. In all experiments, plants were inoculated 4-6 h after
switching on the light (about 10.00 a.m.–12.00 a.m. local time). The inoculated plants were incubated in
transparent plastic boxes to maintain high humidity under the same light and temperature conditions
as for growing.

2.2. Disease Progression Analysis

Brassica oleracea plants were drop-inoculated, and necrotic spot parameters such as area, perimeter
and average radius were measured using the WinDIAS Leaf Image Analysis System (Delta-T Devices,
Cambridge, UK). For each time point, the second leaf of at least 6 plants was detached and images
were taken immediately at 24, 48 and 72 h post-inoculation (hpi) in 3 independent experiments (n = 3).

2.3. Light Microscopy

To investigate the stages of A. brassicicola development during leaf infection, aniline
blue-lactophenol (Sigma-Aldrich, St. Louis, MO, USA) stain was applied on drop-inoculated leaves at
4, 8, 12, 14, 16, 20, and 24 hpi [11]. The numbers of germinated conidia, germ tubes, and appressoria
were counted per 100 conidia at random sites of the inoculation area on the second leaf of 3 plants per
each time point.

2.4. Scanning and Transmission Electron Microscopy

To investigate the changes of leaf surface and fungal growth during infection, 1.5 cm diameter
leaf discs were cut out from the B. oleracea second leaves sprayed or drop-inoculated with the conidial
suspension. The samples were examined under a tabletop scanning electron microscope TM-1000
(SEM; Hitachi, Tokyo, Japan) operating at 15 kV, without any pre-processing [11]. Samples from
six plants per experiment were harvested at 12, 24, 48, and 72 hpi. The experiment was repeated
independently twice.

For the ultrastructural investigations, samples from the second leaf of the control and
drop-inoculated plants were collected at 48 hpi and embedded in Epon–Spurr resin mixture [9].
The semi-thin (1 μm thick) and ultra-thin sections (80 nm thick) were obtained using a Reichert Jung
ultramicrotome (Leica, Germany). The ultra-thin sections, after staining with uranyl acetate and lead
citrate [28], were examined under a transmission electron microscope JEOL 1010 (TEM; JEOL, Japan)
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operating at 80 kV. The ultrastructure of the plant cells was observed on at least 50 micrographs per
each treatment.

2.5. Microarray Experiment

The time-course pattern of gene expression was examined in the second leaves of B. oleracea sprayed
with A. brassicicola conidial suspension by cDNA hybridization to 29 k Arabidopsis Oligonucleotide
Microarrays (University of Arizona) (GEO platform GPL7725). Each sample treated as a single
biological replicate was collected from 3 control or 3 infected plants. For each time point (0, 12, 24,
and 48 hpi), 2 biological replicates were analyzed and a common reference design was applied, where
each sample was labeled with Cy5 and hybridized against the Cy3-labeled pool of the control plants.

Each microarray probe sequence (~70-mer) was used as a query in a BLASTN search against
Brassica nucleotide sequences available in the GenBank database. The best hit was recorded for each
probe. Probes with high homology to Brassica targets were selected by applying a Bit score cutoff
value of 40. For 66% of them, probe:target alignments were >60 nt in length and displayed >75%
sequence identity.

The total RNA was extracted with RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and samples
were DNase-digested with a TURBO DNA-free kit (Ambion, Austin, TX, USA). The sample quality
was analyzed with a Nanodrop 1000 spectrophotometer (Thermo Scientific, Miami, OK, USA) and
2100 Bioanalyzer (Agilent Technologies, Wood Dale, IL, USA). For each labeling reaction, 15 μg
of high-quality RNA (A260/A280 and A260/A230 ≥ 2, RIN ≥ 9) was reverse-transcribed using the
SuperScript Indirect cDNA Labeling System (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s protocol. Aminoallyl-modified cDNA was coupled with 5 μL of Cy3 or Cy5 ester
dye (Amersham Pharmacia, Buckinghamshire, UK) and unbound dye was removed with a MinElute
Reaction Cleanup Kit (Qiagen, Hilden, Germany). The efficiency of the labeling was monitored with
NanoDrop measurements. Corresponding Cy3 and Cy5-cDNA were mixed, the volume was adjusted
to 10 μL and the samples were heat-denatured at 95 ◦C for 10 min and added to 115 μL pre-warmed
(68 ◦C) hybridization buffer SlideHyb #3 (Ambion, Austin, TX, USA). Hybridization was carried out
in a HybArray 12 workstation (PerkinElmer, Hebron, KY, USA) at 42 ◦C for 18 h. The microarrays
were washed with 2× SSC (Ambion, Austin, TX, USA) supplemented with 0.1% SDS (Sigma-Aldrich,
St. Louis, MO, USA) at 42 ◦C, 0.5× SSC at 30 ◦C and 0.005× SSC at 25 ◦C each for 5 cycles (20 s flow, 40 s
hold) and dried by centrifuging. Images were collected with a ScanArray Express scanner (PerkinElmer,
Hebron, KY, USA) at 100% laser intensity and variable PMT settings.

The images were analyzed with GenePix 6.1 software (Molecular Devices, San Jose, CA, USA)
using the morphological opening background subtraction method with default parameters. The data
were further analyzed in an R/Bioconductor environment using the limma package [29–31]. Foreground
and background intensities were read with “genepix.custom” function. After background subtraction
and printtip-loss normalization within arrays, followed by scaling, the log-ratios to have the same
median-absolute-deviation (MAD) across arrays, a linear model was constructed for the contrasts of
interest. Differential expression of genes for which the probes passed homology-based filtering criteria
(see above) was assessed by moderated t-statistics and correcting for multiple testing using the false
discovery rate (FDR) [32]. The adjusted p-value 0.1 was chosen as a significance threshold.

For functional analysis and gene annotation, A. thaliana gene IDs originally assigned to the
microarray probes were used. Only 8014 genes with high homology to Brassica were taken into
consideration and used as a background in the Gene Ontology (GO) and MapMan analyses.

A GO enrichment analysis of differentially regulated genes was performed separately for each
time point against the list of all genes represented on the microarray using the ThaleMine v.4.1.1 online
analysis tool [33]. The p-value was calculated using a hypergeometric distribution test and adjusted
with the Holm–Bonferroni multiple test correction, and the significance threshold was set at a p-value
< 0.05. The visualization of significantly regulated GO terms was performed using REVIGO [34],
which reduces long lists of Gene Ontology terms by summarizing and removing redundant GO terms.
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The input data were prepared as follows. From the list of all microarray results (Table S1), genes
differentially expressed at 48 hpi (FDR < 0.1) were selected. The GO_cellular_process terms and the log
fold change expression values of these genes were used as an input for REVIGO. Genes without assigned
GO_cellular_process terms as well as genes for which GO: 0008150 (biological_process_unknown) was
the only assigned GO term, were excluded from the analysis, resulting in an input list of 275 genes.
The output list of REVIGO-summarized GO terms is presented in Table S2 and visualized in Figure 7.
The MapMan (v.3.5.0) analysis was performed based on the probe mapping files for A. thaliana and
pathways downloaded from the MapMan repository [35].

2.6. Photosynthetic Pigment Content

Chlorophyll was extracted in 100% methanol and measured using a spectrophotometer PowerWave
XP (BioTek, Crawfordsville, IN, USA). The content of chlorophyll a, chlorophyll b, and carotenoids
was calculated according to Wellburn [36]. The samples were harvested from 3 control and 3 infected
plants per time point, and each experiment was repeated independently 3 times (n = 3).

2.7. Chlorophyll a Fluorescence

The control and drop-inoculated infected plants were dark-adapted for 30 min, then each second
leaf was detached and immediately subjected to analysis of the kinetics of chlorophyll a fluorescence
quenching using a Handy FluorCam 1000-H System (Photon Systems Instruments, Czech Republic)
according to the manufacturer’s built-in protocol. The measurements were performed on the selected
area (diameter about 1.5 cm) of control untreated leaves, as well as infected ones containing necrosis and
adjacent tissue. The duration of the reading procedure per one leaf was 4 min, and parameters such as
F0 (minimum fluorescence), Fm (maximum fluorescence), Fv (variable fluorescence) as well as Fp (peak
fluorescence during the initial phase of Kautsky effect) were measured accordingly during 4 light
adaptation (L1–L4), steady-state in light (Lss) and/or 3 dark relaxation periods (D1–D3). Based on
the measured chlorophyll a fluorescence parameters, automatic calculation of over 45 parameters
such as QYmax (maximum photosystem II quantum yield, FV/FM), Fv/Fm (photosystem II quantum
yield), Fq/Fv (photosystem II efficiency factor), Rfd (fluorescence decline ratio) and qL (fraction of
photosystem II open centers) in light adaptation periods and steady-state in light was performed
and NPQ (non-photochemical quenching) and qP (photochemical quenching of variable fluorescence)
were also calculated in the dark relaxation periods. All the measured and calculated chlorophyll a
fluorescence parameters are shown in Table S6. In each experiment, 3–4 control and 3–4 infected plants
were used per time point. The experiment was repeated independently 3 times (n = 3).

2.8. Statistical Analysis

The statistical analysis of all the data obtained in this work, except the microarray data,
was performed using analysis of variance (ANOVA) and post-hoc Duncan’s test (p < 0.05) using
STATISTICA v.13.3.

All the figures were composed using Adobe Photoshop or Corel Software.

3. Results

3.1. Black Spot Disease Development

The areas infected with A. brassicicola became macroscopically visible in the form of small
brown necrotic spots on the second leaf of B. oleracea plants at 20–24 hpi. The round-shaped necroses
expanded beyond the inoculation sites at 48 and 72 hpi, and they were surrounded by a discrete
chlorotic ring (Figure 1a). Necrosis parameters such as area, perimeter, and average radius increased
in a time-dependent manner, indicating fast and massive fungal development on the susceptible host
(Figure 1b). Inoculation of all four fully developed leaves of B. oleracea plants revealed that the size
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of the necrotic spots was leaf position-dependent, the older the leaf, the larger the necrosis, both on
in planta and detached leaves assays (Figure S1).

Figure 1. Analyses of necrotic lesion development on the second fully developed leaf of B. oleracea
infected with A. brassicicola: (a) time-course images of necrosis development on the drop-inoculated
leaves; (b) quantitative analysis of necrotic spot size changes. Data were gained using the WinDIAS
system. The means ± SE were calculated from at least 18 measurements per time point obtained in
3 independent experiments (n = 3).

3.2. A. brassicicola Development on Leaf Surface and Host Cell Responses

The appearance of macroscopically visible necrotic spots at the inoculation sites on B. oleracea
leaves at 24 hpi was strictly correlated with the overlapping stages of the A. brassicicola infection
cycle, such as pre-penetration, penetration, colonization, and conidiation, which started before this
time point.

Following inoculation of B. oleracea leaves, conidia began to germinate at 6–8 hpi, developing
germ tubes at subsequent time points, which branched and elongated into hyphae at a later stage of
infection (Figure S2). Although the number of both germinating conidia and germ tubes increased
gradually with the post-inoculation time flow (p < 0.001, r = 0.94), the number of germ tubes did not
significantly increase over the number of germinating conidia at any investigated time points (Figure 2).
First dome-shaped appressoria were formed at 8 hpi and their number increased in a time-dependent
manner (p < 0.001, r = 0.86), remaining at a similar level (not exceeding 20%) from 14 hpi (Figure 2).
The fungus penetrated host epidermal cells through appressoria, stomata or directly triggering various
host cell reactions at the same time (Figure 3). At the beginning of penetration, a bright ‘halo’ could
be observed under a scanning electron microscope (SEM) around the penetration sites, regardless of
the mode of penetration (Figure 3a and Figure S3a,b). Direct penetration caused rapid disturbance
and collapse of the host epidermal cells, visible as dark areas divided by light cell walls (Figure 3b),
but also dissolution of the leaf wax layer (Figure 3c and Figure S3c). Although penetration through
stomata caused epidermal cell disturbance and death spreading to adjacent cells (Figure 3d), host
epidermal cells with fortified cell walls were also observed in this case (Figure 3e). Regardless of the
mode of fungal penetration, the first brownish host epidermal cells, indicating successful penetration
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sites, appeared as early as 14–16 hpi (Figure S2). However, germinating conidia showing symptomless
growth could also be observed on the leaf surface even at 24 hpi (Figure 3f).

Figure 2. Quantitative data of A. brassicicola development on B. oleracea leaves. The values are means ±
SE of 3 replicates.

Figure 3. Alternaria brassicicola penetration modes and different host cell reactions. The images were
capture using SEM at 24 hpi. (a) a bright ‘halo’ (asterisk) around the appressorium (arrow) penetrating
the host cell; (b) direct penetration (arrows) caused a collapse of epidermal cells (asterisks) underneath
germinating conidia; (c) dissolved wax layer (asterisk) around germinating conidium (arrowhead
points to stoma); (d) germination tube (arrow) entering the leaf via stoma (arrowhead) surrounded
by collapsed epidermal cells (asterisks); (e) germination tube (arrow) forming an appressorium
(double tail arrow) over stoma (arrowhead). Neighboring epidermal cells (asterisks) have fortified
cell walls; (f) symptomless growth of hypha (arrow) on leaf surface (arrowhead points to stoma).
Abbreviation: C—conidium.
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New young conidia were produced by mature parental conidia (used as an inoculum) during
direct conidiation, taking place between 14 and 24 hpi (Figure 4a). The formation of the conidial chain
developing on short conidiophores was observed later at 48 hpi.

Figure 4. Alternaria brassicicola mycelium formation on B. oleracea leaves. The images were captured
using SEM. (a) direct conidiation—new conidia (arrows) bud off from a mature conidium (24 hpi);
(b) massive elongation and branching of hyphae (arrows) on the leaf surface (24 hpi); (c,d) conidial
anastomosis tubes (CAT, arrows) form connections between conidia (24 hpi); (e) anastomoses (arrows)
between hyphae (48 hpi); (f) fusion of hyphae (arrow) (48 hpi). Abbreviations: C—conidium, St—stoma.

The advanced stage of A. brassicicola development—colony formation—began as a tangle of
elongating germ tubes developing into hyphae at 16–24 hpi (Figure 4b, Figures S2 and S3d). Connections
between different parts of a developing colony were provided by bridges formed directly between
two mature conidia or germ tubes, in the form of conidial anastomosis tubes (CATs) (Figure 4c,d)
and fusions between hyphae—anastomoses (Figure 4e,f). The expanded colony caused damage and
overgrew host tissues from the surface to the bottom side of the infected leaf at 48 hpi (Figure S3e–g)
and sometimes chlamydospores could be observed on leaf surface at 72 hpi (Figure S3h).

3.3. Ultrastructure of Infected Host Cells

The ultrastructure of infected B. oleracea leaves revealed that A. brassicicola hyphae grew both
inter-and intracellularly within the host leaf tissues (Figures S4 and S5a–d). Most of the hyphae had a
regular ultrastructure, but a small number of hyphal cells with some level of degradation and osmiophilic
granules were also observed (Figure S5e). In the infected mesophyll cells, the changes such as damage
to the cell wall, plasmolysis and various levels of organelle disintegration, were dependent on the
distance from the necrotic area and presence of hyphae (Figure S4). In the chlorotic area without
hyphae, the host cell integrity was retained, although minor ultrastructural changes became evident.
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In the control leaves, the mesophyll cells had a classical ultrastructure, with a large central
electron-translucent vacuole and a narrow layer of homogeneously electron-dense cytoplasm,
containing organelles, located parallel to the cell wall. Cell nuclei were surrounded by a continuous
envelope perforated with nuclear pores only. Only few and small electron-dense heterochromatic
grains were located next to the nuclear envelope. A well-distinguishable single nucleolus was present
inside uniformly electron-dense euchromatin (Figure 5a). Lenticular chloroplasts with electron-dense stroma
and a regularly arranged thylakoid and grana system contained up to three small starch grains (Figure 6a).

Figure 5. Degradation of mesophyll cells in B. oleracea leaf infected with A. brassicicola at 48 hpi.
The images were captured using TEM. (a) a typical nucleus with a nucleolus and small heterochromatin
grains (arrowheads), and chloroplasts in control mesophyll cell; (b) fragment of cell with degraded
protoplast and nucleus with well-preserved nucleolus and fine granular chromatin; (c) nucleus with
a nucleolus, condensed clumped chromatin and locally dilating nuclear envelope (arrowheads);
(d) fragment of cell with degraded protoplast detached from the cell walls (asterisks), nucleus with
granular chromatin, locally dilated envelope (arrowheads) and electron-dense deteriorating nucleolus;
(e) fragment of strongly degraded cell with protoplast detached from cell walls (asterisk), pycnotic stage
nucleus with osmiophilic remnants of chromatin (arrows) and dilated nuclear envelope (arrowheads);
(f) terminal stage of nucleus degradation with clumps of chromatin (arrows), broken and dilated
envelope (arrowheads). Abbreviations: Ch—chloroplast, CW—cell wall, ER—endoplasmic reticulum,
G—granum, GA—Golgi apparatus, IS—intercellular space, LV—lytic vacuole, M—mitochondrion,
MS—multilamellar structure, N—nucleus, Nu—nucleolus, VB—vesicular body.
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Figure 6. Disintegration of chloroplasts in B. oleracea leaf mesophyll cells infected with A. brassicicola
at 48 hpi. The images were captured using TEM. (a) lenticular-shaped chloroplast with typical
thylakoid and grana structure, and small starch grains in uninfected leaf; (b) fragment of mesophyll
cell with degraded cytoplasm (asterisks), osmiophilic granules in plasmalemma (arrows) and a
typical well-preserved chloroplast with plastoglobuli; (c) round-shaped chloroplast with a still
preserved thylakoid and grana system, disintegrated chloroplast envelope (arrowheads) and swollen
electron-translucent stroma; (d) round-shaped chloroplast with cup-shaped thylakoid system,
reduced number of grana, locally swollen envelope (arrowheads) and electron-translucent stroma;
(e) strongly disintegrated chloroplast with flocculent remnants of stroma, locally disintegrated envelope
(arrowheads) and collapsed thylakoid system (asterisks) devoid of grana; (f) remnants of chloroplast
with destroyed envelope (arrowheads) and thylakoids with widened lumens (arrows). Grana and
stroma are missing. Abbreviations: Ch—chloroplast, CW—cell wall, G—granum, P—plastoglobule,
S—starch grain, St—stroma.

The mesophyll cells at the border of the chlorotic and necrotic areas, especially in the close proximity
of hyphae, showed various degrees of plasmolysis and organelle disintegration. They contained
numerous lytic vacuoles, membranous multilamellar structures and vesicular bodies as well as
osmiophilic granules close to the cell wall and organelles (Figures 5 and 6). Despite the appearance of
symptoms of cell lysis, the ultrastructure of the nuclei was still well-preserved in some cells (Figure 5b),
showing only local nuclear envelope swelling. However, the nucleoplasm slowly lost its electron-density
and acquired a fine granular and fibrillar appearance (Figure 5c,d). In the more advanced stages of
degradation, the nucleoplasm region turned strongly electron-translucent, and remnants of chromatin
coalesced, forming electron-dense grains (Figure 5e,f). With the exception of the terminal stages of
nucleus degradation, the remnants of nucleoli remained recognizable (Figure 5c,e) and the nuclear
envelope was absent only in completely degraded cells (Figure 5f).
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The degradation of chloroplasts was more spectacular and distinct, and clear stages of their
disintegration could be discriminated. First of all, numerous plastoglobuli appeared in still
well-preserved chloroplasts (Figure 6b). Subsequently, chloroplasts started to change their shape from
lenticular to round (Figure 6c,d). This phenomenon was accompanied by the swelling of the stroma
that lost its electron-density, gradual disintegration of the chloroplast envelope, and formation of the
cup-shaped or bowed arrangement of the thylakoid systems (Figure 6c–e). Further degradation of
the chloroplasts encompassed the final degeneration of the chloroplast envelope, disappearance of
grana, distention, and dilution of the thylakoid lumens and the disintegration of the stroma (Figure 6f).
Despite the level of degeneration of the lamellar system, the chloroplasts still contained starch grains
or their hydrolyzed remains (Figure 6).

3.4. Microarray Analysis

The transcriptional profiling of B. oleracea leaves infected with A. brassicicola using 29 k Arabidopsis
Oligonucleotide Microarrays was performed. Out of 29,100 microarray oligonucleotide probes,
8654 could be reliably mapped to B. oleracea nucleotide sequences, which represented 8014 unique
genes. The expression of these genes in infected plants at 12, 24, and 48 hpi was compared to control
plants (0 hpi). Significant changes in gene expression (FDR< 0.1) were observed as early as 12 hpi (27 genes)
and they intensified while the infection progressed, with 189 genes regulated at 24 hpi and 410 genes at
48 hpi. Overall, 487 distinct genes were significantly affected in infected B. oleracea leaves (Table S1).

Based on the results of the statistical analysis, the Gene Ontology (GO) and MapMan analyses
were performed to annotate the significantly up- and downregulated genes, and to determine the
most affected biological processes and activation of individual genes during B. oleracea infection
with A. brassicicola. Biotic stress response-related processes, such as the cell wall macromolecule
catabolic process and defense response to fungus, were among the most extensively upregulated GO
terms (Figure 7, Table S2). They were correlated to the microscopic results obtained in this study to
uncover the differential responses of host cells to the infection within the inoculation site (Figures 3
and 7, Tables S2 and S3). The upregulation of host genes involved in aging, detection of ethylene
stimulus and thiamine biosynthesis indicated general reprogramming of the host transcriptome in
response to the infection. Analysis of stress-related genes at 48 hpi revealed differential expression
of 167 genes, with 87 of them, mainly involved in cell response signaling, cell wall degradation,
protein degradation, auxin-induced metabolism, being downregulated. However, transcriptional
activation of 80 stress-related genes, among others LRR-RLK7 (AT1G09970) encoding leucine-rich repeat
transmembrane protein receptor-like kinase 7, WRKY33 (AT2G38470) encoding transcription factor,
PDF1.2 (AT5G44420) encoding jasmonate-responsive plant defensin or FAH1 (AT4G36220) encoding
ferulate-5-hydroxylase 1 and CCoAMT (AT1G67980) encoding caffeoyl-CoA 3-O-methyltransferase
involved in lignin biosynthesis, even at 48 hpi, indicated that, despite the successful colonization of the
susceptible host by A. brassicicola, some of the host cells battled with the fungus and basal defense
signaling was still active (Table S4).
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Figure 7. Gene Ontology of Biological Processes in B. oleracea leaves during A. brassicicola infection.

In turn, photosynthesis-related processes were strongly downregulated (Figure 7, Tables S2 and S3)
in agreement with the observed severe changes in the ultrastructure of chloroplasts during infection
(Figure 6). Interestingly, gradual downregulation of photosynthesis-related gene expression was
observed during the entire course of B. oleracea–A. brassicicola interaction investigated in this study
(Table S5). The majority of the 104 genes that were mapped to photosynthesis-related processes by the
MapMan analysis, were negatively regulated at one or more time points (Figure 8a) and the number
of significantly downregulated genes (at FDR < 0.1) increased from 6 at 12 hpi, through 32 at 24 hpi,
up to 44 genes at 48 hpi (Figure 8b, Table S5). All crucial photosynthesis-related processes, such as
light reactions, Calvin cycle, photorespiration, plastid ribosomal protein synthesis and tetrapyrrole
synthesis were affected (Figure 8c). The distinctive genes in the photosynthesis light reaction category
were LHCb and LHCa, encoding chlorophyll a/b-binding proteins, which are the part of photosystem
II and photosystem I light harvesting complexes, respectively, and thus are important components
of the chloroplast membrane system. These genes were downregulated as early as 12 hpi, with an
increasing effect at subsequent time points. In the Calvin cycle, constituting the dark reaction of
photosynthesis, the genes encoding the RuBisCO small subunit and glyceraldehyde 3-phosphate
dehydrogenase were also downregulated at all investigated time points in infected B. oleracea leaves.
However, changes in the expression of genes involved in photorespiration, plastid ribosomal protein
synthesis and tetrapyrrole synthesis started later, at 24 and 48 hpi (Table S5). Additionally, consistent
with the negative regulation of photorespiration-related genes, the downregulation of genes involved
in water homeostasis was also observed (Figure 7). Remarkably, AtCLH2 (AT5g43860) encoding
chlorophyll-chlorophyllido hydrolase 2 annotated by MapMan as a tetrapyrrole synthesis-related gene
was the only photosynthesis-related gene consistently upregulated at all three examined time points of
infection (however, it did not pass the criteria of statistical significance) (Table S5).
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Figure 8. Microarray-based analysis of expression changes of photosynthesis-related B. oleracea genes
during the course of A. brassicicola infection. (a) MapMan analysis of all mapped photosynthesis-related
genes (104 genes); (b) MapMan analysis of photosynthesis-related genes significantly regulated at FDR
< 0.1; (c) MapMan diagram of significant expression changes of photosynthesis-related genes at 48 hpi.

3.5. Photosynthetic Parameters Analysis

Based on the results of the host cell ultrastructure and microarray data, potential changes in
photosynthetic pigment content and chlorophyll a fluorescence were investigated. As suspected,
the content of chlorophyll a, b, a + b and carotenoids decreased in infected leaves compared to control
at 48 and 72 hpi, but no significant differences between the content of any investigated photosynthetic
pigments in the control and infected leaves were observed at 24 hpi (Figure 9).

The analysis of chlorophyll a fluorescence quenching revealed that the steady-state photosystem
II (PSII) quantum yield (Fv/Fm_Lss) and the empiric parameter used to assess plant vitality (Rdf)
significantly decreased in infected B. oleracea leaves in a time-dependent manner (Figure 10, Table S6).
The significant decrease of variable fluorescence photochemical quenching (qP), PSII open centers
fraction (qL), and PSII efficiency factor (Fq/Fv) in light adaptation periods and steady-state light
during infection indicated partial blocking of electron transport to PSII reaction centers (Figure 10).
The temporary increase in the value of non-photochemical quenching (NPQ) in infected leaves at
48 hpi was only visible during one of the dark relaxation periods (NPQ_D3). In turn, NPQ in light
adaptation periods (NPQ_L1-L3) showed a significant decrease in infected leaves compared to the
control at 24 hpi and 48 hpi (Figure 10, Table S6). Despite this, the maximum quantum yield of PSII
significantly decreased in infected B. oleracea leaves compared to the control at 48 hpi, as evidenced by
the values of QY_max and QY_Lss (Figure 10).
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Figure 9. Time-course analysis of photosynthetic pigment content. The means ± SE were obtained
in 3 independent experiments (n = 3). Asterisks indicate significant differences between control and
infection at each time point according to the Duncan test (* p < 0.05).

Figure 10. Analysis of chlorophyll a fluorescence parameters in B. oleracea leaves infected with
A. brassicicola at 48 hpi. Values are the means obtained in 3 independent experiments (n = 3; detailed
analysis is available in Table S6).
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4. Discussion

Infections caused by necrotrophic fungi in host plants during susceptible interactions are related
to unrestricted cell death visible as spreading lesions, the appearance of which is strictly correlated to a
fungal infection cycle and the production of a wide set of virulence factors [37,38]. The cabbage cultivar
‘Glory of Enkhuizen’ used in the presented study has been considered to be susceptible to A. brassicicola
infection under laboratory conditions and moderately resistant in the field [3]. Macroscopically visible
necrotic lesions on leaves during A. brassicicola infection spread gradually from small brown spots at
24 hpi to larger necroses surrounded by a chlorotic area in a leaf position-dependent manner similarly
as described for other Brassicas [3,9,39].

4.1. Timing of A. brassicicola Infection Cycle Depends on the Host Leaf Surface

In our study, the A. brassicicola infection cycle was delayed on the second leaf of ‘Glory of
Enkhuizen’ compared to the susceptible white, red and Savoy cabbage cultivars infected with the same
strain. The fungal germination began about 2 h later than on the white cabbage cultivar ‘Stone Head’;
however, the appearance of the first appressoria at 8 hpi was in accordance with the previous study [11].
The delayed germination of A. brassicicola conidia may be related to the thicker wax layer on the ‘Glory
of Enkhuizen’ leaf surface that might have caused difficulties in conidial adherence to the leaf surface
and/or a delayed recognition of the host surface signals by the conidia [40–42]. Following germination,
the fungus penetrated host epidermal cells through appressoria, stomata or directly without any
preferential mode of penetration, but, on other susceptible cabbage cultivars, A. brassicicola penetrated
the leaf surface mainly through appressoria and rarely through stomata [11]. Nowakowska et al. [3]
have claimed that the cabbage cultivars were penetrated mainly directly and through appressoria,
and only rarely through stomata or without any preferential mode of penetration independently of
a cultivar.

4.2. Host Cells Respond Differentially to Penetration

Using a SEM, we found that the fungus attempts to penetrate leaf surface, regardless of the
mode of penetration, were accompanied by a bright ‘halo’ formation as early as 12 hpi (Figure 3a and
Figure S3), indicating that, at first, the host cell reaction to penetration was defensive. Such clear ‘halos’
around penetration sites have been observed during a resistant interaction of a biotrophic fungus
Blumeria graminis f. sp. tritici on a wheat cultivar carrying effective resistance genes and also on a
susceptible one, using cryoscanning electron microscopy [43]. Possibly, these ‘halos’ were described
as papillae formed around penetration sites of A. brassicicola on the leaves of both susceptible and
moderately resistant cabbage cultivars after double staining with trypan blue and aniline blue using
confocal laser scanning microscopy [3]. The biochemical analysis revealed that the ‘halo’ contains
callose, phenolic compounds and an elevated level of calcium ions [43]. The ‘halo’ phenomenon
indicates that the host cells are trying to combat fungal invasion at this point of the susceptible
interaction and stay alive. It also shows that the A. brassicicola infection cycle probably contains a very
short biotrophic phase, although there is a general agreement that a necrotrophic fungus first kills a
host cell by secreting toxins, and then invades it. Interestingly, it has been postulated that another
necrotrophic fungus, B. cinerea, should be considered as a hemibiotroph having a short biotrophic
phase. Botrytis cinerea suppresses early host defense reactions by the secretion of small RNAs (sRNAs),
thus leading to the silencing of host genes, but, to achieve this, the host cell must be alive [44]. It has
been also shown that during invasion and the establishment of a necrotrophic interaction, B. cinerea
‘sacrifices’ many of its invading hyphae by subjecting them to cell death induced by plant-secreted cell
death inducing factors, to get a chance to release fungal cell death inducing factors by the surviving
hyphae into plant cells [45]. It could also be a mechanism used by A. brassicicola and an explanation for
the presence of hyphae with deteriorating protoplasts (Figure S5e).
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At later stages of an A. brassicicola infection (from 12–16 hpi), the successful penetration sites
appeared on SEM images as electron-dense collapsed epidermal cells (Figure 3b) or brownish possibly
dead cells under bright field light microscopy (Figure S2), which have been previously described
during A. brassicicola infection [11]. Brownish cells are also frequently found at penetration sites of
other necrotrophic as well as biotrophic fungi [46]. Browning of successfully infected epidermal cells
may have been caused by the activation of peroxidases and phenolics within the cell wall and/or a
production of ROS by dying host cells, indicating the suppression of host cell defense reactions and a
highly susceptible response at this stage of infection [11,22,47,48].

4.3. A. brassicicola Colony Formation Is Triggered by Successful Penetration

Successful penetration of the susceptible host epidermal cells by A. brassicicola was a signal
triggering colony formation at inoculation sites. Connections between different regions of an expending
mycelial network were established via CATs and anastomoses (Figure 4). Their formation is a typical
feature of many filamentous fungi [49,50], but these phenomena are mostly described when fungi grow
in media rather than in planta during infection. CATs are usually formed during the initiation of a colony,
and facilitate the transport of water and nutrients as well as horizontal gene transfer [51,52]. Similarly
to CATs, the formation of fusions between hyphae (anastomoses), originating from the same or different
conidia allows them a proper distribution of nutrients, transduction of chemical signals, and even exchange
of genetic material [53]. Moreover, anastomosis formation is a prerequisite for A. brassicicola virulence,
as indicated by the development of an A. brassicicola aso1 mutant that is unable to form anastomoses,
and, when tested in planta, appears to be unable to spread beyond the inoculation site [54].

4.4. Changes in Host Cell Ultrastructure and Transcriptome Reprogramming

The appearance of necrotic spots indicated successful invasion and colonization of the host
tissues by A. brassicicola, although host cells were differentially affected within the inoculation site
depending on the distance from the invading hyphae, as evidenced by the gradual degradation of
organelles. Similar individual changes in the ultrastructure of infected plant host cells, such as cell
lysis, disintegration of the nuclei and chloroplasts, or the presence of osmiophilic granules have been
observed in other pathosystems during infection with viruses, bacteria, and fungi [55–58]. It has to be
mentioned that rounded chloroplasts were also observed in B. juncea cells in response to A. brassicicola
infection, although the cup-shaped thylakoid system was not found [9]. Changes of chloroplast shape
and location of thylakoids could be related to cell lysis and, as a consequence, changes of osmotic
pressure of stroma could have occurred. However, the underlying processes behind chloroplast
degradation during infection are complex and require further extensive investigation. In the case of
infected B. oleracea mesophyll cells, changes of organelle ultrastructure could be a result of the action
of toxins and secondary metabolites secreted by A. brassicicola [16] and general reprogramming of
the host transcriptome and metabolome in response to the infection [59,60]. Alternaria species secrete
various non-host-(nHSTs) and host-selective toxins (HSTs) which are responsible for the degradation
of different organelles within an infected cell in over 200 plant species. For example, Alternaria alternata
pathotypes produce different HSTs depending on the plant species, such as the AM-toxin that degrades
the plasma membrane and chloroplasts in apple; the ACR-toxin that causes damage of the mitochondria
in lemon; the AK-toxin, AF-toxin and ACT-toxin that target the plasma membrane in susceptible
cultivars of Japanese pear, strawberry and tangerine, respectively [61–63]. However, a possible
effect of identified A. brassicicola secreted compounds during infection on plant cell structures or
their influence on the host transcriptome has not been described yet. It has to be emphasized that
visualized differential B. oleracea cell responses to A. brassicicola infection, from defensive to highly
susceptible, were confirmed by our microarray results (Table S4), and were also concordant with the
previous studies on plant gene expression during infection of susceptible B. oleracea and B. napus with
A. brassicicola [64,65]. The most upregulated categories revealed in the analysis of Gene Ontology of
Biological Processes were aging, the detection of ethylene stimulus, thiamine biosynthetic processes,
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cell wall macromolecule catabolic processes and defense response to fungus. Additionally, analysis of
stress-related genes revealed upregulation of the individual genes associated with hormone metabolism
(brassinosteroids, ethylene and salicylic acid biosynthesis), peroxidases, glutathione S-transferases
and secondary metabolism connected to flavonoid biosynthesis (Table S4). Many of these genes
have been previously described as important factors in general plant cell response to biotic stress
and identified in transcriptome profile analyses of other susceptible hosts infected with Alternaria
species [66,67]. Some of these genes undoubtedly are characteristic for the B. oleracea response to
infection by A. brassicicola [59,64], albeit confirmation of their roles requires further investigations
based on comparative transcriptomics and proteomic and metabolomic approaches. It has to be
emphasized that the up- and downregulation of the host genes in response to A. brassicicola revealed
in our microarray analysis is concordant with a general scheme of transcriptomics response of a
host to necrotrophic pathogens. Perception of necrotrophic fungi activates hormone-dependent
and hormone-independent signaling pathways [68]. In resistant interactions, a hormone-dependent
response to necrotrophs is mainly based on induction of genes associated with JA and ET-dependent
signaling pathways to restrict pathogen spread. In susceptible interactions, genes involved in abscisic
acid (ABA), brassinosteroid (BR) and auxin-dependent signaling are also often induced [67,69,70].
Regardless of the mode of interaction, hormone-independent signaling is mediated by induction
of genes involved in biosynthesis of phytoalexins and pathogenesis-related proteins (PR) [68]. If a
pathogen is unable to detoxify host-specific phytoalexins, they often restrict its growth as in the case
of Arabidopsis and A. brassicicola interaction [23]. In addition, PR proteins are plant species-specific
and play important roles in a pathogen recognition processes by a host as well as a host defense
response. Transcriptomics analysis of tomato genotypes contrasting in response to A. solani infection
revealed differential expression of PR protein-encoding genes. In resistant tomato genotype, the most
of identified PR genes was extremely upregulated, whereas, in a susceptible genotype, the majority of
these genes was downregulated [66].

4.5. Defense-Related Genes Are Activated Also in Susceptible Interaction

The upregulation of several stress-related genes involved in the defense response to fungus in the
examined susceptible cultivar of B. oleracea even at 48 hpi, when necrotic lesions were fully developed,
indicates that some of the host cells still attempted to combat the invasion of the fungus. The fungal
hyphae spreading beyond inoculation site, even at a later stage of infection, apparently induced
host defense response through PTI (pattern-triggered immunity) [59]. Probably, the perception of
DAMP (damage-associated molecular pattern, e.g., products of the A. brassicicola cell wall degrading
enzymes or plant secreted peptides) or PAMP (pathogen-associated molecular pattern, e.g., chitin)
through a PRR (pattern recognition receptor) triggered the PTI-associated signaling cascade (albeit
transcription of MEK1 was negatively regulated) and activated WRKY33 in infected B. oleracea cells,
similarly to the situation observed in Arabidopsis during fungal infection [71]. Interestingly, the only
upregulated gene encoding PRR in our microarray analysis was RLK7 (Table S4). RLK7 belongs to
the category XI of RLKs and acts as a receptor for PIP1 secreted peptide. Elevated expression of
PIP1 has been described in Arabidopsis guard cells during Pseudomonas-induced PTI, and thus the
peptide plays a role in stomatal immunity [72]. Moreover, RLK7 also contributes to Arabidopsis
resistance to B. cinerea [73] and Phytium irregulare [74]. However, LYK5, the other gene encoding RLK,
which is an important receptor engaged in chitin perception in Arabidopsis [75], was downregulated.
The upregulated genes involved in defense signaling such as WRKY33 [76] and PDF1.2 [77] have been
identified in A. thaliana signaling pathways and are required for signaling resistance to necrotrophic
fungi A. brassicicola and B. cinerea. In Arabidopsis, WRKY33 transcription factor is responsible for
the activation of camalexin biosynthesis [78], which efficiently inhibits development of necrotrophic
fungi. Possibly, WRKY33 activates de novo biosynthesis of B. oleracea fungus-induced phytoalexins,
such as brassinin, which can be metabolized by A. brassicicola, and thus the fungus suppresses
the first line of host defense [79]. Subsequently, JA-dependent signaling, which is characteristic
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for host cells infected by fungal necrotrophs, activates transcription of JA-responsive defense genes
encoding PR (pathogenesis-related) proteins such as PDF1.2 involved in resistance against B. cinerea [80]
and A. brassicicola [23]. However, the downregulation of LOX2 chloroplast lipooxygenase required
for JA accumulation may be also responsible for the impaired defense of the host and, in turn,
salicylic acid-dependent genes become activated, which promote host cell death [81]. Moreover, local
fortification of the host cell walls microscopically observed within inoculation site in our study was
reflected in the upregulation of several stress-responsive cell wall and secondary metabolism-related
genes, such as FAH1 involved in lignin biosynthesis and an important component of A. thaliana
resistance mechanism to B. cinerea [82] and CCoAMT, which is involved in the biosynthesis of cell
wall-bound phenolics and lignin [83]. The strengthening of host cell walls through lignin biosynthesis
and its deposition at a pathogen entry site also constitutes the first line of the host defense reaction
in order to slow down or restrict pathogen development, especially as lignin is not metabolized
by most pathogens [84,85]. Thus, even successful invasion of host tissues within inoculation sites
does not signify that every single host cell immediately surrenders to a fungal invader. However,
downregulation of numerous stress-related genes found in our study indicates that A. brassicicola
effectively overcomes the host arsenal of defenses (Table S4). Although it has been reported that
A. brassicicola secretes phytotoxin brassicicolin A, histone deacetylase inhibitor depudicin, siderophore
N,N-dimethylcoproge [15,17], a proteinaceous host-specific toxin—AB-toxin [86,87] and many low
molecular weight secondary metabolites e.g., brassicenes A to F [88], there is not yet any known
putative A. brassicicola effector(s) targeting also still unknown Brassica receptor(s) and triggering ETS
(effector-triggered susceptibility) or ETI (effector-triggered immunity), albeit many research groups all
over the world work on A. brassicicola pathogenicity factors [16].

4.6. Downregulation of Photosynthesis Is Probably Not Only a Part of Susceptible Interaction

Furthermore, we have focused on changes in the ultrastructure of chloroplasts in infected
mesophyll cells, mostly due to the observed clear stages of their degradation (Figure 6) and the fact that
analysis of our microarray data pointed out photosynthesis as the most negatively regulated process
during infection of B. oleracea leaves with A. brassicicola (Table S3). Chloroplasts are energy and carbon
source organelles, and play an important role in plant immunity as a compartment for ROS generation
and the production of phytohormones, secondary metabolites, and their precursors [89]. As sensors of
environmental changes, chloroplasts can shape nuclear gene expression and activate defense responses
through redox flux [90]. Moreover, many pathogen-derived effectors target chloroplast-localized
proteins, including components of the photosynthetic electron transport chain [91]. Therefore, changes
in chloroplast ultrastructure are often used as good indicators of biotic/abiotic stress [92].

Gradual degradation of the chloroplast membrane system, such as widening of the thylakoid
lumens and the disappearance of grana observed in infected B. oleracea leaves, indicated the suppression
of photosynthesis light reactions and potential damage of light harvesting complexes and reaction
centers. As a result, chlorophyll and carotenoid content and photosynthesis efficiency at a physiological
level were decreased. Ultrastructural changes of the stroma, from its swelling to disintegration,
suggested downregulation of the photosynthesis dark reaction and a decrease of carotenoid content.
In severely degraded cells, the thylakoid system was still to some extent preserved, whereas the
chloroplast envelope and stroma were totally disintegrated (Figure 6f). The observed changes in the
chloroplast ultrastructure were associated with changes in the expression of photosynthesis-related
genes and the physiological response of the host cells. Early downregulation of photosynthesis-related
genes could be a result of the host cell defense strategy related to the shift from photosynthesis to
non-assimilatory metabolism, as observed during plant infection by various pathogens, or an effect
of action of an unknown A. brassicicola-secreted effector protein [93]. At later stages of infection
(24 and 48 hpi), more genes involved in light reactions were downregulated. Fluorescence decline ratio
in steady-state (Rfd) and a significant decrease in steady-state PSII quantum yield (Fv/FmLss) in infected
B. oleracea leaves indicate inhibition of electron transport in light-dependent reactions. Confirmation of
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this was the decrease in the value of Fq/Fv, qL, as well as the qP parameter, which describes the level
of energy transferred to the reaction centers and informs about the proportion of open PSII reaction
centers (Figure 10) [94,95]. The reduction of photosynthesis, determined by a decrease in the effective
quantum yield of PSII, has been previously observed in the interaction of B. juncea–A. brassicicola [9]
and in other plants infected with necrotrophic fungi [96,97]. In addition, in wheat plants infected with
Bipolaris sorokiniana, a decrease in Fv/Fm correlating with the loss of chlorophyll has been noted [98].

In severe stress caused by A. alternata in rice, a decrease in the electron transport rate was correlated
with an increase in non-photochemical quenching (NPQ) [99]. An early increase in NPQ took place
following a decline in photosynthetic electron transport activity. A similar PSII response was also
observed in plants infected with viruses, e.g., Pepper mild mottle virus (PMMoV) infecting pepper
leaves [100]. However, such an increase can be the result of both: protective processes of PSII and
damage to the photosystem [84]. In infected B. oleracea leaves, we generally observed a decrease in
NPQ (Figure 10), which indicates a reduction in the dissipation efficiency of excess excitation energy
as heat. However, it should be mentioned that not all processes associated with non-photochemical
quenching lead to an increase in NPQ [101]. The decrease in NPQ in infected B. oleracea leaves may be
due to reduced light absorption, e.g., as a result of the destruction of chloroplasts and a decrease in
chlorophyll content (Figure 9), rather than a lack of thermal dissipation. In addition, in other plants
(i.e., rice, tomato) exposed to necrotrophic fungi, a significant decrease in NPQ was observed both in the
necrotic zone and in adjacent areas of the leaf blade, without significantly reducing the photosynthesis
efficiency (measured as Fv/Fm) [97,102].

In the case of progressive degradation of chloroplasts at the inoculation site, it is difficult to expect
discrete changes in the photosynthesis light reactions. Therefore, the significant decrease in the values
of chlorophyll a fluorescence quenching parameters is not surprising. However, a slight decrease in
QY_max and QY_Lss (Figure 10) suggests that the destruction of the photosynthetic apparatus did
not completely block the electron transfer in PSII in the analyzed leaf area. It is probable that the
chloroplasts of cells that have not been invaded by the fungus allow photochemical reactions to occur,
although it is known that even Alternaria spp. metabolites alone can cause a reduction or complete
inhibition of the electron transport chain from QA to QB [103,104]. This is due to competition between
the toxin and QB for a binding site in the D1 protein on the thylakoid PSII membrane. In general,
the photosynthetic yield of plants infected with necrotrophic fungi presents complex spatial and
temporal patterns, depending on the degree of colonization the individual regions of a leaf blade by
the pathogen [105].

5. Conclusions

Our results show that initial stages of a susceptible interaction between B. oleracea and A. brassicicola
are complex, not uniform within an inoculation site, and host cell defenses are still active even at later
stages of infection (48 hpi). Analysis of the microarray data suggested the possible involvement of
putative genes encoding LRR receptor-like kinases in PTI in this pathosystem. Ultrastructural, molecular,
and physiological analysis of infected leaves revealed photosynthesis as the most downregulated
process from the onset of the infection. This finding should be taken into consideration in further
research and work on a strategy for the management of black spot disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/10/2329/s1,
Figure S1: Leaf position-dependent necrosis formation on B. oleracea leaves during A. brassicicola infection, Figure S2:
Bright field light microscopy images depicting germination and development of A. brassicicola on B. oleracea leaf
surface, Figure S3: Scanning electron microscopy (SEM) images depicting formation of A. brassicicola mycelium on
abaxial side of B. oleracea leaf, Figure S4: Selected light microscopy images taken from semi-thin sections of control
and infected B. oleracea leaves, Figure S5: Transmission electron microscopy micrographs depicting ultrastructural
details of A. brassicicola hyphae growing inside the host leaf mesophyll, Table S1: Statistical analysis of microarray
data, Table S2: Gene Ontology of Biological Processes at 48 hpi significant with FDR<0.1 expressed in B. oleracea
during A. brassicicola infection, Table S3: Gene Ontology enrichment analysis, Table S4: Microarray-based analysis
of stress-related genes significantly expressed during B. oleracea infection by A. brassicicola at 48 hpi (MapMan
analysis), Table S5: Microarray-based analysis of photosynthesis-related B. oleracea genes differentially expressed
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during A. brassicicola infection (MapMan analysis), Table S6: Detailed statistical analysis of measured and calculated
chlorophyll a fluorescence parameters in B. oleracea leaves infected with A. brassicicola. The microarray gene
expression data generated during the current study is available in the Gene Expression Omnibus (GEO) repository
under experiment number GSE155051 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155051).
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Abstract: It is estimated that the genus Synechococcus is responsible for about 17% of net primary
production in the Global Ocean. Blooms of these organisms are observed in tropical, subtropical
and even temperate zones, and they have been recorded recently even beyond the polar circle.
The long-term scenarios forecast a growing expansion of Synechococcus sp. and its area of dominance.
This is, among others, due to their high physiological plasticity in relation to changing environmental
conditions. Three phenotypes of the genus Synechococcus sp. (Type 1, Type 2, and Type 3a) were tested
in controlled laboratory conditions in order to identify their response to various irradiance (10, 55,
100 and 145 μmol photons m−2 s−1) and temperature (15, 22.5 and 30 ◦C) conditions. The highest total
pigment content per cell was recorded at 10 μmol photons m−2 s−1 at all temperature variants with the
clear dominance of phycobilins among all the pigments. In almost every variant the highest growth
rate was recorded for the Type 1. The lowest growth rates were observed, in general, for the Type 3a.
However, it was recognized to be less temperature sensitive in comparison to the other two types
and rather light-driven with the highest plasticity and adaptation potential. The highest amounts
of carotenoids were produced by Type 2 which also showed signs of the cell stress even around
55 μmol photons m−2 s−1 at 15 ◦C and 22.5 ◦C. This may imply that the Type 2 is the most susceptible
to higher irradiances. Picocyanobacteria Synechococcus sp. require less light intensity to achieve the
maximum rate of photosynthesis than larger algae. They also tolerate a wide range of temperatures
which combined together make them gain a powerful competitive advantage. Our results will
provide key information for the ecohydrodynamical model development. Thus, this work would be
an important link in forecasting future changes in the occurrence of these organisms in the context of
global warming.

Keywords: abiotic stressors; environmental stress; growth; light intensity; photosynthetic pigments;
picocyanobacteria; plant physiology

1. Introduction

The discovery of autotrophic picoplankton in the late 1970s [1,2] has contributed to numerous
scientific studies on these organisms and demonstrated their significant role as a missing link in the
carbon cycle and a major producer in oceanic waters [3]. Many researchers proved that picoplankton
also plays an important role in more productive waters, often exceeding the abundance and biomass of
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other phytoplankton species [4]. The genus Synechococcus is a polyphyletic group of picoplanktonic
cyanobacteria that constitutes one of the major contributors to oceanic primary production [5,6] and
is a key worldwide distributed component of marine planktonic communities [7]. It is estimated
that for about 17% of net primary production in the Global Ocean is responsible solely the genus
Synechococcus [8]. Blooms of these organisms are observed in tropical, subtropical and even temperate
zones [9]. The present global warming causes temperature rise which was recognized as a main cause
of the massive shift of species northwards [10]. Furthermore, Synechococcus has been recorded far
beyond the polar circle, e.g., dragged with a strong Atlantic inflow in 2014, as far as 82.5◦ N [11].
In the future ocean scenarios, a growing expansion of Synechococcus sp. and its area of dominance is
forecasted [8,12]. A significant increase in the frequency of their blooms has already been detected [9].
This is, among others, due to their high physiological plasticity in relation to changing environmental
conditions [13]. Organisms from the genus Synechococcus are represented by three phenotypes that
complement each other and fill tightly the ecological niche due to varying photosynthetic pigment
profiles and high chromatic adaptation potential.

The photosynthetic pigment observed in cells of picoplanktonic cyanobacteria is chlorophyll a
(Chl a), carotenoid (Car) pigments, and phycobiliproteins (Phyco) [14]. Chl a is the most important
pigment because it controls photosynthesis and this transformation of the absorbed energy from sunlight
into chemical compounds determines the biomass growth rates [14]. The most dominant Car pigment is
zeaxanthin (Zea), representing 40% to 80%. The presence of cell-specific Zea content in Synechococcus sp.
and high Zea/Chl a ratios may be regarded as a diagnostic feature [15]. Besides Zea, β-carotene (β-Car)
is also present among Car pigments [16]. Car pigments play an important photoprotective role against
damage to the photosystem [17]. Furthermore, cells of picocyanobacteria contain accessory phycobilin
pigments instead of the additional chlorophylls that are common among other phytoplankton organisms.
There are three types of Phyco containing: phycoerythrin (PE), phycocyanin (PC), and allophycocyanin
(APC), which absorb green, yellow-orange, and red light, respectively [18]. In cyanobacterial cells,
Phyco are organized into aggregates consisting of many subunits called phycobilisomes, which are
connected in regular rows to the surface of thylakoid membranes. The main component of the core
complex is APC while PE is located in the peripheral parts of these formations [19]. Phyco absorb light
in the 500−650 nm range and provide additional energy to photosynthetic centers. The transfer process
is highly efficient and reaches 80−90% of the energy absorbed by phycobilin pigments. Their role is
vital, especially in case of any light shortages to maintain high photosynthesis rate which guarantees
cyanobacteria competitive advantage in low-light conditions. The red PE absorbs the blue-green light
that penetrates the deepest into the water column. It enables conducting photosynthesis even at the
bottom of the euphotic zone. The deeper live an organism, the more PE it contains and the higher is
the PE to Chl a pigment ratio. In the cells of cyanobacteria living in the upper layers of the ocean the
dominant pigments are the blue PC and APC [19].

The distinction between the three main identified phenotypes of the genus Synechococcus is
based on the phycobilin pigments composition [20,21]. Six et al. [22] in their research presented a
classification that divides marine Synechococcus to Type 1, Type 2, and Type 3. Organisms with the
dominance of PC were classified as Type 1. Type 2 incorporates phenotypes with a dominance of
PE, more specifically PEI, while Type 3 consists of organisms in which PC, as well as PEI and PEII,
dominates in phycobilisomes. Furthermore, Six et al., [22] divided Type 3 into four subcategories from a
to d, according to the increasing phycoerythrobilin (PEB) and phycocyanobilin (PCB) ratios. Organisms
with high levels of PE are found mainly in oligotrophic oceans, while green (PC-rich) phenotypes
prefer turbid freshwater [23,24]. In general, picocyanobacteria prefer lower irradiance intensity to
reach the maximum rate of photosynthesis than larger algae [25]. Furthermore, studies have shown
that the reduction of radiation intensity does not change the efficiency of carbon incorporation during
photosynthesis, as is the case with larger plant organisms that exceed 3 μm. Marine Synechococcus sp. is
able to saturate photosynthesis and growth rates at very low radiation [26]. Under culture conditions,
some strains of picoplankton have shown the ability to survive and grow again after periods of total
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darkness [27,28]. Platt et al. [29] observed photosynthetic picoplankton at a depth of 1000 m in the
depths of the eastern Pacific Ocean and Cai et al. [30] confirmed the presence of small populations
of Synechococcus sp. in the Chesapeake Bay during winter months. Furthermore, Ernst [31] isolated
Synechocystis sp. (Maple BO 8402) from the Lake Constance with a different type of pigmentation
than any described so far. This strain contained Phyco similar to the PC, characterized by very strong
red fluorescence occurring after stimulation of the cells with wavelengths of 600 nm but also with
wavelengths of 436 and 546 nm [32]. Most cyanobacteria, especially those living all year round in
coastal ocean waters, contain PE [23,33,34].

The main aim of this study was to determine the acclimatization capacity of three Baltic phenotypes
of Synechococcus sp.: Type 1, Type 2, Type 3a. Furthermore, the study focused on the effect of
irradiance, temperature, and their mutual interactions on the content and proportions of cell-specific
photosynthetic pigments of the examined cyanobacterial phenotypes. The cell-specific Chl a and
Car content was determined by the HPLC method, whereas the content of Phyco was determined
by the spectrophotometric method. The detailed characterization of the quantitative and qualitative
composition of pigments is important to determine the level of acclimatization of the examined
phenotypes of cyanobacteria to specific environmental conditions. The knowledge of biology and
especially the physiology of these organisms by capturing their reactions to various environmental
factors is important for forecasting the possible expansion of these organisms.

2. Results

2.1. The Cell Concentration and the Growth Rate of Three Synechococcus sp. Phenotypes under Different
Culture Conditions

In this study, the concentration of picocyanobacterial cells as well as the growth rate under
different irradiance and temperature conditions were determined for the three studied phenotypes of
Synechococcus sp. (Type 1, Type 2, and Type 3a). In general, factorial tests showed that both irradiance
and temperature significantly affected the number of cells of three Synechococcus sp. phenotypes
(ANOVA, p < 0.001, p < 0.01, p < 0.01, for Type 1, Type 2, and Type 3a, respectively; Table S1). Moreover,
ANOVA results indicated that for each picocyanobacteria phenotype the effect of temperature on the
culture concentration was higher than the influence of irradiance and the interaction of both factors
(Table S1). The highest picocyanobacterial cell numbers (59.5 × 107 and 60.2 × 107 cell mL−1) was noted
for Synechococcus sp. Type 1 at 10 μmol photons m−2 s−1 and 55 μmol photons m−2 s−1, respectively
and 30 ◦C (Figure 1Aa), and it was about 4-fold higher that the minimum values observed in 15 ◦C and
145 μmol photons m−2 s−1 (15.2 × 107 cell mL−1). For Synechococcus sp. Type 2 (Figure 1Ba) and Type 3a
(Figure 1Ca) the maximum cell concentration were recorded at the temperature of 22.5 ◦C and 30 ◦C,
respectively. Moreover, the highest picocyanobacterial cell numbers for Type 2 was found at irradiance
55 μmol photons m−2 s−1 (49.4 × 107 cell mL−1), whereas for Type 3a at 10 μmol photons m−2 s−1

(25.8 × 107 cell mL−1). For both phenotypes, similar to Type 1, the minimum number of cells were
obtained at 15 ◦C and 145 μmol photons m−2 s−1 (about 9.7 × 107 and 6.5 × 107 cell mL−1, respectively).

It was found that analyzed phenotypes of Synechococcus sp. showed different growth rates (μ)
under different temperature and light conditions. For Synechococcus sp. Type 1, Type 2, and Type 3a
the highest growth rate was recorded at the highest temperature (30 ◦C). Moreover, the highest growth
rate for Type 1 (Figure 1Ab) and Type 2 (Figure 1Bb) was noted at 55 μmol photons m−2 s−1 (0.457,
0.443, respectively) whereas for Type 3a at 10 μmol photons m−2 s−1 (0.396; Figure 1Cb). On the other
hand, for Type 1, Type 2, and Type 3a, the shortest growth rate (0.359, 0.327, 0.298, respectively) was
obtained at 15 ◦C and 145 μmol photons m−2 s−1.
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Figure 1. Changes in the number of cells (N × 107 mL−1; a) and the growth rate (μ; b) obtained after
14 days of experiment for three phenotypes of Synechococcus sp.: Type 1 (A), Type 2 (B), Type 3a (C)
under different irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

2.2. The Total Pigments Content for Three Phenotypes of the Genus Synechococcus

The acclimation mechanisms of three Synechococcus sp. phenotypes was characterized
by the concentration of changes in composition and proportion of photosynthetic pigments
i.e., chlorophyll a (Chl a), zeaxanthin (Zea), β-carotene (β-Car), phycoerythrin (PE), phycocyanin
(PC), and allophycocyanin (APC) under different light (μmol photons m−2 s−1) and temperature
(◦C) conditions. In this work, the composition and proportions of Chl a and Car pigments (Zea and
β-Car) of three Synechococcus sp. phenotypes were determined by HPLC method, while the content of
phycobilins (Phyco) were determined by spectrophotometric method.

Both light and temperature significantly affected the cell-specific Chl a content of Synechococcus sp.
Type 1, Type 2, and Type 3a (ANOVA, p < 0.001, for all) and Phyco content (ANOVA, p< 0.001, p < 0.001,
and p < 0.001, for Type 1, Type 2, and Type 3a, respectively). Moreover, these factors significantly
affected the cell-specific Car content of Synechococcus sp. phenotypes (ANOVA, p < 0.001, p < 0.001,
p < 0.001 for Type 1, Type 2, and Type 3a, respectively; Table S2). Generally, ANOVA results indicated
that the effect of irradiance on the Chl a and Phyco concentration for picocyanobacteria phenotypes was
higher than the influence of temperature and the interaction of the two factors (Table S2). In contrast,
the cell-specific Car content of Synechococcus sp. Type 1, Type 2, and Type 3a was more affected by
temperature and the interaction of the two factors than by irradiance (Table S2).

The maximum cell-specific concentration of Chl a (about 8.11 pg·cell−1) was noted for Synechococcus
sp. Type 3a at 10 μmol photons m−2 s−1 light intensity and 15 ◦C, and it was about 5.5 times higher than
the minimum at 145 μmol photons m−2 s−1 and 30 ◦C (Figure 2Ca). For Synechococcus sp. Type 1 and
Type 2 the maximum cell-specific Chl a concentrations (4.51 pg·cell−1 and 4.82 pg·cell−1, respectively)
were recorded at 10 μmol photons m−2 s−1 and 15 ◦C for Type 1 and 30 ◦C for Type 2. On the other
hand, the minimum values for these phenotypes were obtained at 145 μmol photons m−2 s−1 and 30 ◦C
(0.68 pg·cell−1 and 0.67 pg·cell−1, respectively; Figure 2Aa−Ba).

On the basis of the results obtained in this study, it was found that the analyzed phenotypes were
characterized by a similar maximum cell-specific Car content. It was also shown that cell-specific
Car content was the lowest among all analyzed photosynthetic pigments. The total Car content for
Synechococcus sp. Type 1, Type 2, and Type 3a constituted approximately 7%, 11%, and 12% of the sum
of Chl a and Phyco, respectively. It was also found that for Type 2 (Figure 2Bb) and Type 3a (Figure 2Cb)
the maximum cell-specific Car content (2.01 pg·cell−1 and 2.25 pg·cell−1, respectively) were recorded at
190 μmol photons m−2 s−1 and 30 ◦C. By contrast, the minimum values of cell-specific Car content

224



Cells 2020, 9, 2030

were obtained at 100 μmol photons m−2 s−1 and 22.5 ◦C (1.20 pg·cell−1, for Type 2 and 0.60 pg·cell−1,
for Type 3a). On the other hand, for Synechococcus sp. Type 1, the reported maximum value of
cell-specific Car content (1.74 pg·cell−1) at 100 μmol photons m−2 s−1 and 15 ◦C was approximately
4-fold higher compared to the recorded minimum values at 10 μmol photons m−2 s−1 and 30 ◦C
(Figure 2Ab).

It was noted that the total Phyco pigments were always greater than cell-specific Chl a and Car
content of the three examined Synechococcus sp. phenotypes. The study found that the total Phyco
content for Synechococcus sp. Type 1, Type 2, and Type 3a constituted about 80%, 75%, and 65% of the sum
of Chl a and Car, respectively. The highest cell-specific Phyco content was measured in Synechococcus sp.
Type 2 (45.90 pg·cell−1) at 10 μmol photons m−2 s−1 and 30 ◦C (Figure 2Bc) while the minimum values
of these pigments was noted at 55 μmol photons m−2 s−1 and 15 ◦C (2.70 pg·cell−1). The greatest
decrease in the cell-specific Phyco content was noted for Synechococcus sp. Type 1 (Figure 2Ac),
which under minimal conditions (100 μmol photons m−2 s−1 and 15 ◦C) was about 30 times lower than
the recorded under maximum values at 10 μmol photons m−2 s−1 and 30 ◦C (33.56 pg·cell−1). In turn,
Synechococcus sp. Type 3a showed the highest resistance to light and temperature, and its decrease in the
cell-specific Phyco content under minimal conditions (145 μmol photons m−2 s−1 and 15 ◦C) was about
12.7 times lower (2.25 pg·cell−1) than the recorded under maximum values (10 μmol photons m−2 s−1

and 22.5 ◦C; Figure 2Cc).

Figure 2. Changes in content (pg·cell−1) of Chl a (a), sum of total Car (b), and sum of total Phyco (c)
obtained after 14 days of experiment for three phenotypes of Synechococcus sp.: Type 1 (A), Type 2 (B),
Type 3a (C) under different irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

2.3. Effect of Irradiance and Temperature on Phycocyanin, Phycoerythrin, and Allophycocyanin Content

The presence of phycoerythrin (PE), phycocyanin (PC), and allophycocyanin (APC) was
demonstrated for all picocyanobacterial phenotypes by spectrophotometric analysis. It was found
that irradiance and temperature as well as their interaction significantly affected the cell-specific PE
content of Synechococcus sp. (ANOVA, p < 0.001, for Type 1, Type 2, and Type 3a), PC content (ANOVA,
p < 0.001, fot Type 1, p < 0.001, for Type 2, and p < 0.001, for Type 3a) and APC content (ANOVA,
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p < 0.001, p < 0.01, and p < 0.05, for Type 1, Type 2, and Type 3a, respectively; Table S3). ANOVA
indicated that for most of Synechococcus sp. phenotypes, the effect of irradiance on PE was higher
than the effect of temperature. In contrast, the PC and APC content of analyzed phenotypes was more
affected by temperature than by irradiance and by the interaction of both factors (Table S3).

In all the phenotypes, the cell-specific (pg·cell−1) PE, PC, and APC pigment contents were
environmentally driven (Figure 3). The cell-specific PE content increased with decrease of irradiance
and increase of the temperature, reaching the highest values at the intensity of 10 μmol photons m−2 s−1

and temperature 22.5 ◦C (21.16 pg·cell−1 for Type 3a; Figure 3Ca) and 30 ◦C (8.59 pg·cell−1 for
Type 1 and 40.35 pg·cell−1 for Type 2; Figure 3Aa,Ba). Under these conditions, the PE in the
cells of the tested picocyanobacteria increased approximately 20.0-fold, 19.7-fold, and 13.6-fold,
for Type 1, Type 2, and Type 3a, respectively, compared with the observed minimum values at
100–145 μmol photons m−2 s−1 and 15 ◦C.

Figure 3. Changes in content (pg·cell−1) of PE (a), PC (b), and APC (c) obtained after 14 days of
experiment for three phenotypes of Synechococcus sp.: Type 1 (A), Type 2 (B), Type 3a (C) under different
irradiance (μmol photons m−2 s−1) and temperature (◦C) conditions.

On the basis of the conducted analyzes, it was found that the conditions under which the
Synechococcus sp. Type 1 and Type 2 achieved the highest concentrations of the cell-specific PC were
the low light intensity of 10 μmol photons m−2 s−1 and a high temperature of 30 ◦C. On the other
hand, for Type 3a the maximal value of this pigment was noted at 10 μmol photons m−2 s−1 and
15 ◦C. The highest concentration value of PC pigments under optimal conditions was observed for
Synechococcus Type 1 (20.95 pg·cell−1; Figure 3Ab), and the lowest for Synechococcus Type 2 (4.64 pg·cell−1;
Figure 3Bb). The greatest decrease in cell-specific PC (about 64-fold) was noted for Synechococcus
Type 1. However, the least susceptible to analyzed factors was Synechococcus Type 3a, with a 10-fold
decrease in PC pigments (Figure 3Cb).

The highest cell-specific APC content (4.34 pg·cell−1) was recorded for Synechococcus sp. Type 1
in the 55 μmol photons m−2 s−1 and 30 ◦C (Figure 3Ac). For these light and temperature conditions,
over 18-fold increase was observed in relation to the lowest recorded values at 10 μmol photons m−2 s−1
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and 15 ◦C. For Synechococcus sp. Type 2 and Type 3a the maximum cell-specific APC concentrations
(1.09 pg·cell−1 and 1.98 pg·cell−1, respectively) were recorded at 55−100 μmol photons m−2 s−1 and
22.5−30 ◦C. On the other hand, the minimum values for these phenotypes were obtained at 145 μmol
photons m−2 s−1 and 15 ◦C (0.28 pg·cell−1 for Type 2 and 0.44 pg·cell−1, for Type 3a; Figure 3Bc,Cc).

2.4. Effect of Irradiance and Temperature on Zeaxanthin and β-carotene

On the basis of the results, the effect of irradiance and temperature on changes in individual Car
pigments in the cells of the picocyanobacterial phenotypes was determined. In all the Synechococcus
sp. phenotypes, the cell-specific (pg·cell−1) pigment contents were environmentally driven (Figure 4).
In the most of three tested phenotypes, the cell-specific concentrations of Zea (ANOVA, p < 0.001,
p < 0.001, p < 0.001 for Type 1, Type 2, and Type 3a, respectively) and β-Car (ANOVA, p < 0.001, p < 0.01,
p > 0.05 for Type 1, Type 2, and Type 3a, respectively) were affected by irradiance and temperature
(Table S4). ANOVA indicated that in Type 1 and Type 3a, the effect of temperature on Zea was higher
than the effect of irradiance. In contrast, the Zea content of Type 2 was more affected by irradiance than
by temperature and by the interaction of both factors. It was also noted that for all tested phenotypes,
effect of irradiance on β-Car was not statistically significant (Table S4).

Figure 4. Changes in content (pg·cell−1) of Zea (a) and β-Car (b) obtained after 14 days of experiment
for three phenotypes of Synechococcus sp.: Type 1 (A), Type 2 (B), Type 3a (C) under different irradiance
(μmol photons m−2 s−1) and temperature (◦C) conditions.

The highest Zea content for Synechococcus sp. Type 2 and Type 3a (1.85 pg·cell−1 and 2.11 pg·cell−1,
respectively) was noted at 100 μmol photons m−2 s−1 and 30 ◦C while the lowest value of this pigment
were 1.02 pg·cell−1 for Type 2 and 0.53 pg·cell−1 for Type 3a at 55 μmol photons m−2 s−1 and 22.5 ◦C
(Figure 4Ba,Ca). Moreover, the highest value of Zea content for Type 1 was found at irradiance 55 μmol
photons m−2 s−1 and 15 ◦C (1.68 pg cell−1) while the minimum Zea content was obtained at 30 ◦C
and 10 μmol photons m−2 s−1 (0.37 pg·cell−1; Figure 4Aa). The highest values of β-Car in Type 2 and
Type 3a were noted at 55 μmol photons m−2 s−1 and 15 ◦C and 30 ◦C (0.32 pg·cell−1 and 0.40 pg·cell−1,
respectively; Figure 4Bb,Cb). In turn, the lowest content of β-Car being found in Type 1 (0.12 pg·cell−1)
at 145 μmol photons m−2 s−1 and 15 ◦C (Figure 4Ab).

2.5. Effect of Irradiance and Temperature on Pigments Ratios

Light and temperature as well as their interaction were found to significantly affect the Zea/Chl a
ratio only in Synechococcus sp. Type 2 (ANOVA, p < 0.001) and the effect of light was higher than
the effect of temperature and the interaction of both factors (Table S5). On the other hand, irradiance
and temperature as well as their interaction significantly affected the β-Car/Chl a ratio in three
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Synechococcus sp. phenotypes (ANOVA, p < 0.001, p < 0.01, and p < 0.001, for Type 1, Type 2, and Type 3,
respectively). ANOVA indicated that in Type 1 and Type 2, the effect of light on β-Car/Chl a ratio was
higher than the effect of temperature. In contrast, the β-Car/Chl a ratio of Type 3a was more affected by
temperature than by irradiance and by the interaction of both factors (Table S5). The highest values of
Zea/Chl a ratio in Synechococcus sp. Type 2, at the 145 μmol photons m−2 s−1 and the temperature of
30 ◦C (2.3; Figure 5Ba) was about 11 times higher than the lowest values observed at the light intensity
of 10 μmol photons m−2 s−1 and 30 ◦C. In turn, the lowest value of Zea/Chl a ratio was noted in Type 3a
under the same light and temperature conditions (0.8; Figure 5Ca). Besides, the highest β-Car/Chl a ratio
was also observed for Synechococcus sp. Type 2, which at the irradiance of 145 μmol photons m−2 s−1,
and the temperature of 15 ◦C was 0.19 (Figure 5Bb). On the other hand, the lowest pigments ratio was
recorded for Synechococcus sp. Type 3a, which under the same light and temperature conditions was
0.14 (Figure 5Cb).

Figure 5. Changes in Zea/Chl a ratio (a) and β-Car/Chl a ratio (b) obtained after 14 days of experiment
for three phenotypes of Synechococcus sp.: Type 1 (A), Type 2 (B), Type 3a (C) under different irradiance
(μmol photons m−2 s−1) and temperature (◦C) conditions.

Since Phyco pigments participate in the transfer of excitation energy to Chl a in photosystems,
the analysis of changes in these pigments in relation to Chl a and Car was also performed (Table S6).
It was found that irradiance and temperature as well as their interaction significantly affected the
Phyco/Chl a ratio in Synechococcus sp. Type 1, Type 2, and Type 3 (ANOVA, p < 0.001, p < 0.001,
and p < 0.01, respectively) and Phyco/Car ratio (ANOVA, p < 0.001, p < 0.001, and p < 0.001 for
Type 1, Type 2, and Type 3a, respectively). ANOVA indicated that in Type 1 and Type 2, the effect of
temperature on Phyco/Chl a ratio was higher than the effect of irradiance and the interaction of both
factors. In turn, the Phyco/Chl a ratio of Type 3a was more affected by irradiance than by temperature.
For Phyco/Car ratio the effect of temperature for three analyzed phenotypes was higher than the effect
of irradiance and the interaction of both factors (Table S7).

The highest Phyco/Chl a ratio and Phyco/Car ratio were observed for Synechococcus sp. Type 1,
which at the light intensity of 55 μmol photons m−2 s−1 and 10 μmol photons m−2 s−1 and the
temperature of 30 ◦C was 16.5 and 62.5, respectively. Moreover, the highest values of these pigment
ratio in Type 1 was about 33 times and 125 times, respectively higher than the lowest values observed at
the light intensity of 100 μmol photons m−2 s−1 and 15 ◦C. Conversely, for Synechococcus sp. Type 3a the
lowest values of Phyco/Chl a ratio as well as Phyco/Car ratio were found at 10 μmol photons m−2 s−1

and 22.5 ◦C (5.0 and 21.1, respectively) and were about 7 and 21 times higher, respectively, than the
minimums obtained at PAR 100 μmol photons m−2 s−1 and 15 ◦C (Table S6).
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3. Discussion

3.1. Occurrence and Abundance of Picocyanobacteria under Changing Irradiance and Temperature Conditions

Changes in the number of cells of photoautotrophic organisms inhabiting surface waters are
the result of the interaction of several physical and chemical environmental factors [35]. Light and
temperature play a key role in the occurrence of autotrophic picoplankton [32] and are the main
factors causing the appearance of cyanobacteria both at depths and in coastal waters [36,37].
Additionally, light and temperature may be more important abiotic factors influencing the occurrence
of picocyanobacteria than the availability of nutrients [36]. In spring, the number of autotrophic
picoplankton cells begin to increase which is triggered by the temperature increase due to more
intensive insolation of the surface water layers. Their growth reaches its maximum values during
summer [36]. Gławdel et al. [38] showed that in the coastal waters of the southern Baltic Sea during the
summer period, the autotrophic picoplankton, composed mainly of cyanobacteria in the total biomass
exceeded even bacterioplankton. Three phenotypes of picocyanobacteria of the genus Synechococcus
(Type 1, Type 2, and Type 3a) were isolated from the southern Baltic Sea. This area is characterized by
large changes of environmental conditions. Autotrophic organisms living in such a variable ecosystem
show the ability to quickly adapt which is essential for their survival. In this work, the influence of
temperature and PAR irradiance on the autecology of the investigated phenotypes of Synechococcus:
Type 1, Type 2, and Type 3a were demonstrated.

It was found that the increasing intensity of light had a negative effect on the cell concentration of
the three studied phenotypes of Synechococcus sp. The number of picocyanobacteria cells increased as
the PAR irradiance decreased, reaching the maximum value in the range of 10–55 μmol photons m−2 s−1

and the minimum value at 145 μmol photons m−2 s−1. Besides, it was shown that Synechococcus sp.
Type 2 was the most susceptible to high light intensity. Its number of cells was more than 5-fold lower
in high light compared to low light. On the other hand, the cell number decreased about 4-fold in the
high light compared to low light for both Synechococcus sp. Type 1 and Type 3a. Literature data also
indicated that picocyanobacteria of the genus Synechococcus in natural aquatic communities are adapted
to low light and show maximum growth in the deeper layers of the euphotic zone [26,29,33,39,40].
The high abundance of autotrophic picoplankton was recorded even at a depth of 90 m [33]. This may
indicate the ability of these organisms to survive seasonal changes and their fall into the aphotic
zone. Besides, it is considered that Synechococcus sp. found in natural surface water layers may show
photoinhibition of growth under high light [29,39,41] as well as the low rate of photosynthesis in the
surface layer compared to greater depths [33,39]. On the other hand, Śliwińska-Wilczewska et al. [13]
showed that the number of cells of green and brown phenotypes of Synechococcus sp. increased
with the increase in light and was the highest in 280 μmol photons m−2 s−1. Furthermore, Kana and
Glibert [42,43] showed that Synechococcus sp. could occur and grow in the irradiance reaching even
2000 μmol photons m−2 s−1. These studies confirmed that Synechococcus sp. can grow in maximally
coastal waters due to their adaptation to high light intensities. Thus, picocyanobacteria of the genus
Synechococcus can occur both at the near-surface layers and deeper waters. Furthermore, the ability
of Synechococcus to grow in low light intensities and their low photoinhibition in exposure to high
irradiance could give picocyanobacteria an advantage in changeable light-limited waters.

Temperature is also a very important factor controlling picocyanobacteria abundance in aquatic
ecosystems [7,8,37]. Based on the conducted experiments, the influence of increasing temperature
on the number of cells of the studied Synechococcus sp. phenotypes was found. The most favorable
temperature conditions for the growth of Synechococcus sp. Type 1 and Type 2 were at 30 ◦C, while the
highest number of cells for Type 3a was recorded at 22.5 ◦C. The most susceptible to high temperature
was Synechococcus sp. Type 2. Its abundance was more than 5 times higher at 30 ◦C compared to
the abundance recorded at 15 ◦C. On the other hand, for both Synechococcus sp. Type 1 and Type 3a,
the increase in cell numbers along with the increase in temperature was about 4 times greater than that
recorded at the lowest temperature. In laboratory studies, Jodłowska and Śliwińska [44] also found
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that increasing temperatures from 15 ◦C to 30 ◦C increased picocyanobacterial abundances. Similar
observations were made by Śliwińska-Wilczewska et al. [13] who showed that with an increase in
temperature from 10 ◦C to 25 ◦C, the number of cells of the green, red and brown Synechococcus sp.
phenotype. was increased. Picocyanobacteria prefer high temperature for growth and their temperature
optimum is higher than for eukaryotic phytoplankton organisms [37]. Furthermore, Paerl and
Huisman [45] explained that the global temperature rise would stabilize or even inhibit the eukaryotic
phytoplankton while the number of cyanobacteria would increase. Many cyanobacteria species
demonstrate the highest increase in growth at 30−35 ◦C [46]. Noaman et al. [47] also demonstrated that
the optimum temperature for growth of Synechococcus leopoliensis was 35 ◦C. An increase in temperature
causes an increase in the number of picocyanobacteria cells, and their maximum occurrence was in the
summer period when the water temperature is the highest [48]. This relationship is also apparent for
the entire autotrophic picoplankton [49] and was confirmed by numerous studies [36,50,51]. Regarding
climate change, picocyanobacteria of the genus Synechococcus achieves maximal growth rates at high
temperatures and thus can be promoted by future global warming [7,8].

This study also showed that the analyzed phenotypes of Synechococcus sp.: Type 1, Type 2,
and Type 3a has different growth rates. The highest growth rate was recorded for Synechococcus sp.
Type 1. It was related to the smallest size obtained by these picocyanobacteria [44]. On the other hand,
the lowest growth rate was observed for Synechococcus sp. Type 3a. Additionally, it was shown that
this phenotype reached the largest cell size in cultures [44]. The research conducted by Stal et al. [52]
on PE-rich and PC-rich phenotypes of Synechococcus also showed differences in the rate of cell growth
depending on their size and picocyanobacteria with a larger cell size grew slower. Small cell size of
Synechococcus Type 1 resulting in faster nutrient uptake allows picocyanobacteria to compete effectively
with larger phytoplankton organisms in surface waters. On the other hand, increasing the cell volume
of Synechococcus Type 3a may result in better light absorption at greater depths.

3.2. Changes in Pigments Content and Pigment Ratios under Different Irradiance and Temperature Conditions

Cyanobacteria living in coastal waters are often exposed to changes in light and temperature
conditions. These factors influence the content of cyanobacterial photosynthetic pigments in aquatic
ecosystems [53–57]. The factorial experiments performed in this study showed a negative effect of
the increasing intensity of light on the cell-specific Chl a content for the three examined phenotypes
of picocyanobacteria, obtaining the highest content at 10 μmol photons m−2 s−1 and the lowest for
145 μmol photons m−2 s−1. The conducted factorial experiments also showed a statistically significant
influence of temperature on the cell-specific Chl a content for the examined phenotypes. The highest
concentration of this pigment was observed at 30 ◦C for Synechococcus sp. Type 2 and at 15 ◦C for
Synechococcus sp. Type 1 and Type 3a. The greatest decrease in the cell-specific Chl a content was
noted for Synechococcus sp. Type 2, which under minimal conditions was about 7 times lower than the
recorded under maximum values. On the other hand, Synechococcus sp. Type 3a showed the highest
resistance to high values of irradiance, and its decrease in the content of Chl a in cells under minimal
conditions was about 5.5 times higher than the recorded maximum values. Kana and Glibert [43] also
showed that the concentration of this pigment was the highest for Synechococcus cells adapted to low
light. On the other hand, the greatest decrease in Chl a content was recorded in the light greater than
700 μmol photons m−2 s−1 [42]. High content of Chl a in low light may indicate that picocyanobacteria
of the genus Synechococcus may occur in highly shaded waters [52] and even under conditions of
extreme radiation deficiency [58].

High light intensity is an unfavorable environmental factor for many photoautotrophic
organisms [59]. However, cyanobacteria living in an environment with a high light intensity developed
a defense strategy consisting of special pigmentation of the cells [39,60,61]. Convergence between the
accumulation of Car pigments under the influence of high light intensity allows them to be assigned a
protective role. The highest content of Zea and β-Car was recorded for Synechococcus sp. Type 3a. Zea is
an accessory pigment at low light intensities but becomes dominant for cells growing under higher
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ones [16]. Our research showed that for the examined cyanobacteria cells the amount of Zea was much
higher than that of β-Car. The study found that the Zea content for Synechococcus sp. Type 1, Type 2,
and Type 3a was 93%, 89%, and 87% of the sum of Car pigments, respectively. Guillard et al. [62]
observed that Zea may constitute as much as 50−81% of Car pigments for cyanobacteria of the genus
Synechococcus. The high cell-specific Zea content in the Synechococcus sp. is related to the existence of
these organisms in surface sea waters and places of exposure to high levels of solar radiation [62,63].
The cell-specific Car content of the tested picocyanobacteria phenotypes changed significantly in
response to irradiance increase, which suggests that these organisms reorganize their pigments in
order to protect against the unfavorable environmental conditions.

In this study, the factorial experiments carried out showed a negative effect of irradiance on the
cell-specific PE, PC, and APC as well as the total sum of Phyco pigments content for the three studied
phenotypes of the genus Synechococcus. Moreover, it was shown that the cell-specific content of these
pigments increased with increasing temperature for Type 1 and Type 2. In turn, for Type 3a, a negative
effect of increasing temperature on Phyco content was noted. On the basis of the conducted analyzes,
it was found that the conditions under which the examined phenotypes of picocyanobacteria achieved
the highest concentrations of the total sum of cell-specific Phyco content were at low light intensity
of 10 μmol photons m−2 s−1 and high temperatures ranging between 22.5 and 30 ◦C. The greatest
decrease in Phyco pigments (about 30-fold) in cyanobacteria cells under the influence of increasing light
intensity was noted for Synechococcus Type 1. However, the least susceptible to high irradiance was
Synechococcus Type 3a, with a 13-fold decrease in Phyco pigments. Among all Phyco pigments present
in picocyanobacteria cells, the highest content of PE was observed for Synechococcus Type 2, whereas for
Synechococcus Type 1 PC was the dominant pigment. A study by Kana and Glibert [42,43] also showed
that the concentration of PE and PC were dependent on the intensity of light. The concentration of PC
is related to the number of phycobilisomes [42]. The greatest increase of PC in cells was observed in low
light, suggesting a change in phycobilisome numbers in growth-limiting light [42]. Cyanobacteria of
the genus Synechococcus, depending on the light, can change their number and size of phycobilisomes
and this may be associated with acclimatization to different light levels [42]. Photoaclimatization
is visible when there is a reduction in photosynthetic pigments with increasing irradiance [64–66].
Hence, it may be concluded that the studied Synechococcus sp. phenotypes have a high ability to
photoacclimatize to changing environmental conditions.

Based on conducted experiments, the highest Zea/Chl a ratio and β-Car/Chl a ratio was noted for
Synechococcus sp. Type 2. On the other hand, the lowest ratios of the discussed pigments were recorded
for Synechococcus sp. Type 3a. Tang and Vincent [67] showed that the content of Car and Chl a increases
with increasing temperature. However, carotenoids grow more slowly with temperature, therefore
the Car/Chl a ratio decreases with temperature [67]. Most cyanobacteria show photoinhibition at low
temperatures [68], and an increase in the Car/Chl a ratio at low temperature may result in an increase
in photoprotective pigments such as carotenoids [69,70]. Studies have shown that a high Car/Chl a
ratio is characteristic for surface water populations [16]. In addition, Paerl et al. [71] and Paerl [72]
suggested that a high Car/Chl a ratio has a dual role in cells as it maintains high photosynthetic light
absorption capacity and protects cells from photooxidation which may explain why the deeper-living
PE-rich Synechococcus sp. Type 2 had the highest Zea/Chl a ratio and β-Car/Chl a ratio of all studied
phenotypes. This study also showed an increase in the Phyco/Chl a ratio and Phyco/Car ratio in the
cells of the investigated cyanobacterial phenotypes with a decrease of irradiance and an increase of
temperature. It is related to the advantage of Phyco pigments over Chl a and Car pigments for the
tested picocyanobacteria phenotypes at low light intensity. Furthermore, a change in color from green,
red and brown at low irradiances to bright yellow at high light levels was also observed for three
phenotypes of cyanobacteria of the genus Synechococcus (Type 1, Type 2, and type 3a, respectively).
A clear difference in the color of picocyanobacteria was associated with a change of the proportions
between the pigments. At low light intensity, picocyanobacteria phenotypes showed the maximum
content of Phyco and Chl a pigments. At the highest irradiance, the share of the Car pigments,
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mainly Zea, increased significantly in picocyanobacterial cells. Similar tendencies were observed by
Kana and Glibert [16,42] for picocyanobacteria of the genus Synechococcus. Picocyanobacteria can
acclimate to different light intensities by changing the content of pigments, especially Phyco and
Chl a [73–75]. In this work, we observed the effect of light intensity and temperature on the cell-specific
pigment content of all studied picocyanobacterial phenotypes. The concentration of Phyco and Chl a
was the highest for picocyanobacteria cells acclimated to low light and decreased with increasing
irradiance. Inverse relationships were noted for the cell-specific Car content. The high content of Phyco
pigments and Chl a observed in our work indicated that the tested picocyanobacteria phenotypes are
well adapted to low light conditions and high temperatures. Besides, the highest differences in the
Phyco/Chl a ratio and Phyco/Car ratio were observed in Synechococcus sp. Type 1, which may confirm
that this phenotype showed the best photoaclimatization abilities of all analyzed organisms. Because
this PC-rich phenotype occurs in more productive waters [18,34,76], this observation may be important
in the era of climate change and the associated mass occurrence of Synechococcus sp. in many places
around the world [8,9]. It should be emphasized that Flombaum et al. [8] predicted that the number of
Synechococcus sp. cells would increase by 14% at the end of the 21st century.

4. Materials and Methods

4.1. Culture Conditions

Three different phenotypes of picocyanobacteria from the genus Synechococcus were examined:
BA-120 (Type 2), BA-124 (Type 1), and BA-132 (Type 3a). The strains were isolated from the coastal
zone of the Gulf of Gdansk (the southern Baltic Sea) and maintained as unialgal cultures in the Culture
Collection of Baltic Algae (CCBA) at the Institute of Oceanography, University of Gdańsk, Poland.
Cyanobacteria were cultured on the BG-11 mineral medium [77], which was prepared with water from
the Baltic Sea (salinity 8), which was filtered using 0.45 μm filters (Macherey-Nagel MN GF-5, Dueren,
Germany) and autoclaved.

The cultures of cyanobacteria were acclimatized to the new conditions corresponding to the
incubation conditions of the proper culture. After a week, the culture, which was in the logarithmic
growth phase, was used to establish the proper, experimental culture. After the acclimatization time,
proper cultures with known initial cell numbers were prepared. For this purpose, a specific volume
of inoculum was taken from the actively growing acclimatization culture and added to the sterile
media. The optimal number of the initial proper culture was set at 107 cells in 1 mL of the medium.
The inoculum selected in this way allowed for a constant increase in the number of cyanobacterial
cells without inhibiting logarithmic population growth. The incubation of cultures lasted 14 days.
After that time, for three phenotypes of cyanobacteria of the genus Synechococcus the cell concentration,
the growth rate and photosynthetic pigments were determined. Each variant of the experiment was
conducted in three repetitions and the results of the experiments were presented as an average of
three measurements.

The cultures of the examined cyanobacterial strains were carried out in thermostat under the
following temperature conditions (◦C): 15, 22.5, and 30. The effect of PAR irradiance was tested in
photoperiod (16 h of light and 8 h of darkness) at the following values (μmol photons m−2 s−1): 10, 55,
100, and 145. 36 W Philips fluorescent lamps (Philips Lighting, Amsterdam, The Netherlands) were
used as light sources and two additional 120 W halogen lamps by OSRAM (Osram Licht AG, Berlin,
Germany) were used for the highest irradiance (145 μmol photons m−2 s−1). Measurements of PAR
irradiance were made with Li-Cor (Lincoln, NE, USA), model LI-189 with cosine collector.

It is worth mentioning here that a change in the color of the cultures of three phenotypes of
picocyanobacteria Synechococcus sp. under different light was observed. The phenotypes were shown to
be dark green, red and brown at low irradiance (for Type 1, Type 2, and type 3a, respectively), while in
the high light their color turned to bright yellow. It was also shown that the examined phenotypes
showed differences in PAR absorption spectra when exposed to low and high light (Figure 6).
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Figure 6. Left-side panel—photographs of the picocyanobacterial phenotypes in 100 mL glass
Erlenmeyer flasks: Type 1 (A), Type 2 (B), and type 3a (C), obtained from low (left) and high (right) light;
right-side panel—Absorbance spectra measured in the PAR range determined for the picocyanobacterial
phenotypes at an optical density (OD750) = 0.1, obtained from low light (LL) and high light (HL).

4.2. Calculation of Cell Density and Growth Rates

Cell density was calculated using linear regression models based on cell concentration (N mL−1)
and optical density (OD) at 750 nm [44]. Calculation of the cell number was conducted using the
procedure described by Guillard and Sieracki [78], with a light microscope (Nikon Eclipse 80i, Nikon,
Tokyo, Japan) and the Bürker counting chamber. To determine the growth rate of cyanobacteria,
cell counts were conducted in cultures at two-day intervals from inoculation to the 14th day of culture.
Based on these data the parameters characterizing the growth of cyanobacterial cells in the logarithmic
phase: growth rate coefficient and cell doubling time were determined [78].

4.3. Determination of the Chlorophyll and Carotenoids Content

The concentration of photosynthetic pigments of analyzed picocyanobacteria was measured by
the HPLC method. After 14 days of incubation, 40 mL of culture was filtered using 0.45 μm filters
(Macherey-Nagel MN GF-5) to separate the picocyanobacteria cells from the medium. Chl a and Car
were extracted from the picocyanobacteria cells with 90% acetone (V = 5 mL) and sonicated for 2 min.
Then, the test-tube with the extract was held in the dark for 2 h at −80 ◦C. After 2 h, the pigment extract
was centrifuged at 10,000 rpm for 5 min to remove filter particles (Sigma 2-16P, Osterode am Harz,
Germany).

Chromatographic analyses were carried out using HPLC equipment of Waters company (Waters
Chromatography Europe BV, Etten-Leur, The Netherlands) equipped with: Spectro Vision FD-300
fluorescence detector, Waters 486 absorption detector, Pharmacia autosampler LKB 2157, Waters
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Millennium Chromatography software. Measurements of pigment absorption were taken at 440 nm.
Pigment separation was carried out according to a method proposed by Llewellyn and Mantour [79],
with modifications [80] at room temperature on Vydac 201TP (C18) column 250 mm long. As an eluent
A; 0.5 M ammonium acetate/methanol (20/80) was used and as eluent B; acetone/methanol (20/80) was
used. Before injection of pigments extract (40 μL) the column was conditioned using an isocratic flow of
eluents (40% A and 60% B) for 15 min. The analysis was performed at a flow rate of 1.0 mL min−1. Chl a,
Zea, and β-Car standards were used for the qualitative and quantitative determination of pigments
(The International Agency for 14C Determination, VKI, Hørsholm, Denmark). The pigments present in
the cells of cyanobacteria strains of the genus Synechococcus were identified based on retention times
and absorbance spectrum, which were compared with the standards. Calibration curves were plotted
for each standard used to quantify assimilation pigments.

4.4. Determination of the Phycobiliproteins Content

The 40 mL of the test material was filtered through a 0.45 μm filter (Macherey-Nagel MN GF-5)
and stored in −80 ◦C. Reagent for phycobiliprotein extraction contained 0.25 M Trizma Base, 10 mM
binary EDTA and 2 mg mL−1 lysozyme. A pH of 5.5 was obtained by acidifying with concentrated
HCl. The filters were homogenized in 5 mL of reagent, sonicated for 5 min and incubated first in the
dark at 37 ◦C for about 2 h, then at 1.5 ◦C for about 20 h. After this time the pigment extract was
centrifuged in experimental flasks for 10 min, at 10,000 rpm. Absorption measurements in 1 cm glass
cuvettes on Beckman spectrophotometer (Indianapolis, IN, USA), model DU 530, at wavelengths (nm):
565, 620, 650 and 750, were conducted. The pigment contents: PE, PC, and APC were calculated based
on Bennett and Bogorad [81] and Bryant et al. [82].

4.5. Statistical Analyses

To test the influence of a single factor as well as an interplay of factors on studied parameters the
two-way ANOVA was used. Moreover, to determine the significance of treatment levels a post hoc test
(Tukey’s HSD) was conducted. The impact of every environmental agent, as well as an interplay of
factors on studied parameters, were measured using the method of orthogonal polynomial tables as
described by Fisher and Yates [83]. Furthermore, to describe the connection of the factors and studied
parameters regression equations were generated. Data are described as the mean ± standard deviation
(SD). Levels of significance were * p < 0.05, ** p < 0.01, and *** p < 0.001. The statistical analyses were
executed using the Statistica® 13.1 software (StatSoft Polska, Cracow, Poland).

5. Conclusions

In this work, we found that the three analyzed phenotypes of the genus Synechococcus have
diverse irradiance and temperature preferences. This, coupled with their high photoacclimation
capabilities give them powerful tools to win the competition for the marine resources and provide
them opportunity to dominate the area, at least as long as sufficient nutrient amounts are available.
In almost all conditions the highest rate of growth was recorded for the Synechococcus sp. Type 1 which
is the most competitive type. It prefers warmer waters −22.5 ◦C and above, but it produces the least
nominal amounts of Car which is a probable cause of equalisation of the growth rates between the
Type 1 and Type 2 at the highest irradiances and at the mentioned temperatures over 22 ◦C. The lowest
growth rates were observed for the Type 3a for all variants. However, Type 3a was recognized to be less
temperature sensitive and rather light-driven. Moreover, at low light and low temperature the highest
pigment content was observed within the cells Type 3a which may suggest higher tolerance for colder
waters such as tested here 15 ◦C or even below. The highest total pigment content per cell was recorded
at 10 μmol photons m−2 s−1 at all temperature variants with the clear dominance of phycobilins among
all the pigments. The high pigment content observed in picocyanobacteria cells proves that they may
adapt and live in the deeper layers of the euphotic zone. The highest amounts of carotenoids were
produced by Type 2. This may imply lower tolerance of this type to higher irradiance. Our results
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showed that the best photoaclimation abilities of all analyzed Synechococcus sp. types is Type 1 with
the highest differences in the Phyco/Chl a and Phyco/Car ratios. One of our striking observations is a
significant difference between the physiological responses of different Synechococcus sp. phenotypes
to changeable environmental conditions. Thus, this work would be an important link in forecasting
future changes in the occurrence of these organisms in the context of global warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/2030/s1,
Table S1: Two-way factorial ANOVA of cells concentration measured in Synechococcus sp. Type 1, Type 2,
and Type 3a growing at different temperatures (◦C) and irradiance (μmol photons m−2 s−1): df—degrees of
freedom; F—Fisher’s F-test statistic; Mss—mean sum of squares; Ss—sum of squares. Levels of significance
were: * p < 0.05; ** p < 0.01; *** p < 0.001, Table S2: Two-way factorial ANOVA of cell-specific Chl a, Phyco,
and Car content measured in Synechococcus sp. Type 1, Type 2, and Type 3a growing at different temperatures
(◦C) and irradiance (μmol photons m−2 s−1): df—degrees of freedom; F—Fisher’s F-test statistic; Mss—mean
sum of squares; Ss—sum of squares. Levels of significance were: * p < 0.05; ** p < 0.01; *** p < 0.001, Table S3:
Two-way factorial ANOVA of cell-specific PE, PC, and APC content measured in Synechococcus sp. Type 1, Type
2, and Type 3a growing at different temperatures (◦C) and irradiance (μmol photons m−2 s−1): df—degrees of
freedom; F—Fisher’s F-test statistic; Mss—mean sum of squares; Ss—sum of squares. Levels of significance were:
* p < 0.05; ** p < 0.01; *** p < 0.001, Table S4: Two-way factorial ANOVA of cell-specific Zea and β-Car content
measured in Synechococcus sp. Type 1, Type 2, and Type 3a growing at different temperatures (◦C) and irradiance
(μmol photons m−2 s−1): df—degrees of freedom; F—Fisher’s F-test statistic; Mss—mean sum of squares; Ss—sum
of squares. Levels of significance were: * p < 0.05; ** p < 0.01; *** p < 0.001. Table S5: Two-way factorial ANOVA
of Zea/Chl a ratio and β-Car/Chl a ratio measured in Synechococcus sp. Type 1, Type 2, and Type 3a growing at
different temperatures (◦C) and irradiance (μmol photons m−2 s−1): df—degrees of freedom; F—Fisher’s F-test
statistic; Mss—mean sum of squares; Ss—sum of squares. Levels of significance were: * p < 0.05; ** p < 0.01;
*** p < 0.001, Table S6: The Phyco/Chl a ratios and Phyco/Car ratios obtained after 14 days of experiment for three
phenotypes of Synechococcus sp.: Type 1 (A), Type 2 (B), Type 3a (C) under different temperature (◦C) and light
(μmol photons m−2 s−1) conditions, Table S7: Two-way factorial ANOVA of Phyco/Chl a ratio and Phyco/Car ratio
measured in Synechococcus sp. Type 1, Type 2, and Type 3a growing at different temperatures (◦C) and irradiance
(μmol photons m−2 s−1): df—degrees of freedom; F—Fisher’s F-test statistic; Mss—mean sum of squares; Ss—sum
of squares. Levels of significance were: * p < 0.05; ** p < 0.01; *** p < 0.001.
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13. Śliwińska-Wilczewska, S.; Cieszyńska, A.; Maculewicz, J.; Latała, A. Ecophysiological characteristics of red,
green, and brown strains of the Baltic picocyanobacterium Synechococcus sp.-a laboratory study. Biogeosciences
2018, 15, 6257–6276. [CrossRef]

14. Stransky, H.; Hager, A. Das Carotinoid-muster und die Verbreitung des lichtinduzierten Xanthophyllcyclus in
verschiedenen Algenklassen. Cyanophyceae und Rhodophyceae. Arch. Mikrobiol. 1970, 72, 84–96. [CrossRef]
[PubMed]

15. Schlüter, L.; Lauridsen, T.L.; Krogh, G.; Jørgensen, T. Identification and quantification of phytoplankton
groups in lakes using new pigment ratios—a comparison between pigment analysis by HPLC and microscopy.
Freshw. Biol. 2006, 51, 1474–1485. [CrossRef]

16. Kana, T.M.; Glibert, P.M. Zeaxanthin and B-carotene in Synechococcus WH7803 respond differently to
irradiance. Limnol. Oceanogr. 1988, 33, 1623–1627.
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20. Śliwińska-Wilczewska, S.; Maculewicz, J.; Barreiro Felpeto, A.; Latała, A. Allelopathic and bloom-forming
picocyanobacteria in a changing world. Toxins 2018, 10, 48. [CrossRef]
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Abstract: Nowadays, there is an interest in biomedical and nanobiotechnological studies, such
as studies on carotenoids as antioxidants and studies on molecular markers for cardiovascular,
endocrine, and oncological diseases. Moreover, interest in industrial production of microalgal biomass
for biofuels and bioproducts has stimulated studies on microalgal physiology and mechanisms of
synthesis and accumulation of valuable biomolecules in algal cells. Biomolecules such as neutral lipids
and carotenoids are being actively explored by the biotechnology community. Raman spectroscopy
(RS) has become an important tool for researchers to understand biological processes at the cellular
level in medicine and biotechnology. This review provides a brief analysis of existing studies on
the application of RS for investigation of biological, medical, analytical, photosynthetic, and algal
research, particularly to understand how the technique can be used for lipids, carotenoids, and cellular
research. First, the review article shows the main applications of the modified Raman spectroscopy in
medicine and biotechnology. Research works in the field of medicine and biotechnology are analysed
in terms of showing the common connections of some studies as caretenoids and lipids. Second,
this article summarises some of the recent advances in Raman microspectroscopy applications in
areas related to microalgal detection. Strategies based on Raman spectroscopy provide potential
for biochemical-composition analysis and imaging of living microalgal cells, in situ and in vivo.
Finally, current approaches used in the papers presented show the advantages, perspectives, and
other essential specifics of the method applied to plants and other species/objects.

Keywords: carotenoids; lipid droplets; microalgae; Raman spectroscopy; Surface-enhanced Ra-
man Spectroscopy
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1. Introduction

In recent decades, Raman spectroscopy (RS) has been used in several studies on animal
cells [1–3]. The method is popular among biophysicists and life science researchers. RS
allows for the study of living cells in their natural conditions without any damage [4,5].
Nowadays, we can see a significant increase in the use of RS in plants, and especially in
algae research.

RS is a well-known approach used in many of biomedical studies. Since biomolecules
are involved, the main obstacle to the use of such methods in life science research is the
low signal of Raman scattering. There are a number of modifications of RS that allow
Raman scattering to be improved. There are existing approaches to detect Raman signals
not only on the surface of human skin, but also inside the vasculature and various organs
of patients.

In this review, we have attempted to cover the list of modifications of RS applied to
biological and medical research; moreover, algal research, and especially to understand
more detailed mechanisms related to the biosynthesis and transport of lipid droplets/fatty
acids and carotenoids. It is important to note that algal research might represent an interest
in terms of carotenoids production and further application of carotenoids for medical
treatment of human diseases.

We have also covered studies on human cells [1,2] and microalgae [6,7] that we thought
would be useful to introduce to the reader, especially in view of future studies of the use of
algae. We have tried to cover the variety of algal species that have been used in different
studies with the application of RS and its modifications. Figure 1 provides a schematic
of the different research areas in which RS can be used. Biotechnological, biomedical,
photosynthetic, and analytical research applications of RS are the main interest of this
particular review.

Figure 1. Application of RS in different research.

2. The Principles of the Method of Raman Spectroscopy

Figure 2 shows the energy transition of Rayleigh and Raman scattering. The former
(Rayleigh) is based on the principle that the frequency of the absorbed and scattered photon
does not change—elastic scattering. In the latter (Raman), on the other hand, there is a shift
in frequency of the scattered photon (change in energy or change in wavelength)—inelastic
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scattering. It is also essential to note that Raman scattering is divided into Stokes and
anti-Stokes shifts. The Stokes shift is more likely because it is associated with the shift of
the binding maxima to the longer wavelengths (the energy and frequency of the scattered
photon are correspondingly lower than those of the absorbed photon—see Figure 2). The
anti-Stokes shift, on the other hand, is less likely. It results from the shift of the binding
maxima to the shorter wavelengths (energy and frequency of the scattered photon are
correspondingly higher than those of the absorbed photon—see Figure 2).

Figure 2. Energy transition of Rayleigh and Raman scattering.

In order to increase the sensitivity and resolution capability of the method, scientists
use the approach based on the surface plasmon resonance effect. The electrons on the
surface of the metal (silver and/or gold nanoparticles) oscillate. At a certain point, the
frequency of the photon resonates with the frequency of the surface electrons. The surface
plasmons substantially enhance the local electric field of the incident light (on the molecules
near the surface’s vicinity of the metal nanoparticles) [8]. In recent decades, this effect has
been used to modify the method of RS to apply it in biological and medical research.

3. Raman Spectroscopy and Its Modifications: Advantages and Use

There are many variants of Raman spectroscopy, all of which use the phenomenon
of Raman scattering in different ways (Figure 3). The choice of which variant to use for a
particular measurement depends on inherent factors, such as the complexity of the sample
and/or the concentrations of the target analyses.

The popularity of the RS method among biophysicists around the world is explained
by a list of advantages of the method. RS is a non-invasive, rapid, and sensitive method for
in vitro investigations [10–12]. Usually we face an obstacle—the biomolecules are present
in the cell in very low concentrations, so the Raman scattering/signal is very low. To
enhance the Raman scattering signal, the modifications of the method can be used (see
Table 1), such as surface-enhanced Raman spectroscopy (SERS), coherent anti-Stokes Raman
scattering (CARS), surface-enhanced Raman Spectroscopy (SERCS) [13], and micro-Raman
spectroscopy [14].
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Figure 3. “Family tree” of the RS. The relatively simple RS is the root of the complex surface-
enhanced, resonance-enhanced time—and spatially-resolved techniques. Abbreviations: SERS,
Surface-enhanced Raman Spectroscopy; CARS, coherent anti-Stokes Raman spectroscopy; RRS,
resonance-enhanced Raman scattering; SORS, spatially offset Raman spectroscopy. Modified from
Buckley and Ryder [9].

Table 1. The list of modifications of RS with details of the objects and molecules of interest with
reference numbers of the papers used in the article.

Modification of Method Object Biomolecules Reference/Link Number

Coherent anti-Stokes Raman scattering
(CARS) and microscopy microalgae lipids, carotenoids [4,15–17]

Confocal Raman microscopy microalgae, algae lipids [18,19]

Raman micro spectroscopy algae, animals lipids, carotenoids [2,5,20]

Resonance Raman spectroscopy (RRS) bacteria, microalgae carotenoids [7,19,21]

Single-cell Raman spectroscopy (SCRS) microalgae lipids [22,23]

Surface-enhanced Raman
spectroscopy (SERS)

animals, bacteria,
microalgae

lipids, carotenoids,
proteins [1,2,6,10,14,24]

As mentioned earlier, there is a special mechanism of Raman scattering (plasmon
resonance) enhancement for modifications such as SERS. Moreover, each modification of
the method can solve a specific task/objective.

The following sections describe the most commonly used types of RS.
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3.1. Surface-Enhanced Raman Spectroscopy (SERS)

There are several clinical trials in progress with SERS. Sample types include blood [25,26],
saliva [27], and tears. As reported in articles from two studies, SERS had a susceptibility
of 80.7% and 84.1% in detecting squamous cell carcinoma of the oral cavity by analysing
blood [28]. Therefore, the tests show that SERS biofluid is suitable as a sample and relies
on metal nanoparticles for signal amplification. The status of clinical trials is important for
the understanding and future prospect of SERS and Raman spectroscopy [29].

3.2. Coherent Anti-Stokes Raman Scattering (CARS)

Conventional Raman spectroscopy uses only a CW laser to generate spectra, while
CARS and SRS use two pulsed lasers with different wavelengths to enable nonlinear optical
motions. CARS microscopy can form an optical contrast of endogenous chemical structures,
which is popular in various fields of biomedicine as it can provide a high-resolution image.
For example, CARS microscopy has been used to visualise tissue structures, skin [30], lung,
kidney, and retina [31]. Consequently, CARS has been able to obtain micron-level images
of brain slices, which has worked well in cancer diagnosis [32]. Concrete prostatectomy
is considered the most popular method in civilised countries for curing members of the
stronger sex with clinically localised prostate cancer. In this surgery, the entire prostate is
removed, but the urinary ball is reunited with the urethra [33].

3.3. Resonance Raman Spectroscopy (RRS)

One of the drawbacks of Raman spectroscopy is the low signal intensity. This draw-
back can be corrected with RRS. By matching the wavelength of laser excitation to the
electrical absorption maximum of a particular chemical, the Raman signal of certain bands
is enhanced. The study was used for a multifaceted study of haemoglobin, and the release
of cytochrome-c from mitochondria during apoptosis was also studied. Okada et al. [34] as
well as other scientists have used RRS to perform unlabelled studies of molecular dynamics
in apoptotic cells. Observation of mitochondrial membrane stained with the dye JC-1 using
RRS confirmed that the observed release of cytochrome was due to apoptosis.

3.4. Spatially Offset Raman Spectroscopy (SORS)

Although SORS technology may not be approved in any way for uniform diagnosis
of patients in our time, there are significant prospects for the eventual use of this tech-
nique in the clinic. Recent advances in medicine have shown SORS can be used in blood
testing, such as assessing the quality of erythrocytes during blood transfusion in patients.
Vardaki et al. [35] have shown that SORS is able to profile changes in oxygenation when
stored for 6 weeks. It is well known that in blood transfusions, the chemical composition
of blood units changes differently from time to time. For this reason, a few units over the
years are by no means determinative of the relationship between erythrocytes properties.
Feng et al. [36] used SORS to measure subcortical bone and biochemical changes with
increasing depth in intact mouse bone.

4. Application of Raman Spectroscopy in Biomedical Research

Due to the non-invasive, fast, and highly sensitive advantages of RS and its modifica-
tions, there is considerable demand for its use in biomedical research, such as in studying
the structure and conformation of molecules of interest and investigating the mechanisms
of the drug action [10,11]. Nowadays, RS is used in vivo and ex vivo to solve various
biomedical issues, such as early cancer detection, monitoring the effects of different drugs
on the skin, determining the composition of atherosclerotic plaques, and rapid identifica-
tion of pathogenic microorganisms. Detailed information about the RS application can be
found in Figure 4.
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Figure 4. Schematic view of biomedical RS application. Adapted from Desroches et al. [37].

4.1. Disease Prediction

Early diagnosis of diseases, such as those that are life-threatening, is essential to
prevent their spread. Based on Raman light scattering, a diagnostic tool has been developed
to study important molecules and events in real-time using new RS technologies with high
sensitivity to biomolecular changes. In the last decades, there have been many publications
showing that RS is used to define several diseases [38]. RS is used to collect biochemical
information, such as biomolecules, cells, tissues, and organs, whose biomarkers are various
biological fluids, such as urine, saliva, blood, and tears. Selected biomarkers are analysed
and evaluated, revealing the relationship between Raman light scattering spectral indicators
and clinical condition [39].

Cancer is one of the most common causes of death worldwide and RS makes it possible
to diagnose undetected precancerous lesions in various organs, such as breast, skin, brain,
gastrointestinal tract, heart, urinary, and reproductive tracts [40]. Hsu et al. [41] investigated
that confocal Raman microscopy distinguishes intestinal tumours from adenocarcinomas
and normal, healthy organs. RS provides simple and immediate tissue identification during
surgery, which allows for cancerous organs to be distinguished from healthy tissue. Using
RS, the mechanism of malignant transformation of breast tissue has been studied with great
success [42].

The properties of blood vessels in a tumour mass of breast tissue were investigated by
Kopeć and Abramczyk [43] using a combination of Raman and atomic force microscopy
(AFM) imaging to determine biochemical composition. They found that individuals with
breast cancer had higher concentrations of glycogen and lactic acid as well as an increase
in the collagen–fibroblast network. An excellent, recent study by Winnard et al. [44]
demonstrated the potential of RS in characterising organ-specific metastatic lesions at the
molecular level to gain insight into metastatic progression. In this study, they used the
combinatorial approach of RS and metabolomics. The stromal adjustments that occur
in pre-metastatic lungs caused by breast cancer were analysed using RS. This work was
performed with mouse lines in which mice were implanted with breast cancer cells with
different metastatic potential. Changes in the extracellular matrix of the congested lungs,
such as an increase in collagen and proteoglycan, were examined, and this was directly
related to the metastatic potential of the breast cancer cells used [45].
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Ryzhikova et al. [46] have shown that RS can be used effectively for the diagnosis of
Alzheimer’s disease (AD). The novelty of this work is that it is based on the analysis of
cerebrospinal fluid (CSF), while the other research has focused on different body fluids for
the detection of AD. It is important to emphasise that CSF is the most relevant body fluid
for detecting AD. The group of Ryzhikova et al. [46] suggests that early detection of AD is
potentially possible using RS. It is expected that the method will be repeated on a larger
subject population.

Lednev group [47,48] diagnosed early AD in saliva and serum with potential biomark-
ers using RS in combination with machine learning. This project aimed to use Raman
hyper-spectroscopy in combination with machine learning. New methods were developed
to diagnose AD based on the analysis of biological material, such as saliva. The group
used biological material from saliva samples from a normal person with AD and mild
cognitive impairment. In the end, it turned out that Raman hyper-spectroscopic analysis
of saliva could be effective for an accurate diagnostic method in the early stages of AD.
It is also possible to diagnose lung cancer with high accuracy at an early stage, as shown
by the studies of Shin et al. [49] using a combination of SERS spectra and deep learning
diseases. The advantage of this method is that tissue can be seen in the near-infrared region
of the electromagnetic spectrum, which in combination with the RS instrument as well
as multivariate data analysis, has become an accurately reproducible and non-invasive
method for studying tissue pathology.

Barnas et al. [50] used Fourier transform infrared (FTIR) and RS to study endometrial
hyperplasia and cancer. The study was performed on tissues from three groups of patients:
normal control patients, patients with atypical hyperplasia, and patients with endometrial
cancer. It has been revealed that both methods are complementary in terms of tissue
examination. The results of the research suggest that the peaks of FTIR and Raman spectra
and the changes in the specific peaks (absence of the peak or shift of the peak) can be used
to distinguish cancer and atypical hyperplasia from normal endometrial tissue. Further
studies are needed to understand whether RS is indeed a practical approach to study
carcinogenesis.

SERS immunoassays have labelled/indirect or unlabelled configuration. Without
labels, the Raman measurement is based on the fingerprint of the bioanalyte, and the
labelled ones are identified by the spectrum of the Raman label. Therefore, labels without
labels are not as complex as the labels that make up the labels on metallic nanostructures.
Two systems were used to detect proteins, nucleotides, and fatty acids of lipids. The
changes that occurred in the bioassay were recorded and diagnosed with infectious and
non-infectious diseases [51]. Table 2 shows some examples of bioanalytes or diseases that
were detected using SERS.

Table 2. Bioanalytes/diseases detected using SERS.

Bioanalyte/Disease RS Substrate Reference

Cancer (blood plasma protein) Ag NPs [51]
Quantification of hepatitis B DNA Ag NPs [52]

Breast cancer tissue Ag NPs [53]
Sjogren’s syndrome from saliva Cl-Ag NPs [54]

Human tear uric acid SiO2 and Au [55]
Creatinine Nano-Au [56]
Mouse IgG Au NPs [57]

Single prostate cancer cells Au NPs [58]
Plasmodium falciparum DNA Magnetic beads [59]

HeLa cells Au NPs [60]
Gastritis Au NPs [61]

In addition, RS is used to analyse the serum of patients with AD, patients with other
types of dementia, and individuals from the control group. The results were analysed using
multivariate statistics for differential identification of patients with AD. The study was a
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confirmation of the concept; this proves that RS and artificial neural network classification
were able to differentiate patients with sensitivity and specificity of more than 90%, which
shows that a combination test can become a blood test that can support clinical evaluation
for effective and accurate differential diagnosis of AD [62].

4.2. Surgical Procedures

In medicine, much attention is paid to optical instruments based on RS, which con-
sist of intraoperative procedures in real-time. The benchmark for surgical guidance is
histopathology, which also involves surgical removal of tissue followed by staining and
examination under a microscope. This procedure takes a long time and in some cases,
results in multiple biopsies, which causes a great deal of discomfort and suffering in pa-
tients [49]. Therefore, a sensory system that can provide results during surgery is needed.
For example, endoscopic pain analysis before surgery, delineation of the sides of the lesion
during surgery, and changes of the single biopsy using RS can contribute to the absolute
removal of the affected tissue and reduce the cost of secondary assessments of the disease
and surgery [63].

Motz et al. [64] have developed a small diameter Raman probe with integrated filters
and a spherical lens to minimise low priority signals. In as little as one second, the
probe can show the spectra of arteries and breast tissue at different stages of pathology,
which is clinically useful. Jermyn et al. [65] studied cancers of multiple human organs
during surgery with 97% accuracy using a trimodal optical imaging system combining
Raman. Thus, the method demonstrated that molecular imaging with high sensitivity
could dramatically impact such areas of surgical and non-invasive oncological procedures
for tumour detection to reduce cancer risk and improve quality of life. Kircher et al. [66]
investigated the ternary status of magnetic resonance imaging—photoacoustic Raman
imaging of nanoparticles, which revealed brain tumour boundaries and visualised tumour
margins using RS. They used Raman imaging to ensure monitoring of intraoperative
tumour resection, and histologic interdependence proved that Raman imaging delineated
brain tumour boundaries. This latest trimodal aspect using nanoparticles can ensure the
clearest visualisation of even the resection of a brain tumour.

In addition, significant steps are being taken to integrate RS with other wide-field and
spectroscopic methods to provide additional data to support RS measurements. It has been
shown that cancer cells can be diagnosed in less than one second using the broadband
fluorescence method together with a Raman micro-spectrometer [67]. The trimodal optical
imaging system is a combination of Raman scattering, diffuse reflectance, and intrinsic
fluorescence spectroscopy, in which various cancer organs were detected during surgery
with 93%, 100%, and 97% accuracy [65]. Kircher et al. [66] also synthesised a nanoparticle
with three-component magnetic resonance imaging—photoacoustic and Raman imaging
with the aim of preoperative and intraoperative separation of the sides of the leading brain
tumour; the presence of this RS was used to visualise the sides of the tumour.

Nowadays, RS is increasingly used for cancer diagnosis and monitoring. As men-
tioned above, the improvement of algorithms for processing Raman signals, as well as the
development of new methods SERS and fibre-optic probes, may make it possible to obtain
results with high sensitivity and specificity and to apply RS approaches to cancer diagnosis.

4.3. Therapeutic Drug Monitoring (TDM)

Therapeutic drug monitoring (TDM) is an important method in clinical pharmacology
and clinical chemistry that aims to measure drug concentrations in human blood [54]. TDM
has been used in medical practice since the 1960s and mainly focuses on drugs with narrow
therapeutic targets [68–70].

TDM is more commonly referred to in clinical practice as the observation of drug
concentrations in biological fluids over time [69,71]. Karine is important for drugs with a
limited therapeutic index, where a low dose is prescribed when the difference in dosage
may lead to serious therapeutic consequences such, as drug toxicity and side effects [72].
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There is also increasing advocacy in the field of personalised medicine that will be useful
for measuring the plasma concentration of a drug at individual doses. Individualised
therapy planning in personalised medicine has become a great challenge for clinicians as
it is very successful in improving patient care, so that each patient can reduce drug costs
while receiving optimal treatment with minimal side effects.

Fei et al. [73] performed the synchronous pharmacokinetics of 6-mercaptopurine and
methimazole in the HeLa cell directions using the automated micro-fluid concept in the
SERS database, which is convenient for synergistic tumour targeting. Valves and gradient
generators can be used to adjust each of their chambers to deliver the required amount of
different active cells and drugs at specific concentrations. The aforementioned examples
also show that SERS is a robust method to determine the number of entrapped substances.

Nowadays, there is a crucial problem of how to distinguish expired and non-expired
drugs using a quick and non-invasive method. Current methods, such as HPLC, thin-layer
chromatography, are time-consuming and complicated. In contrast, RS is a rapid and
non-invasive method that can be used to examine expired and non-expired drugs. This is a
significant problem for the medical world [72,74].

The combination of AFM and RS can distinguish the characteristics of the nucleus and
cytoplasm in living cells. By combining both methods, a modification of RS can be devel-
oped: tip-enhanced Raman spectroscopy (TERS). Intracellular imaging with TERS has been
applied to HeLa cells. It has been shown that the regions of the nucleus and cytoplasm can
be effectively distinguished using this method, for which the local information within the
cell was obtained. Crucially, scientists have shown that the viability of the cell membrane is
very high (about 100%) after the AFM tip penetrates the cell membrane. The method has
significant potential for future use in studies where it is necessary to investigate the various
organelles and biomolecules within the cell [75].

4.4. Determination of Metabolites

Molecularly specific RS is well suited for profiling cellular metabolites, including
neurotransmitters, amino acids, lipids, glucose, and nucleic acids, as well as in biofluids.
Among all cellular metabolites, lipids are one of the most studied classes of biomolecules
because they have large Raman scattering cross-sections. Lipids rich in intracellular bodies
are referred to as lipid droplets, making their relationship to the physiological state of
the cell increasingly apparent [76]. RS exploits the promise of detecting and imaging
lipid droplets for quantification in cancer cells, such as HuH7 and colorectal cancer stem
cells [77].

RS and its modifications are widely used in cell research. A variety of microalgae [6]
and human [1–3] cells are studied using SERS. It has been shown that information about
membrane lipids can be obtained, especially the conformation of membrane lipids and the
molecular environment [1].

RS has been used to study nerve myelin during excitation or the effect of neurotrans-
mitter on nerve fibre. It has been shown that the changes in the C–C bonds of the fatty
acids can be detected as well as the changes in the conformation [78]. This knowledge
will improve our understanding of the mechanisms of lipid–lipid interactions in myelin
and many processes associated with various diseases, such as multiple sclerosis, trauma
and AD.

It is important to add that human skin is exposed to ultraviolet and infrared radiation,
which is the cause of a number of diseases and ageing of human skin. Carotenoids are
considered antioxidants that can support the antioxidant status of the human epidermis [79].
RS is one of the most popular methods to study carotenoids. More knowledge about the
mechanisms of the photoprotective function of carotenoids is important for biomedical
research and the development of commercial products. Similarly, Gellermann et al. [80]
used resonant Raman scattering spectroscopy (RRSS) as a novel, non-invasive, in vivo
optical technique to measure the concentration of the carotenoid pigments, lutein and
zeaxanthin, in the human retina of adolescents and adults. Using RRSS, they found an
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apparent decrease in macular pigment concentration during the normal ageing process.
They suggested the use of RS to measure macular carotenoids as a promising technology.

Ermakov et al. [81] reported that the RS technique has the potential for novel, rapid
screening for carotenoid antioxidants in the largest populations at risk of vision loss due to
age-related macular degeneration, an important precondition for blindness in the elderly
in mature societies.

The method of RS is becoming increasingly popular in biological research.
Valpapuram et al. [82] proposed a new technique combining optical biosensing and Raman
micro spectroscopy. The particular advantage of this method is its ability to reduce the
background signal and thus improve the signal-to-noise ratio. The researchers have shown
that the combination of optical bio-sensing and Raman micro spectroscopy is a far more
informative method than the conventional RS.

SERS has been used to spatially localise neurotransmitters on living cells and to
study protein–neurotransmitter interactions [83,84]. Although it offers the best detection
limits, the toxicity of metal nanoparticles in vivo limits its use [85]. Manciu et al. [86] have
also demonstrated the usefulness of confocal RS for rapid detection of neurotransmitter
predictions, but their studies were limited by in vitro spiked material. They propose real-
time detection of serotonin, adenosine, and dopamine in vitro, but in addition, diffusion
of dopamine in a heterogeneous base gel used as a surrogate for neural tissue. Raman
mapping was performed using alpha 300 WITec confocal Raman system to obtain non-
overlapping spectral data of neurotransmitters. Their work demonstrates the power of
Raman spectroscopy in the biological sciences and likely provides a novel mechanism for
testing the adaptability and kinetics that stimulate the brain [86].

A rapid, non-invasive, label-free approach to biological studies is currently essential
for scientific purposes. However, RS has some limitations—it requires longer acquisition
times and it is not possible to optically slice the collected signal. This makes it difficult to
use RS for tissue research alone. Therefore, Marchetti et al. [87] combined three methods:
multiphoton microscopy, fluorescence lifetime imaging microscopy, and RS to perform an
efficient study of tissues ex vivo. The mentioned tailored technique is a promising approach
to expand the application of RS in biological research.

The use of the RS method in medical studies is becoming more common. For example,
RS is used in dentistry. The short- and long-term effects of demineralization can be studied
using the RS tool. The major advantage of RS is that it is non-invasive while providing
a high degree of sensitivity. In the study of Marin et al. [88], quantitative information on
the crystalline structure of the phosphate groups and the loss of the mineral fraction in the
organic collagen matrix was discovered.

Nowadays, a precise, fast, and direct analysis tool is needed. The capillary sensor
SERS, developed by the group of Arabi et al. [89], is proposed as an ultrasensitive tool and
used for protein analysis. Trypsin is a protein that can be used as a biomarker (in urine) for
the diagnosis of pancreatitis. The idea is that this approach can be effectively used for early
diagnosis of the disease. In addition, and to test the feasibility of the tool, other biological
fluids such as saliva and sweat have also been measured. The microsensors are relatively
quick and inexpensive to produce.

Another application of RS in biological studies is high-throughput screening Raman
spectroscopy (HTS-RS)—presented in the work of Arend et al. [90]. This application
is a customised platform for single-cell analysis. In the study in which the group of
Arend et al. [90] examined the different types of neutrophils, both infected and uninfected,
it has been shown that this type of platform can potentially help to speed up the diagnosis
of pathogens. Currently, the routine for such analyses takes 1 working day.

It has been discovered that RS can be used effectively in chronic renal failure (CRF) to
differentiate patients with this disease from healthy patients. The group of Chen et al. [74]
conducted a study on 47 samples from patients with CRF and 54 samples from control
subjects. There is a prospect that the application used, which can be effectively utilised
as a rapid diagnostic method for CRF. The plasma RS has been effectively used to study
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giant unilamellar vesicles (GUV)—simplified models of cellular plasma membranes [91].
The group of Collard et al. [91] has applied the modification of RS in combination with
holographic optical tweezers (HOT): HOT-Raman microscopy for the study of curvature
gradients on lipid order and cholesterol segregation in GUVs. The RS provides an overall
estimate of cholesterol concentration for both leaflets of the bilayer. Importantly, the
proposed method also allows for obtaining multiple Raman spectra from different regions
of the lipid vesicle.

Raman spectroscopy is a promising high-sense diagnostic method for assessing the
oxygen transport function of erythrocytes. Haemoglobin accounts for >95% of the dry
weight of erythrocytes and is a suitable subject for RS to study the conformation of globin
and haeme. To assess the conformational state of the active site of haemoglobin, we
use special Raman spectra to study the conformation of deoxyhaemoglobin (d- Hb) and
oxyhaemoglobin (o- Hb), as well as the ability to release oxygen. This approach is important
for monitoring changes in the ability of haemoglobin in erythrocytes to carry oxygen and,
accordingly, characterising the presence or development of hypoxia in patient tissues. RS
has been successfully used to analyse the properties of haemoglobin from healthy donors
and patients with various cardiovascular diseases [92,93], diabetes [94], and astronauts
after a long space flight [95], as well as for the analysis of animal models of cerebral
ischemia and reperfusion, haemorrhagic shock, etc. In addition, RS has been successfully
used in experiments to alter the properties of erythrocytes under in vitro conditions. A
promising application of RS is the study of the molecular mechanisms of the development
of pulmonary hypertension. In patients with IPAH with a typical hemodynamic picture,
changes in the ability of hematoporphyrin of Hb to bind O2 have been detected [96].

5. Biotechnology Application of Raman Spectroscopy

Biotechnology has become one of the most popular areas of research due to the
demand for a number of molecules that are important for different types of practical
applications [97]. Wang et al. provided a comprehensive and critical review of the most
recent advances in the application of RS-enabled technologies, with focus on biomolecular
applications in environmental and biotechnological fields [98].

Bioprospecting and mutagenesis are two important strategies that have been studied
in the development of algae-based biofuels [18]. Considering these two strategies, there is
a need to optimise biofuel production. The ability to rapidly characterise the accumulating
algal lipids is essential for algal bioproduction. Confocal Raman microscopy can accomplish
this task and it is also possible to localise lipid-rich regions within microalgal cells with high
spatial resolution [18]. Among the existing methods, RS is the one that does not require
additional long preparations of the research object.

It has been investigated that the chemical composition of lipid droplets can be obtained
by using RS. It is claimed that the combination of CARS (coherent) and Raman micro-
spectroscopy would allow accurate determination of the harvesting times for algae [4]. This
is supposed to be one of the valuable interests in modern biotechnology.

It has been revealed that another modification of RS—single-cell Raman spectroscopy
(SCRS) is applicable for gathering information about the lipid content of the cells and the
degree of lipid unsaturation [22].

RS is one of the techniques that can fill some gaps in our knowledge of the synthesis
and storage of biomolecules in algae [21].

5.1. Application of Raman Spectroscopy in Algae Studies

In algal research, RS has been used to analyse pigments, proteins, carbohydrates, and
lipids [98–102] (Figure 5). Huang et al. [14] investigated the composition of microalgae to
analyse them using confocal Raman microscopy. The scientists collected Raman spectra
while using a 532 nm laser and found a strong background of fluorescence as a function
of temporal behaviour. They also used RS to analyse the resolution of individual cells of
microalgae. Kaczor et al. [103] published a study on the state of nutrients of single cells of
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microalgae and the visualisation of astaxanthin in a cell of microalgae, visualising Raman
in situ with a 1064 nm laser. Laser capture Raman spectroscopy and a combination of laser
capture and micro-Raman spectroscopy were developed by researchers Wu et al. [23] in
which the lipid composition of microalgae was analysed using a single cell. For example,
Hosokawa et al. [104] used the confocal Raman microscopy method to quantitatively
monitor lipids based on a single cell. A brief report on the prospects for algal research based
on RS was given in two published review articles [105,106]. Wei et al. [106] have reviewed
some of the recent advances in RS applications in areas related to microalgae. Strategies
based on RS provide tremendous potential for non-invasive biochemical-composition
analysis and imaging of living microalgal cells. The analysis of lipids carried out by the
ratiometric method has provided a solid basis, but to improve the quality of data collection
and to obtain an accurate analysis, one hundred percent adjustment of the data collection
parameters is required.

Biomolecule analysis

Figure 5. A schematic of the experimental set-up of a typical Raman spectrometer and schematic
showing applicability of RS to different aspects of algae.

In addition, the bioactive components of many microalgae species have been studied
using this Raman method. Micro-Raman spectroscopy is the most effective method for
studying biologically active additives. The most commonly used modifications are macro-
Raman spectrometry, single-cell micro-Raman spectrometry, and Surface-enhanced Raman
Spectroscopy (Table 3).
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Table 3. Summary of the bands observed in the Raman spectra of microalgae and contributing
bioactive compounds.

Bioactive Compounds
Microalgal Strain

Name
Type of RS Wavenumber Ref.

α-helix protein Arthrospira platensis Macro-Raman spectrometry 1574 cm−1 [107]

Amide bonds Arthrospira platensis Macro-Raman spectrometry 1400 cm−1 [107]

Antioxidant protein
enzyme Arthrospira platensis Macro-Raman spectrometry 1030 and 1120 cm−1 [107]

Polyphosphates Phaeodactylum
tricornutum

Single-cell micro-Raman
spectrometry 1160 cm−1 [107]

ß-carotene Phaeodactylum
tricornutum

Single-cell micro-Raman
spectrometry 1522 cm−1 [107]

ß-carotene Dunaliella tertiolecta Resonance Raman spectrometry 1158 and 1527 cm−1 [108]

Triglyceride Chlorella sorokiniana Micro-Raman spectroscopy 2800 and 3000 cm−1
[14]

ß-carotenoid Neochloris oleoabundans Micro-Raman spectroscopy 1505 and 1535 cm−1

ß-carotene Chlorella sorokiniana Raman micro-spectroscopy 1515 and 1157 cm−1 [109]

Astaxanthin Chlainomonas sp. Micro-Raman spectroscopy 1520 and 1156 cm−1

[20]Astaxanthin Chlamydomonas nivalis Micro-Raman spectroscopy 1520 and 1156 cm−1

Violaxanthin Chloromonas nivalis Micro-Raman spectroscopy 1525 cm−1

Antheraxanthin Chloromonas nivalis Micro-Raman spectroscopy 1523 cm−1

Myxoxanthophyll Botrydiopsis alpina Micro-Raman spectroscopy 1527 cm−1

[110]Neoxanthin Dunaliella parva Micro-Raman spectroscopy 1525 and 1530 cm−1

Chlorophyll c Dunaliella tertiolecta Micro-Raman spectroscopy 1670 cm−1

Lipid Botryococcus brauniiis Micro-Raman spectroscopy 1640 and 1674 cm−1 [111]

FAME Scenedemus quadricauda Surface-enhanced Raman
spectroscopy

1430, 1157, 1544, 1257,
1307, 961 and 596 cm−1 [112]

As shown in Table 1, two species of microalgae were studied using single-cell micro-
and macro- RS methods. Arthrospira platensis was the highest with 1118, 1403, and
1576 cm−1. The significant changes (1118, 1403, and 1576 cm−1) are explained by consider-
able differences in the structure of secondary proteins, especially amide bonds (1400 cm−1)
and the α-helix (1574 cm−1) [113,114]. Furthermore, Venkatesan et al. [115] indicated
that the wavenumbers of Arthrospira platensis (1030–1120 cm−1) are responsible for the
presence of antioxidant protein enzymes. Phaeodactylum tricornutum was found to have
high wavenumbers of 1522 and 1160 cm−1. Moudříková et al. [116] found that 1160 cm−1

corresponds to the polyphosphate-positive groups of microalgae. The authors used RS
for quantification as well as for localisation of polyphosphate reserves within an algal cell.
These authors improved the method by extracting polyphosphate with phenol–chloroform
and by purifying the extract through ethanol precipitation. Wei et al. [106] noted that
they (1518–1525 cm−1) correspond to the C–C regions of β-carotene, which are mainly
present in the non-polar phase of microalgae. Brahma et al. [108] observed the strongest
peaks around 1527 and 1158 cm−1 in Dunaliella tertiolecta associated with carotenoid pig-
ments. Huang et al. [14] studied Chlorella sorokiniana and Neochloris oleoabundans. Chlorella
sorokiniana had strong peaks at 2800 and 3000 cm−1. Further support for the use of
a broad band of wavenumbers for lipid identification is provided by several previous
CARS studies that used peak positions at 2840 or 2845 cm−1 for lipid identification [106].
Osterrothová et al. [20] tested the possibilities of Raman micro-spectroscopy for the deter-
mination of carotenoid pigments, both primary (lutein, β-carotene) and secondary (astaxan-
thin) carotenoids. The components of the xanthophyll cycle, violaxanthin (1525 cm−1) and

252



Cells 2022, 11, 386

antheraxanthin (1523 cm−1), can also contribute to a shift in the position of the ν1 (C=C)
band. Strong carotenoid signals were observed by Jehlička et al. [117] in Botrydiopsis alpina
at 1527 cm−1. In Dunaliella parva, the secondary carotenoid neoxanthin was found at 1525
and 1530 cm−1.

B. brauniii is a classic producer of liquid hydrocarbons known as botryococci, which
can be used as fuel. Weiss et al. [111] have obtained Raman spectra of hydrocarbons isolated
from B. brauniicells. By comparison with the Raman spectra of pure squalene and computer
analysis, they found that the Raman bands at 1640 cm−1 and 1647 cm−1 were related to
the stretching of the C=C bond in the botryococcus branch and the methylene C=C bond.
produced by methylation, respectively.

Compared with the standard fatty acid mixture, the main SERS peaks obtained from
the cells of S. quadricauda are at 1430, 1157, 1544, 1257, 1307, 961, and 596 cm−1, which is in
good agreement with the literature data [22,112,118].

5.1.1. Raman Spectroscopy Applied to Lipid

Normally, lipid droplets are assumed to be cellular structures that function only as
static lipid storage depots. Recently, however, it has become apparent that lipid droplets
may be multifunctional organelles [119,120]. Considering the information available so far,
there is a need for deeper research into lipid droplets—their structures and functions in cells.
Nowadays, there is a hypothesis that lipid droplets may be involved in the biosynthesis and
transport of carotenoids in the cell [121]. It is known that the biosynthesis of the carotenoid
astaxanthin is accompanied by a massive accumulation of lipids [122].

Another interesting finding is that the membrane fluidity of cyanobacteria can change
when the temperature is lowered [123]. This is thought to be due to the desaturation of
fatty acids in the membranes [124]. RS is an attractive alternative for lipid detection that
has not yet been sufficiently exploited in microalgae. Mostly this is because RS is hampered
in photosynthetic organisms by strong autofluorescence of the pigments, which obscures
the characteristic Raman spectral features.

The intensities of the Raman spectral peaks correspond to the saturated and unsat-
urated C–C bonds in lipid molecules. This information is used to estimate the degree of
unsaturation in lipid bodies/droplets [4,5,15,16,18]. It has been shown that Raman micro
spectrometry can be used to study the triacylglycerols (TAG) content and accumulation [21],
providing a new view of the biosynthesis of fatty acids in the microalgae.

Several authors have shown that the RM methods are suitable for biodiesel production
from microalgae to determine the FAs content. Wu et al. [23] demonstrated a method for
direct quantitative and in vivo lipid profiling of oil-producing microalgae using single-cell
RS laser capture. This approach shows that lipids in microalgae determine the quantitative
degree of unsaturation and the transition temperature. As the authors stated, the above
factors can be measured on a single living cell of a microalga held in place with an optical
trap while Raman data is collected. Raman is used in the study of FAs from microalgae for
biofuel production and has shown analytical capabilities and quantification algorithms to
be useful in many different organisms and lipidomics (Figure 6).
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Figure 6. Raman spectra of various lipid molecules of Botryococcus braunii [23].

Another ability of Raman microscopy reported by Samek et al. [5] showed how the
useful iodine number in lipid bodies in Chlamydomonas sp. CCALA can be determined
from living algal cells. At the same time, the characteristic peaks in the Raman light spectra
at 1656 cm−1 and 1445 cm−1 were used as markers for fatty acids in algae lipids, indicating
the ratio of unsaturated and saturated carbon-carbon bonds [5].

He et al. [19] investigated the accumulation of separation of TAG in Coccomyxa subellip-
soidea cells in the presence of N-depletion using the broadband CARS concept. Compared
to simple Raman imaging, CARS microscopy showed intrinsic advantages in detection
speed and spatial resolution, but the concept of CARS imaging was limited by overlapping
signals, such as two-photon-excited fluorescence.

Yan et al. reviewed several RS methods in cell sorting to understand the metabolic
interactions between bacteria in natural habitat. This review shows current knowledge
about the research progress of recognition and assessment of single microorganism cell.
The group summarised that Raman-activated cell sorting can be suitable method for cell
recognition in application [125].

Thus, Raman spectrometer is used in microalgal biotechnology to screen species for
highly concentrated fatty acid mutants [18]. There are two major strategies in algal biofuels
development: bioprospecting and mutagenesis. This requires precise sorting and analysis
of a large number of algal isolates containing TAG; FACS and ratiometric Raman analysis
are the most suitable. Isolation of new algae from field samples can be carried out by UV
mutagenesis to increase lipid production. FACS can be used to sample mutant populations
and strains that alter lipid production during UV mutagenesis. Central to this workflow is
confocal Raman microscopy, which allows for characterisation of the lipids produced by
the algae in situ and rapid extraction of lipids from the cells. Raman hyper-spectroscopy
is used to localise the lipid-rich region with a low pixel density, allowing faster Raman
hyper-spectroscopy imaging. Confocal Raman microscopy characterises the lipid content
(Figure 7).
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Figure 7. The schematic view in lipid characterisation of microalgae. Bioprospecting of C. reinhardtii
is performed to generate algal samples with lipid content. The mutagens are sorted by FACS based
on the fluorescence of a dye to select cells with high lipid content. The selected cells and mutants are
then screened using CRM. This method allows for rapid characterisation of lipids. The spectra yield
depends on the number of C=C bonds and the length of the hydrocarbon chains of the lipid molecules.
This workflow enables rapid characterisation of cells for molecular traits that are important for the
production of biodiesel. Modified from Sharma et al [18].

5.1.2. Application of Raman Spectroscopy on Pigment Investigation in Microalgae

Thus, considering the spectra of the pigments, they are very sensitive to the excitation
energy and contribute to a large extent to the Raman spectra of many algae [108,125–128].
Chen et al. showed that when a long excitation wavelength of 488 nm is used, the strongest
and most abundant peaks of chlorophyll-d coincide with the peaks of chlorophyll a and
chlorophyll b [129]. β-Carotene has intense peaks at 1150 cm−1, 1520 cm−1, and 1008 cm−1,
and the most important overtone peaks at 2320 cm−1 and 2667 cm−1 [130–133]. In addition,
due to the identical chemical structure, it is expected that a large number of compounds of
both chlorophyll and carotenoids will have similar spectra.

Furthermore, because of the similar chemical structure, we would expect different
chlorophyll compounds to give similar spectra and different carotenoids to give similar
spectra. Therefore, the major Raman peaks associated with chlorophyll d and β-carotene
can be used to represent common chlorophylls and carotenoids. The standard spectra of
chlorophyll d and β-carotene are shown together with the experimental spectra of algae
(Figure 8).

Figure 8. The Raman spectrum of carotenoid [132], chlorophyll [129], and triglyceride and the mean
spectra acquired for starved C. sorokiniana and starved N. oleoabundans in the wavenumber regions of
750–1750 cm−1 and 2450–3150 cm−1. Modified from Shutova et al. [134].

Several researchers have shown that RS methods are also suitable for the production
of carotenoids by microalgae. Carotenoids are extremely important for human health [135].
Carotenoids are popular biomolecules for biomedical applications. Carotenoids are known
to play the role of photoprotection molecules in the cells of phototrophs. Secondary
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carotenoids are also of interest as secondary carotenogenesis is thought to be the stress
response of the cell [121].

It is also believed that carotenogenic microalgae can survive in a wide range of environ-
mental conditions [136]. Nowadays, the analysis of carotenoids in algae is performed using
high-performance liquid chromatography (HPLC). However, it is important to emphasise
that RS can be used for a more detailed analysis of carotenoids in algal cells [17,20,24]. In
addition, the development of RS, which will be applied to algae in the future, can be used
for real-time research of algal combination in nature.

Jehlička et al. [7] studied how RS can be used to identify various carotenoids as well
as probable biomarkers in algae. A number of laboratory grown algae with different
taxonomic groups were studied. The results showed that RS is considered an optimal tool
for assessing the presence of carotenoids in a given organism. The comparison was made
with the HPLC method to examine the pigments in the concentrates. In summary Raman
spectroscopy can be used for the detection of carotenoids and other pigments in algae.

Osterrothová et al. [20] tested the abilities of RS to determine carotenoid pigments—
both basic (lutein, β-carotene) and secondary (astaxanthin) carotenoids—in different species
of Chlamydomonadales algae. They also compared the performance of RS with a standard
biological pigment analysis method, such as HPLC. They described the carotenoids of
algae using a combination of resonance RS and HPLC, also creating a spectral library for
different stages of the algal life cycle. A comprehensive study to find pigments in biomass
can show results with HPLC. However, this method requires the extraction of pigments
from the biomass, which can lead to data loss (e.g., protein/lipid interactions). Raman
macro–microscopy, however, makes it possible to quickly reveal the pigments of single
cells, which is another advantage, especially when the heterogeneous nature of the cells is
taken into account.

To map the changes in the composition of β-carotene and AXT in different cellular
morphotypes of H. pluvialis, Collins et al. [137] used a confocal Raman microscope at
532 nm laser excitation. Using a multivariate curve, several readable spectral components
were extracted from the data describing Raman scattering and fluorescence of active
H. pluvialis cells at different life stages. Based on the results, they were able to determine
the arrangement of the different pigments in the cells at different time periods. They
also concluded that β-carotene can be considered as an ancestor of AXT and a site for
the synthesis of AXT. Their study shows that Raman micro-spectroscopy is an important
method for studying in vivo changes stimulated by the environment in the life cycle
of microalgae.

In their study, Chiu et al. [138] demonstrated for the first time that RS can be used
to quantify starch in addition to lipids in algal cells. Because RS is so simple and non-
destructive, it is ideal for further investigation of the starch–lipid shift mechanism.

RS provides information about the vibrations of bonds in molecules. This approach
is used for the study of carotenoids. It has been shown that changes in the molecular
environment (such as pH change) affect the specific bands (Figure 8) in the carotenoids’
spectra [134].

This is particularly attractive for applied sciences, such as biotechnology and biomedicine.

6. Raman Spectroscopy for Photosynthetic Studies

Photosynthesis is the most basic and important process on earth. It is the natural
way of synthesising carbohydrates using solar energy. Scientists from all over the world
are exploring it with a number of applications, one of which is Raman spectroscopy.
Findings from a number of recent studies on RS applied to photosynthetic organisms are
shared below.

Mishra et al. [139] recently conducted their study on Antarctic lichens using RS.
Antarctic lichens are organisms that can change their metabolism and photosynthetic
activity in response to changing environmental conditions. Hydration and dehydration
are the investigated triggers for the activation/deactivation of photosynthetic processes
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in the lichens. It has been revealed that photosynthetic activity is activated quite rapidly,
which contributes to the hypothesis that the photosynthetic apparatus and carotenoids
are not synthesised de novo in the early stages of photosynthesis. Another important
discovery made using RS, the bands/features of the pigment scytonemin, are present in
the Raman spectra of one of the lichens studied. There is a hypothesis that this pigment
plays a photoprotective role in the photobionts of algae and cyanobacteriae.

7. Raman Spectroscopy for Analytical Studies

There is an ongoing need for fast and accurate detection of melamine in dairy products.
Melamine is a compound that can be toxic above a certain level when added to food.
Therefore, it is important to propose an approach that allows accurate detection of the
toxic compound in food products. Liu et al. [120] proposed the SERS method using silver
nanoparticles (AgNPs). Not only SERS but also a colourimetric method was used for
this idea. The results showed that the colourimetric method can lead to false-positives in
detecting the presence of different compounds (AgNPs). The SERS method, on the other
hand, can overcome this limitation [120]. Importantly, the scientists suggested using both
methods in tandem to achieve accurate and rapid detection of melamine in dairy products.

Fentanyl is one of the most commonly used opioids. However, fentanyl and its
analogues caused numerous fatal drug overdose incidents. The problem raised by the
group of Mirsafavi et al. [140] is the need for novel analytical methods to effectively
distinguish fentanyl from its precursors. The vibrational spectra of this family of analytes
are quite similar, so it is difficult to solve the problem using conventional methods. The
SERS method enables the distinguishing of fentanyl and its precursors. This approach
would be an efficient and effective aid in the field of forensics.

8. Future Perspectives

In recent decades, RS has successfully emerged as a clinical tool for diagnostic, surgical,
and pathological applications. The creation of probes in conjunction with modern methods
of studying information has led to a surge in studies based on combinatorial light scattering.
However, when introducing RS into clinics, there are the major difficulties described in the
previous section, which should be overcome by close collaboration between clinicians, ma-
terial scientists, biomedical engineers, and spectroscopists. Artificial intelligence algorithms
are expected to be used to solve complex clinical issues, which will accelerate the work of
RS. In addition, the probes must be resistant to disinfection for daily use. Further advances
in scientific and technical research, which also guarantee a high signal-to-noise ratio with
the lowest laser excitation power in a short time, are accordingly worth examining in
order to use RS for intraoperative procedures. Nevertheless, introducing new technology
into the clinic remains a challenge, even though recent successes and prospects represent
meaningful ideas for us and inspire us to solve certain complex problems, opening the door
to an appreciable goal.

In addition, Raman spectroscopy is a common tool for detecting carotenoids in vari-
ous biological materials, including prokaryotic bacteria, aquatic plants, and lichens. The
resonant Raman amplification of the signals enables the detection of carotenoids at low
concentrations. In other cases, however, microorganisms also synthesise other pigments,
and the examples studied included their composition. In this case, the combinatorial scat-
tering ranges do not at all include a series of sudden bands corresponding to this carotene,
nor was there any significant broadening of the bands. The predominant carotenoid can be
seen in the spectra. However, it was not possible to use a unique excitation wavelength
from a range of microorganisms.

Raman spectroscopy can be used to detect the presence of carotenoids and other
pigments in cyanobacteria, microorganisms, and algae. The occurrence of colour combi-
nations in this organism is capable of producing small or moderately significant changes
in saturation and in the number of combinatorial scatter bands, which interferes with the
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likely unambiguous identification of carotenoid c due to shifts in power, particularly in the
position of the combinatorial scatter bands.

In recent years, RS has been widely used in research, including photosynthesis and an-
alytical research. However, very little research has been conducted on plant photosynthesis
using RS. Most research has been carried out to determine the composition of pigments in
cyanobacteria.

9. Conclusions

RS and a spectrum of different modifications of the RS method are increasingly used
in biological and medical research. RS is gradually becoming more popular among algae
experts. In the list of studies, it has been revealed that we can successfully detect and
analyse the Raman scattering signal of algae. This is important not only for biotechnology,
but also for a better understanding of the mechanisms of the biomolecule synthesis and
storage in algal cells. In this review, we have analysed and presented a number of existing
studies in biological, medical, analytical, photosynthetic, and algal research using RS. RS is
effectively and widely used for a variety of studies in animals and human research. We
have attempted to highlight that a greater focus on the application of RS in algal research
will be beneficial for biotechnological purposes and general knowledge of the mechanisms
of the biomolecule interactions in algae under natural/environmental conditions. It is
worth emphasising that RS is a very attractive and promising approach for algal research,
especially because of its advantages.
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Abstract: The global community decided in 2015 to improve people’s lives by 2030 by setting 17
global goals for sustainable development. The second goal of this community was to end hunger.
Plant seeds are an essential input in agriculture; however, during their developmental stages, seeds
can be negatively affected by environmental stresses, which can adversely affect seed vigor, seedling
establishment, and crop production. Seeds resistant to high salinity, droughts and climate change
can result in higher crop yield. The major findings suggested in this review refer nanopriming as
an emerging seed technology towards sustainable food amid growing demand with the increasing
world population. This novel growing technology could influence the crop yield and ensure the
quality and safety of seeds, in a sustainable way. When nanoprimed seeds are germinated, they
undergo a series of synergistic events as a result of enhanced metabolism: modulating biochemical
signaling pathways, trigger hormone secretion, reduce reactive oxygen species leading to improved
disease resistance. In addition to providing an overview of the challenges and limitations of seed
nanopriming technology, this review also describes some of the emerging nano-seed priming methods
for sustainable agriculture, and other technological developments using cold plasma technology and
machine learning.

Keywords: seed priming; nanotechnology; germination; seed resistance; sustainability; cold plasma
technology; machine learning

1. Introduction

World food production must increase 50% by 2050 to meet the needs of 9 billion
people [1]. The growing food demand and rapidly changing climatic conditions across the
world motivates us to look for technological solutions that can provide food security for the
future generations. Seed is a primary requirement for crop production, which carries the
genetic potential of the variations and determines the ultimate productivity. Therefore, seed
production is always the basic pre-requisite of any food security undertaking. A resilient
and climate hardened seed can give the maximum output to the farmers. To increase the
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seed vigor and crop production, different chemical-based fertilizers and pesticides are used
extensively in agriculture. In light of leaching, degradation, hydrolysis, and pollution asso-
ciated with conventional chemical-based practices, they are being discouraged [2].There
is an urgent need to develop a sustainable technology that can contribute to the green
revolution to address these growing concerns and to restore the damage caused to the
ecosystem [3]. Seed priming is an innovative sustainable seed technology to increase the
seed vigor and crop production without harming the ecosystem [4–7]. As mentioned in
Figure 1, priming of seeds dates back to Theophrastus, (371–287 B.C.) who, observed during
an investigation that soaking cucumber seeds in water causes their germination to be faster
and more uniform than unprimed seeds (enquiry into plants, book VII, I.6). A similar
preparation of cucumber seeds in honey and water for seed germination was reported by
the Roman naturalist Gaius Plinius Secundus (23–79 A.D.) in Gaius’ Encyclopedia (Gaius
1949–1954). The French botanist Oliver de Serres, in 1539–1619, found that soaking seeds
in manure water for 2 days and drying them prior to sowing was an effective cure for
poor crop growth. The osmo-priming process was tested on lettuce and cress seeds in
seawater by Charles Darwin, who observed that the primed seeds germination was higher
than that of non-primed seeds. By identifying the critical parameters of seed treatment,
Ells (1963) presented the modern concept of seed priming. His experiments with nutrient
solutions showed a high germination rate. Khodakovskaya et al. published one of the first
studies to demonstrate the potential for nanomaterials to affect seed germination [8]. The
latest innovative technique with potential application in seed priming is seed nanopriming,
an important emerging seed technology that blends seed priming science with updated
nanotechnology [9,10]. A lot of attention has recently been brought to the development and
optimization of nanomaterials for application in agriculture, including improved growth,
plant protection, and overall performance. Agricultural nanomaterials are still in a juvenile
state in terms of their application to sustainable agriculture [11]. Nanomaterials will be ap-
plied to multiple functions in agriculture as the understanding of nanotechnology increases.
It has been noticed that most agricultural lands are affected by abiotic stress factors such as
salinity and drought, which is limiting plant distribution in the habitat [12]. In order to
combat abiotic stress factors, engineered nanoparticles have been found to be a promising
alternative [13]. Recent studies have shown that nanomaterials can significantly impact
plant metabolism, genes expression, and antioxidant enzyme activity [14]. Abiotic stress
can be improved by nanoparticles such as halloysite, cerium oxide, chitosan-selenium and
titanium dioxide by enabling their antioxidant system to perform better [15–18]. The use
of nanoparticles as seed priming agents has demonstrated encouraging results in the field
of crop productivity and seed germination [19]. By using nanotechnology, it is possible
to release priming agents at specific sites and in controlled ways, which is revolutionary
for ecosystems, crop improvement, animal health, and pesticide use. Nanopriming is an
ongoing effort to create nano-agrochemicals for releasing specific nutrients in a controlled
manner, which maintains soil fertility. Using high quality seed detection technologies
makes it more likely to identify a variety of better crops since seed quality is an important
factor in crop production. An increasing number of effective methods are needed that
can detect nanoprimed seed quality in a non-destructive, objective manner as quickly as
possible. The presented review describes the potential application of engineered nanoma-
terials in seed nanopriming for sustainable agriculture and machine learning technology
for detection and classification of nanoprimed seeds to improve crop production.
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Figure 1. A timeline of seed priming development towards nanopriming technology to improve
seed germination. For sustainable food production, nanopriming improves the ability to withstand
environmental stressors, improves seed storage, and boosts microbiota.

2. Seed Nanopriming Technology

Seeds are miniature plants which, when fertilized, hatch into ovules containing both a
germinating embryo and enough food to grow. A variety of treatments can be applied to
a seed before planting in order to enhance its quality and potential yield. The process of
priming seeds, in its broadest sense, involves soaking them in a solution where enough
water is absorbed so that germination of the seed becomes possible, but not enough to
allow the radicle to protrude through the seed coat [20]. Using this technique, seeds are
advanced to an equal stage of germination to facilitate emergence from seed quickly and
uniformly [21]. Thus, priming of seeds is a very important practice in order to ensure
seed productivity [22]. Seed priming methods include hydro-priming, halo-priming, osmo-
priming, hormonal priming, solid matrix priming, and bio-priming to stimulate seeds,
encourage germination, and reduce environmental stress. Among the most well-known
and cost-effective pre-sowing seed priming methods, hydro-priming involves treating
seeds with water before sowing. The seeds are soaked in water, then re-dried to their
original moisture content [23]. The process of halo priming involves treating seeds with in-
organic solutions such as sodium chloride, potassium nitrate, calcium chloride, and calcium
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sulphate to improve germination. A known application of halopriming during the germina-
tion, seedling emergence, emergence of plants, and growth of plants is well known [24]. In
osmo-priming, seeds are soaked in different concentrations of osmotic solutions. Different
osmotic solutions are used depending on the species, including sugar, polyethylene glycol,
glycerol, sorbitol, and mannitol and then air drying is followed by sowing. Solutions
containing low water potential facilitate seed imbibitions and, therefore, early stages of
germination occur [25]. Hormonal-priming involves the use of hormone solutions to prime
seeds. During hormonal priming, plant growth regulators are used to imbibe seeds that
have direct effects on seed metabolism. Hormo-priming uses various regulators such as
abscisic acid, salicylic acid, ascorbic acid, cytokinins, auxins, gibberellins, kinetin, ethylene,
and polyamines [26]. In solid matrix priming (SMP or Matri-conditioning), seeds are mixed
in known proportions with a solid material and water. Water-absorbing seeds will reach
a point of equilibrium, precisely at which priming will take place. A thorough washing
and drying follow the separated seeds from the matrix. A hydrated, metabolically active
seed can then be achieved, which is an important germination step [27]. As an ecological
approach, bio-priming involves seed inoculation with beneficial organisms to protect seed
from disease. Seed treatment with this new trend involves hydrating seeds with beneficial
microorganisms and improving germination procedures. In terms of disease manage-
ment, biopriming provides better results than pelleting or coating [28]. Nanopriming,
a technique that involves seeds soaking in nanomaterials, has been shown to facilitate
germination and growth by allowing nanoparticles to penetrate the seed coat and increase
water uptake. When compared with unprimed seeds or seeds treated with other priming
agents, nanopriming improves storage, quality, seedling emergence, yields, and tolerance
to environmental stress [7]. In addition, nanopriming of seeds can help prevent diseases
caused by pathogens present in seeds. A high percentage of nanomaterials are retained
on the seed surface as coatings when nanoparticles are absorbed, and a tortuous path-
way prevents uncontrolled water uptake while reducing gas permeability, which leads to
more stable seed storage. A nanopriming process can alter the metabolism of seeds and
signalling pathways, thereby influencing their germination and growth. In addition to
affecting almost every existing scientific field, nanoparticles can gain significant impact
on agricultural sustainability by being introduced to the agricultural domain [7]. Studies
have demonstrated that nanoparticle application can stimulate germination and growth
of plants in numerous ways. Nanoparticles are effective because of their small size and
unique physio-chemical properties, which make them an ideal seed priming agent [21].
Nanoparticles are molecular or atomic aggregates that have a measured dimension be-
tween 1 nm and 100 nm and which may produce significantly higher chemical and physical
properties than typical bulk materials [29]. It is important to note that nanomaterials have
a wide range of physio-chemical properties depending on the shape, size, surface area,
surface/volume ratio, chemical behavior, particle charge, production method, coating, and
so forth (as shown in Figure 2A). The unique features of nanomaterials, such as their high
surface to mass ratio, enables them to enhance catalysis and deliver materials of interest, as
well as adsorb substances of interest. The nanopriming process triggers a special metabolic
reaction that is naturally triggered during the early stages of germination, as shown in
Figure 2B. It increases seed germination, by modulating the metabolism of seed, which
leads to enhanced water uptake, starch hydrolysis rate, cell wall loosening, endosperm
weakening, rapid embryo growth, and rapid root-shoot development. The nanopriming
method improves the emergence of seedlings, their growth, production, and quality [30].
The cellular and molecular mechanisms of plant interaction with the environment are
also modulated by seed nanopriming. The goal of using nanoparticles in agriculture and
natural ecosystems is to increase the performance and sustainability of plants and soil
by using less of the input parameters defined above [31,32]. It is important to include
different factors that affect priming success, such as the amount of water in the soil, the
kind of priming treatment, the amount of time the seeds are exposed to the treatment,
and the conditions in which the seeds are stored. Numerous studies have demonstrated
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the ability of nanoparticles to penetrate seed coats and enhance water uptake over time,
which facilitates germination and flowering [33,34]. As seed pretreatment agents, several
metal-metal oxide nanoparticles and carbon-based nanoparticles have been applied to
enhance germination and seedling growth of some crops and to strengthen their stress
tolerance [35–37]. Seed priming, in which seeds are re-dried to their original moisture con-
tent before planting, has been used in only a few studies, but it is not widely used. In this
case, seed nanopriming would provide a different mechanism to that of pre-sowing seed
treatment without drying. Additionally, comprehensive studies have not been conducted
on the physiological and molecular mechanisms of nanopriming on seed germination,
thus there are many unanswered questions, particularly concerning the mechanism behind
nanoparticles-induced seed germination. A summary of the types of nanoparticles that
are used for seed priming is shown in Table 1, with their potential effects as stimulants or
protective against biotic and abiotic stress.

Figure 2. Physicochemical properties of nanomaterials influencing seed priming and its proposed
mechanism. (A) The nanomaterial’s size, shape, and surface chemistry make them a versatile
candidate to modulate the seed priming phenomena via size-mediated diffusions and relocating
to specific regions of the seed to activate synergistic mechanisms resulting in germination. (B) The
versatile catalytic function of NMs selectively play role in promoting enzymatic and biochemical
pathways to promote root/shoot growth.
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3. Molecular Targets to Seed Nanopriming

An analysis of the studies shows that the benefits of nanomaterial in promoting seed
germination include (a) developing nanopores in the seed coat, (b) introducing reactive
oxygen species (ROS) to the seed, and (c) using the nanocatalyst to boost enzyme activity
at the starch-degrading site (Schematic Figure 2B) [35]. Although the exact mechanism
behind seed nanopriming is not clearly understood, it appears that nanoparticles can induce
physiological effects on seed germination. A nanomaterial that penetrates the seed coat
and creates small pores can lead to increased water uptake and upregulation of aquaporin
gene expression. Nano-pretreated seeds accumulate more ROS during germination than
unprimed seed and other priming treatments, suggesting that significant ROS is needed to
stimulate seed germination as shown schematically in Figure 2B. A study by Kibinza et al.
demonstrated that osmo-priming sunflower seeds increases expression of a gene encoding
catalase, suggesting that catalase may be a key enzyme responsible for the recovery of
vigor in older seeds [56]. The enzyme superoxide dismutase scavenges O2•− and converts
it into H2O2, and the enzyme catalase transforms H2O2 into water. A significant increase in
antioxidant enzyme amounts could be the result of nanoparticle-mediated reduction of ROS.
Due to the relationship between reactive oxygen species and antioxidant enzymes, seeds
that are nanoprimed tend to contain a lot of antioxidant enzymes through nanoparticle-
mediated ROS mitigation. Furthermore, aquaporin and ROS-mediated interactions have
been found to influence seed development [57]. The activation of seed germination could
be achieved through aquaporins and ROS. Several studies suggest that aquaporins facilitate
the transfer of H2O2 and ROS through biological membranes as well as water uptake [58].
As a result of the nanopriming process, nanopores are formed, allowing rapid influx of
water into the seeds, and aquaporin genes are activated. For seed growth and germination
to occur, seed antioxidant systems must regulate ROS in order to trigger oxidative signaling
molecules to function. The nanopriming process leads to increased soluble sugar levels.
Sugar concentrations in the cells can reduce osmotic potential, which reduces the water
potential. In this way, the difference (gradient) between the water potential outside and
inside the tissues increases, facilitating water movement into the seeds. Nanoprimed seeds
have increased soluble sugars content, resulting in the increase of amylase activity, which
leads to an increase in water uptake in the seeds due to the change in internal osmotic
potential due to the increase of soluble sugars (solutes). Studies have demonstrated that
ROS, including OH, contribute to radiation growth, cellular reorganization, and endosperm
and testicular wasting [59]. Nanoparticles can generate ROS by triggering the formation
of •OH. A theory suggests that during the short period of time (i.e., 24 h) spent soaking
seeds in nanopriming solutions, the OH produced by bound nanoparticles would facilitate
a process of loosened cell walls, which would stimulate the growth of seedlings [60]. As
a nanocatalyst, nanoparticles absorbed from the seeds may be crucial in accelerating the
reaction rate of starch hydrolysis catalyzed by α-amylase. (Figure 2B) [35]. A recent study
showed that nanoparticles can act as nanocatalysts, and that soluble starch can be rapidly
digested with nanosilver [61]. As reported by Mahakham et al. [35] the aquaporin gene
(PIP1;1 and PIP2;1) expressed higher levels in rice seeds primed with silver nanoparticles.
In conjunction with triggering the expression of aquaporin genes, aquaporins (water
channels) are trans membrane proteins that facilitate the movement of water and metabolic
gases across biological membranes, and regulate water homeostasis. Nanopriming of rice
seeds is an efficient method for boosting their starch metabolism. The hydrolytic enzyme
α-amylase converts reserved carbohydrates into soluble sugars during seed germination,
which keeps the respiration metabolism active until sufficient photosynthesis occurs. A
study conducted by Jing et al. [62] examined the transcriptomes of cotton seeds treated with
poly(acrylic acid)-coated cerium oxide nanoparticles (PNCs) and then exposed to saline
stress. Compared to unexposed control groups, ROS are accumulated under conditions
of salinity stress. When salinity stress is applied to nanoprimed seed, the expression of
13 genes related to ROS signaling pathways and 10 genes related to ion homeostasis was
detected. Plants produce antioxidant enzymes to counteract oxidative damage, including
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peroxidases (POD), glutathione S-transferases (GST), and peroxiredoxins (PRX). Comparing
seedlings under salt stress, POD and GST were significantly up regulated, while PRX was
down regulated by PNC priming. A PNC priming also increases magnesium levels in
cotton roots, as well as genes (CAD1 and TPS) with functions related to terpene synthase. In
response to salt stress, PNC seed priming regulates cotton seedling development through
signaling ion and antioxidant pathways. Among the oomycete species investigated in
the study, Siddaiah et al. [63] found that chitosan nanoparticles showed antimicrobial
activity against Sclerospora graminicola, which causes downy mildew. By priming seeds
with chitosan nanoparticles, plants display improved immunity, with increased gene
expression of alkaline peroxidase, polyphenoloxidase, and phenylalanine ammonia lyase.
The nanochitosan seed priming over expression involves PR1 and PR5, which are involved
in the salicylic acid pathways. Using zinc oxide nanoparticles to combat environmental
stress factors was studied by Chaudhary et al. [38]. In response to ZnO nanopriming,
miR156 and miR159 expression increased, which plays a significant role in helping plants
resist biotic and abiotic stresses. A study by Ye et al. [50] demonstrated that manganese
nanoparticles improved seedling growth under salinity conditions. Nanopriming with
manganese upregulated SOD (superoxide dismutase), which offers protection against ROS
damage and prevents phytotoxicity. It is possible that nanoparticles are present within the
seed to account for this behavior. Nanoparticles appear to enhance starch hydrolysis, but
the exact mechanism is still unclear [64]. Nevertheless, further research is warranted to
determine the exact mechanism.

4. Effects of Seed Nanopriming under Abiotic and Biotic Stresses

Abiotic and biotic stresses cause damage to seed growth and eventually lead to
economic losses. In the wake of global warming and climate change, seeds are subject
to an increased number of biotic and abiotic stress combinations, which negatively affect
their growth and yield [65]. The simultaneous presence of abiotic stress factors such as
drought, flood, salinity, heavy mineral contamination, cold and heat has been shown to
severely deter seed germination (Figure 3A). The biotic stress that is exhibited in Figure
3B includes a variety of plant pathogens including bacteria, fungi, viruses, nematodes,
insects, and others. As a result of pathogen infection, changes in plant physiology often
result in reduced biomass, early flowering, decreased seed set, accumulation of protective
metabolites, and many other changes [66]. Researchers have reported that a variety of
nanomaterials reduce biotic and abiotic stress and improve seed germination [67,68].

4.1. Abiotic Stress Ameliorating Nanomaterials

By seed priming with cerium oxide nanoparticles, An et al. studied the molecular
mechanisms behind plant salinity stress tolerance. Poly (acrylic acid)-coated cerium oxide
nanoparticles (PNC) show morphological, physiological, biochemical, and transcriptomic
effects on cotton seedling priming under salinity stress, according to An et al. An advantage
of PNC nanoparticle seed priming is that it can be used to increase a crop tolerance to
stress during the early seedling stage in a sustainable, practical, and scalable way. These
results showed promising molecular mechanisms that could be synergistically operated
to enhance plant salt tolerance [62]. According to a recent study published by Baz et al.,
nanopriming with water-soluble carbon nanoparticles (CNPs) significantly increases seed
vigor and seedling growth of lettuce under salinity stress. Under high temperatures and
salinity stress, CNPs have been shown to significantly promote seed germination. A CNP-
assisted nanopriming treatment enhanced lateral root growth but slightly inhibited the
elongation of primary roots, resulting in a balanced accumulation of chlorophyll in high
salinity stress [69]. The effects of manganese (III) oxide nanoparticles (MnNPs) on the
salinity stress of capsicum annum L were studied by Ye et al. It showed that MnNPs can
penetrate seed coats and form corona complexes. The results of the study demonstrate that
MnNPs can modulate biochemical interactions in seeds that exhibit salinity tolerance in
order to promote sustainable agriculture [50]. The study showed that nano-silica primed
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zea mays seeds had a higher rate of germination and a higher seedling vigor index. The
priming process helps to increase the activity of antioxidant enzymes, which can suppress
lipid peroxidation by suppressing the production of ROS under salinity stress. Additionally,
priming reduces abscisic acid content while increasing gibberellin content. As a result
of this hormonal balance, the hydrolysis enzymes (amylase and lipase) are activated. It
was found that nano-silica priming enhanced the metabolic activity of maize seeds when
exposed to salinity [70]. Khan et al. investigated the effect of nano ZnO and nano Fe on
cadmium accumulation in wheat. Nanoprimed seeds show increased length of spikes,
shoots, and roots, as well as increased grain size. Superoxide dismutase activity and
electrolyte leakage were reduced in nanoprimed seeds. Nanoparticles in seeds increase
wheat biomass and nutrient content as well as decreasing Cd toxicity overall [71]. The
role of bulk and nanosized SiO2 particles in fenugreek germination has been investigated
by R. Ivani et al. A study concluded nanosized particles of SiO2 protect fenugreek seeds
from salt stress and improve growth attributes [72]. A study by S. Hojjat et al. examined
the effects of silver nanoparticles on the germination of fenugreek seeds under salinity
conditions. AgNPs improved salinity tolerance in fenugreek seedlings. This may increase
various plant defense mechanisms that reduce salt stress [73]. In a study by Konate et al.,
magnetic (Fe3O4) nanoparticles were shown to mitigate heavy metals uptake and toxicity
in wheat seedlings. Physiological mechanisms were investigated in wheat seedlings to
determine how magnetic nanoparticles (nano-Fe3O4) mitigated the toxic effects of heavy
metals (Pb, Zn, Cd, and Cu) [74].

Figure 3. Effect of nanopriming agents to improve seed germination in abiotic and biotic stress
conditions. (A) Environmental conditions in combination with soil quality may pose stress to
different phases of seed germination affecting biochemical pathways involved in the root-shoot
development. The metal chelators and biocatalytic NPs could play a rescue role mitigating those
abiotic conditions, giving a healthy plant development. (B) Seed nanopriming with broad spectrum
NMs with known microbicidal and anti-parasitic effect improve seed germination in biotic stress
conditions boosting overall crop yield.
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4.2. Biotic Stress Ameliorating Nanomaterials

As a bioprotectant against rice borne pathogens P. grisea and X. oryzae, Sathayabama
and Muthukumar investigated the antimicrobial activity of chitosan guar nanoparticles
(CGNP). The treated rice showed no symptoms of blast disease. Rice plants with CGNP-
applied antimicrobial protection displayed an enhanced rate of seed germination and
growth [75]. T. Xu et al. demonstrated enhanced seedling development and agrochemical
delivery by biodegradable, biopolymer-based nanofiber seed coatings. The germination
and subsequent growth of nanofiber-coated tomato and lettuce seeds were studied in a
greenhouse, with and without a fungal pathogen (Fusarium species) as shown in Figure 2B.
Based on recent observations, it appears to be possible to use nanomaterials to deliver active
ingredients at precise locations. Nanofiber seed coatings provide precise agrochemical
delivery and significantly improve seedling germination and biomass in comparison
to conventional film coating techniques used in the industry due to their nanofibrous
structure and controlled release kinetics [76]. The effects of cinnamaldehyde encapsulated
mesoporous silica nanoparticles (MSNP) on seed borne diseases were studied by Bravo
Cadena et al. Based on the results of this study, it is clear that MSNP significantly enhanced
the antimicrobial activity of plant products, which allows the use of volatile biocides such
as essential oils at very low concentrations to prevent microbial diseases in crop plants [77].
Choudhary et al. evaluated the effect of zinc chitosan nanoparticles as a seed priming agent
and foliar application to maize plants. An in vitro study showed that seed nanopriming
with Zn-chitosan nanoparticles enhanced seed germination and inhibited fungal growth.
These results showed that Zn-chitosan nanoparticles have strong fungicidal activity, are an
effective micronutrient fortifier, and could stimulate maize crop growth [38].

5. Effect of Combined Seed Priming Treatment of Nanomaterials with Microbes

Seed germination and seedling growth characteristics of several plant species have
been enhanced by nanopriming with a variety of nanomaterials [9,44]. Several studies on
the interaction between nanomaterials and plant-benefitting bacteria, called Plant Growth-
Promoting Rhizobacteria (PGPR), have been identified as a novel approach in sustainable
agriculture [78]. Through the application of both PGPR and nanomaterials, plants may
be able to resist environmental stress through several physiological and morphological
mechanisms, such as improved root system nutrient uptake and induced expression of
cellular antioxidative enzymes [79]. By using silicon nanoparticles as a seed priming agent,
Mahakham et al. studied the role of silicon nanoparticles in the cell growth process. This
study examined the effect of silicon nanoparticle-mediated seed priming on Pseudomonas
species enhancing growth, physiology, and antioxidant metabolism in Melissa officinalis
L. According to Figure 4, seed priming, pre-sowing, and seedling inoculation with bio-
elicitor improves plant growth and phytochemical constituents. Combined with silicon
nanoparticles, P. fluorescens and P. putida significantly increased plant biomass indices, the
relative water content of leaves, photosynthetic pigment values, essential oil yield, and
all major components (except thymol). It has been found that seed priming with nano-
silicon particles combined with inoculation with pseudomonas strains boosts the number
of both primary and secondary metabolites in lemon balm plants [35]. Shcherbakova et al.
demonstrated that pre-seed treatments with microbial inoculants and molybdenum (Mo)
nanoparticles. The goal of this study was to determine the effects of pre-seed treatment
with microbial inoculants and Mo nanoparticles on the composition of root exudates of
chickpea plants and the diversity of microbes in the rhizosphere. Shcherbakova et al.
examined the activity of enzymes involved in the antioxidant protection system and the
formation of plant-microbial systems induced by nodules and rhizosphere bacteria as
well as Mo nanoparticles before sowing seeds [80]. De Gregorio et al. investigated the
application of beneficial rhizobacteria immobilized in nanofibers to bioinoculants soybean
seeds. Their findings showed that inoculating seeds with PGPR provides soil with a
significant number of beneficial microorganisms. A nanofiber-immobilized rhizobacteria-
coated soybean seed was also evaluated for its influence on bacterial survival during
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seed storage and on characteristics of germination and plant growth. Seed coating with P.
agglomerans improved germination, size, and weight of the roots. Moreover, seed coating
with Bacillus californianus increased leaf number and dry weight. In view of this, the
technique applied in the current study to prime seeds with nanofiber-immobilized PGPR
could be regarded as a promising eco-friendly strategy to enhance soybean production by
using microbial inoculants [81]. According to Taran et al., colloidal solutions of metals for
micronutrients enhance plant health by enhancing resistance to exposure to unfavorable
environmental conditions and enhancing plant nutrition by increasing the penetration of
nanoscale elements in the cell walls. Combining seed treatment with colloidal solution
of Mo nanoparticles and microbial preparation results in a four-fold increase in nodule
formation compared to control plants [82].

Figure 4. The plant growth-promoting rhizobacteria (PGPR) combined seed nanopriming treatment
with a selection of microbicidal nanomaterials without influencing the PGPR spares beneficial
microbes of the soil and plant tissues. This promotes N2-fixation improves harvest quality and yield
via selectively increasing threshold towards biotic stresses.

6. Effect of Combined Seed Priming Treatment of Nanoparticles and Cold Plasma
Technology

The combined potential benefits of working with cold plasma and metal-based
nanoparticles seed priming are rarely studied. The reactive oxygen and nitrogen species
(ROS and RNS) are important signaling molecules that are involved in seed signaling path-
ways, cellular physiology, gene expression, differentiation, and growth [83]. Seed treatment
with cold plasma and nanomaterials is an eco-agricultural high-tech technique that can
increase crop yields [84,85]. The non-ionizing low-level radiation activates the vitality of a
seed without causing gene mutation, so there is no genetic risk. A new path to increasing
grain yield is provided by the application of cold plasma and nanotechnology in agricul-
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ture, since it is a fast, cheap, green, and riskless method [86]. Using cold plasma could
help increase germination rates and peroxidase activities in seeds [87]. Figure 5 illustrates
that both UV and biologically active agents (nitrogen and oxygen active species) produce
molecular changes in seeds which then influence food composition [88]. In a study, Abedi
et al. reported that seed priming with cold plasma enhanced early growth and flowering
while protecting Cichorium intybus with selenium nanoparticles. This study provides a
better understanding of the potential advantages of cold plasma in improving early growth,
protection, and production. Figure 6 indicate that plasma with nano-selenium is capable
of improving plant tolerance to stress conditions via activation of plant defense systems,
especially antioxidants. As a result, plasma priming combined with nano-Selenium at a low
dose is an effective approach to promote plant growth, biochemistry, and protection [89].

Figure 5. The cold plasma (dielectric barrier discharge) mediated seed priming improve seed vigor
via synergistical activation of plant defense machinery against ROS, supporting redox homeostasis in
plant. Bases on cold vs. non-thermal plasma used in seed priming, the energetic electrons, charged
particle, and reactive species are produced, which dissolve tough seed coat promoting water uptake
and drought yield in the crop.

Using non-thermal plasma, A. Babajani et al. studied selenium and zinc oxide nanopar-
ticle reactions of seed priming. Medicinal plant Melissa officinalis has shown to respond
differently to zinc oxide (nZnO) and selenium (nSe) nanoparticles when primed with cold
plasma. The primed seeds with plasma were cultured in nutrient solution modulated with
nSe and nZnO. As a result of plasma priming, the growth-related characteristics (stem
length, root length, and width of the leaf) as well as biomass accumulation were improved,
as well as the toxicity signs of nSe were attenuated [88]. The study described differential
physiology and expression of phenylalanine ammonia lyase (PAL) and universal stress
protein (USP) in endangered species published by Moghanloo et al. (2019). Treatments
with plasma and nano silicon (nSi) simultaneously had the highest expression rates of the
gene for phenylalanine ammonia lyase. In contrast, the plasma treatments did not make a
significant difference in the expression of USP gene, but nSi-treated seedlings exhibited
higher levels of USP expression. After plasma and nSi were applied, leaf thickness and
vascular tissue development were reinforced (xylem and phloem). In the present study,
nSi and plasma as potential antagonists of phytotoxicity are described, which may be
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used as a theoretical base for possible commercialization [90]. Cold plasma has been re-
ported to reduce the toxicity signs of nano zinc oxide in capsicum cayenne by modifying
growth, differentiation, and physiology, according to A. Iranbakhsh et al. In this study,
the systemically applied cold plasma solution and zinc oxide nanoparticles (nZnO) were
evaluated within plant (Capsicum annuum) under in vitro and in pot conditions using a
functional scientific device and metal-based nanoparticles. Eliciting peroxidase enzyme
activity in both culture media was achieved by treating either with plasma or nZnO on
both roots, and it was found that plasma activity and/or nZnO activity of phenylalanine
ammonia-lyase were significantly greater. Plant growth was most influenced by soaking
seeds with nanomaterials before plasma treatment in the pot experiment [91].

Figure 6. As an alternative to ecotoxic chemical treatments, non-thermal and cold plasma-based
seed nanopriming has advantages in managing environmental stressors towards improving seed
vigor and enhancing seed germination. The enhanced antioxidant system and activated defense
response towards improved physiological processes; seed scarification and pathogen inactivation
via plasma affects seed surface environment ameliorating improved features at molecular level and
leave/root/shoot proportions.

7. Artificial Intelligence and Machine Learning Technology for Nanoprimed Seed
Diagnostics

Seeds with better seed germination and seedling emergence rates can ensure reliable
emergence under a variety of agricultural conditions and are therefore instrumental in
ensuring yield potential and uniformity. As of today, germination scoring is typically
done by human observation, and therefore, has a limited frequency, scale, and accuracy.
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In order to handle this bottleneck, many attempts have been made to automate both
seed diagnostics and associated phenotypic analysis, with more than one research-based
solution such as germinator, phenoSeeder, and the MultiSense tool as a result [92]. As
shown in Figure 7B, by using these softwares, post seed nanopriming diagnosis can be
done to predict nanoprimed seeds viability and phenotypic analysis.

Figure 7. (A) Artificial intelligence and machine learning may assist with infrared spectroscopy
and X-ray image data mining and curation. AI and ML may further complement via optimizing
seed priming technology based on chemianalytic profiling for heat and moisture content assisting
in breaking seed dormancy. (B) Post nanopriming, AI and ML tools can be used to predict seed
germination, vigor, and yield of nanoprimed seeds.

Recently, advanced computer vision and machine learning methods have been applied
to germination assays; among them, the Rice Seed Germination Evaluation System which
uses artificial neural networks to gauge the germination status of Thai rice species [93].
Numerous computer vision and machine learning that combined analytic methods have
been developed to automate phenotypic analyses of organs as diverse as leaves, roots, and
reproductive organs [94,95]. Nanoprimed seed germination can be measured dynamically
and objectively based on the color, texture, morphology, and growth pattern of a seed,
thus enabling new biological findings about seed physiology. In addition, the automation
of seed germination scoring represents an excellent opportunity to start standardizing
seed science research. The quality of seeds and their vigor can be accessed through digital
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analysis, but also biological experiments under varying conditions can be quantitatively
compared to increase the confidence of research results. A study by Genze et al. presented
accurate germination detection, prediction and quality assessment based on machine
learning [96]. Several attempts have been made to automate seed testing in order to reduce
the number of error-prone manual steps required in this process. Various analyses of
seeds have recently been carried out using modern image analysis techniques since they
are easily automatized and can provide unbiased and quantitative measurements which
are error-free [97]. Modern convolutional networks were used in the present study to
detect individual seeds and to distinguish germinated from non-germinated seeds with
higher precision. By using artificial intelligence to measure germination potential, the
evaluation process could be sped up. Compared to manual methods and conventional
methods, it has a lower error rate and a higher performance. This allows it to provide more
accurate germination indices and assess the quality of seeds. An approach for determining
seed quality was developed using FT-NIR spectroscopy and X-ray imaging data by A
D Medeiros et al. [98]. The results shown in Figure 7A illustrate how FT-NIR and X-ray
imaging can be used in conjunction with machine learning algorithms to improve seed
germination and vigor prediction. This study examines the use of FT-NIR spectroscopy in
conjunction with X-ray imaging in the prediction of seed quality traits (germination and
vigor). Seed germination capacity can be accurately measured (85% accuracy) using the
proposed approach. A machine learning algorithm developed using both NIR spectra and
X-ray images can easily, efficiently, and accurately predict seed germination. A D Medeiros
et al. developed a system for classifying soybean seedlings based on quality data [98]. In
this study, it was proposed to use traditional machine learning methods for determining the
size, shape, and physiological potential of soybean seeds and seedlings. The models were
developed using free and low-cost software based on images of soy seeds and seedlings.
Using the developed model for seed and seedling classifications, 94% of seed and seedlings
were accurately classified. By using interactive and traditional machine learning models,
high precision was demonstrated in the models developed, which were able to classify
soybean seeds by their appearance, as well as beans and their seedlings by vigor quickly
and non-subjectively. A deep learning architecture is an artificial neural network (ANN)
that is used to find patterns in data or model complex relationships between inputs and
outputs. Classifiers are based on multilayer neural networks for identifying wheat grain
(seed) irregularities grown in a variety of agricultural environmental zones. The scientific
and technological developments of agricultural enterprises enable them to generate a large
amount of data. Automated analysis methods are needed to process this data size. It
is a very useful way to support agricultural center experts using advanced computing
techniques [99,100]. Combined with real-time processing of data, it helps farmers take
correct decisions concerning harvesting crops, planting, and fertilization. The following
Table 2 displays some examples of seed analysis software with their features for possible
use to diagnose nanoprimed seeds.
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Table 2. Software that processes images simultaneously and produces accurate analyses of seedling germination and
establishment. Using artificial neural networks, advanced computer-vision and machine-learning techniques have been
applied to germination assays to assess the germination status of various nanoprimed seed.

Seed Analysis
Software

Type of Seed Studied Feature Remark Reference

Germinator Arabidopsis thaliana seed An indicator of germination
An automated

high-throughput evaluation
procedure for germination

[101]

Seed Vigor Imaging
System

Soybean and
Corn Seed

Used to calculate the length
of seeds

Physiological differences
between seed lots could be

identified
[102]

SeedUSoon - Tracking of different
mutations

It provides a visual
representation of the genetic

link between related seed
batche

[103]

SmartGrain Arabidopsis thaliana seed Recognize varieties of seeds
Understanding the genes

and mechanisms of grain or
seed size and shape

[104]

SeedExtractor Rice seeds
Measures seed size, shape
(including length, width,

circle and color

Crop yield traits can be
determined [105]

SeedCounter Wheat grain
The use of a mobile device
can be used to estimate the
number and size of grains

It is possible to improve the
accuracy of seed analysis. [106]

8. Limitations of Nanopriming Techniques and Future Prospects

It is recognized that despite remarkable progress, scientists do not have a complete
understanding of how these nanomaterials can affect the macro- and micro-environments
of seeds. It is alarming that there is still a lack of basic understanding regarding the
possible health and safety effects of engineered nanomaterials on both human and non-
human receptors considering the actual and projected levels of exposure [107]. A general
rule concerning seed nanopriming does not exist, and there is no clear trend regarding
priming responses depending on the taxonomic position of the species. As a result of
some nanopriming treatments, there is a possibility of contamination of the medium
with fungi and bacteria, which may greatly hinder subsequent seed germination [7]. A
seed that has been nanoprimed is dried back to its original moisture content, but this
process is done faster than the dehydration of mature seeds. Several researchers have
hypothesized that brutal desiccation procedures alter the effects of nanopriming [7]. As
a consequence, nanoprimed seed material can be less stable, and higher maintenance
costs for seed companies and farmers are consequently incurred. In some cases, repeated
nanopriming treatments can partly prevent seed viability losses, whereas in others, such
losses are permanent and cannot be reversed [108]. Possibly requiring an additional
treatment may be both an extra cost and a source of variability because germination
potential may not be fully restored.

Nanopriming can be a potential future target for sustainable agriculture with the
current global supply versus demand trend. A fortification program consists of adding
vitamins and minerals to processed foods as a public health measure to improve the
nutritional quality of the food supply. The goal is to enhance the nutrient intake by the
population [52]. As a result, biofortification reduces the runoff of fertilizers and other
agrochemicals and their inputs into the environment. As a result of seed biofortification,
stands have been established and plant production, yields, nutrient content, and water
utilization have increased as well as plant tolerance to biotic and abiotic stresses have
increased [109]. The technique has been found to be a simple, practical, and cost-effective
approach to improving the quality of seed and crops in resource-constrained regions.
Compared to conventional seed priming, seed priming using engineered nanomaterial
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produced higher germination rates at equivalent or lower life cycle embodied energy.
Nanotechnology is also an exceptionally potent way to deliver nutrients effectively due
to its ability to deliver a wide range of engineered nanomaterials in a more efficient
manner than before [34,110]. By introducing nano-bio-fortification into seeds, less fertilizer
potentially may be consumed. This results in the need to use less water and less resources
to cultivate the same volume of nutrient-rich food. Nano-bio fortification of seeds could
also assist in shortening the growth cycle of plants (e.g., requiring less time for them to
germinate and to mature), allowing the land to grow crops faster in the future. In similar
ways to other agronomic methods, the success of seed nano-biofortification will depend on
how well it is adapted to the setting, including the type of soil, the type of crop and the
climate, and the location [111]. The advantages of nanotechnology need to be compared to
other biofortification procedures that may provide long-term and cost-effective solutions,
including plant breeding and CRISPR/transgenic technology [111]. In addition to assessing
the overall environmental implications, it is important to determine if nano-based solutions
are practical compared to conventional practices [112]. Nanomaterials continue to be
manufactured in larger scales, which lead to further decreases in production costs. It is
highly likely that nanotechnology will integrate with seed biofortification practices in the
future, especially as highly specialized and tunable nanomaterials emerge. Nano-enabled
seed biofortification is an important topic that merits intense scrutiny and greater attention
given its potential benefits and the increasing global food insecurity that we will face in the
coming decades.
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Abstract: Abiotic stresses, such as drought, salinity, heavy metals, variations in temperature, and
ultraviolet (UV) radiation, are antagonistic to plant growth and development, resulting in an overall
decrease in plant yield. These stresses have direct effects on the rhizosphere, thus severely affect
the root growth, and thereby affecting the overall plant growth, health, and productivity. How-
ever, the growth-promoting rhizobacteria that colonize the rhizosphere/endorhizosphere protect
the roots from the adverse effects of abiotic stress and facilitate plant growth by various direct
and indirect mechanisms. In the rhizosphere, plants are constantly interacting with thousands
of these microorganisms, yet it is not very clear when and how these complex root, rhizosphere,
and rhizobacteria interactions occur under abiotic stresses. Therefore, the present review attempts
to focus on root–rhizosphere and rhizobacterial interactions under stresses, how roots respond to
these interactions, and the role of rhizobacteria under these stresses. Further, the review focuses on
the underlying mechanisms employed by rhizobacteria for improving root architecture and plant
tolerance to abiotic stresses.

Keywords: root; rhizosphere; rhizobacteria; root morphology; abiotic stresses

1. Introduction

Stress is any environmental factor that can adversely affect plant growth and de-
velopment and decrease the final yield. All the major abiotic stresses lead to the major
declines in the yield of globally important crop plants. Drought stress affects leaf expan-
sion, stem elongating, root proliferation, and reduces water and nutrient uptake [1]. Water
stress for a prolonged duration also declines leaf water potential and stomatal closing
and opening, delays flowering, and decreases seed number and size [2–4]. Salt stress is
the most stubborn among all abiotic stresses and has prolonged deleterious effects on
glycophytes [5,6]. Many plants cannot endure salt concentrations of more than 200 mM [7],
as high salinity reduces the rate of seed germination, the establishment of seedlings, veg-
etative growth, and increases the osmotic pressure, with ion toxicity ultimately leading
to oxidative damage [8–10]. Heat stress affects overall plant morphology, physiology, and
biochemistry, leading to stunted plant growth and a reduction in plant biomass and pro-
ductivity [11,12]. Similarly, heavy metals have direct and indirect effects on plant growth,
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significantly reduce plant growth, and disturb various physiological and molecular mech-
anisms of plants, resulting in chlorosis, senescence, and an inhibition of chlorophyll and
photosynthesis [13–15]. The above-mentioned stresses are collectively known as abiotic
stresses, which are a pretesting threat to crop growth and agriculture and responsible for
great crop yield loss and future food safety [16–18].

Plant roots interconnect with a specific group of soil microorganisms that inhabit the
root vicinity, known as the rhizosphere. The rhizosphere is considered one of the most
composite ecosystems on earth, containing millions of microbial cells—but the number
changes according to plant genotype and growth stages [19]. In the rhizosphere, plant roots
secrete various compounds that act as a chemical attractant for soil microorganisms [20].
These root exudates also modify the physico-chemical properties of the soil and thus, adjust
the structure of soil microbial communities in the close vicinity of the root surface [21,22].
Rhizobacteria that inhabit the rhizosphere alleviate the influences of abiotic stresses on
plants through a number of different mechanisms, which include alterations in phytohor-
mone levels, metabolic adjustments, antioxidant defenses, bacterial exopolysaccharides
(EPS), and protecting and improving the root growth. These microorganisms can modulate
the expression of plant metabolites and improve their photosynthetic, carbohydrate, and
protein content, thus improving the yield-related traits under stress [23]. They improve
plant growth by enhancing nutrient and water uptake from the soil even under stressful
environments [24]. They also improve the phosphate and nitrate reductase activities un-
der water-stressed conditions [25] and limit the Na+ accumulation under salt stress [26].
Furthermore, they indirectly promote plant growth by decreasing the damaging effects
of pathogenic organisms by producing antagonistic substances (Figure 1) [27]. The PGPR
Burkholderia phytofirmans improved the photosynthesis and defense responses of Arabidopsis
thaliana to pathogenic attack [28], whereas Pseudomonas putida improved the systemic
resistance and priming of wheat plants to pathogen attack [29].

Figure 1. Adverse effects of abiotic stresses on root and shoot growth. Abiotic stresses adversely
affect root growth, which results in an overall decrease in plant growth due to an extreme deficiency
of water and nutrients in the aboveground parts of the plant.

In this review, we summarize and discuss the current understanding of root–rhizosphere
and rhizobacterial interactions to abiotic stresses. We first summarize the impacts of abiotic
stresses on overall plant growth and yield. We then elucidate the role of rhizobacteria under
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abiotic stresses and evaluate the strategies of rhizobacteria for improving root growth and
plant tolerance mechanisms.

2. The Root–Rhizosphere and Rhizobacterial Alliance

Root-associated rhizobacterial communities play an important role in the maintenance
of plant health under abiotic stresses. Plant–microbial associations happen at the rhizo-
sphere. The rhizosphere consists of both beneficial and pathogenic microorganisms. This
rhizobacterial community of the rhizosphere changes with changes in soil properties [29].
Interactions between rhizobacteria in the rhizosphere have intuitive effects (i.e., improve-
ment of the soil nutrient content, remediation of HMs, minimization of soil disturbances
and root growth and soil immune responses) on soil health and improve the nutritional
status of the soil, which is important for better plant growth [30]. A surfeit of these interac-
tions between the roots, rhizosphere, and rhizobial microbes also improves root growth
and proliferation, which play a critical role in the exchange of resources between the shoots
and the soil environment [31,32]. Rhizobacteria also benefit crop production by reducing
the dependency on chemical fertilizers to attain high production yields.

This rich rhizosphere–rhizobacterial interaction defends root exudates, which con-
sist of various organic compounds that attract the microorganisms towards the root
vicinity [33,34]. Root exudation arbitrates plant–microbe interactions by root colonization
and the promotion of root growth. As Neal et al. [35] reported, there is an increase in the
removal of benzoxazinone from the maize rhizosphere due to the presence of P. putida. Root
exudates contain a wide array of chemical constituents, including amino acids, peptides,
sugars, enzymes, vitamins, organic acids, and different types of primary and secondary
metabolites [36,37]. The microbial soil diversity depends on the type and composition
of root exudate, which supports the growth of useful microorganisms that can assist in
plant health and their productivity, while, in other cases, some root exudates also prevent
the growth of harmful microbes [38–42]. The proteome data also provide evidence on the
biological process that occurs in the rhizosphere, as Baysal et al. [43] carried out a proteomic
approach for studying the control of soil-borne pathogens with the help of Bacillus species.
Bona et al. [44] used the metaproteome approach for studying the microbial communities
and their activities in the rhizosphere. They reported the rhizosphere proteome of Vitis
vinifera, where they found that the bacterial species belonging to the Bacillus, Pseudomonas,
Bradyrhizobium, Streptomyces, and Bulkhorderia genuses are more active in protein expression
and their rhizospheres have more metabolic processes and regulation.

The root exudate strigolactone is also an important signaling molecule that regulates
primary root and root hair length. They are present in root exudates of monocotyledonous
and dicotyledonous plants and are involved in mutualistic interactions with arbuscular
mycorrhizal fungi in the rhizosphere [45]. Strigolactones induce hyphal branching near the
host plant, which enhances the chances of interactions between the host plant roots and
fungi [46]. They may also play an important role in legume–rhizobia symbiosis [47,48].

Among all these root exudates, the most important are organic acids, which not only
act as a source of energy for microbial–cellular metabolism but also act as intermediary com-
pounds in bio-geochemical cyclic reactions taking place in the rhizosphere [49,50]. The low-
carbon molecules of root exudates act as the originator for the biosynthesis of rhizobacterial-
produced phytohormones, whereas tryptophan (Trp) present in the root exudates acts as a
precursor for the production of indole-3-acetic acid (IAA), and is mostly present in the root
tip region [51]. In addition, the precursor for ethylene, aminocyclopropane-1-carboxylic
acid (ACC), also oozes out from plants and can be utilized as a source of nitrogen and
carbon by rhizobacteria [52–54]. Other compounds identified as flavonoids are released by
the roots of leguminous plants, persuading the transcription of rhizobia Nod factors (NF).
Nod factors are responsible for the formation of root hairs and also play an important role
in nodule initiation [55–58].

The root–rhizosphere and rhizobacterial interactions also influence plant responses
to environmental stresses [59–61]. These rhizobacterial species are reported to impart
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abiotic stress lenience by up or down-regulating the stress-responsive genes, such as S-
adenosyl-methionine synthetase, ascorbate peroxidase, and heat shock proteins [62–65].
The root–rhizobial association also prompts resistance against root herbivores and guards
the roots against a number of diseases [66]. The effects of rhizobacteria on the growth
of root hairs and root system architecture were inspected on seedlings grown in vitro in
upright agar plates comprising a mineral medium inoculated with a 108 cfu per mL of
rhizobacteria. The results of the experiment showed significant positive effects of the
inoculated rhizobacteria on root hairs and architecture under in vitro conditions [67–70].

The role of root–rhizosphere and rhizobacterial interactions is essential for plant
growth promotion, nutrient acquisition, and yield quality [71]. It is apparent that mutual
communications occur among plants, soil, and microorganisms, and all such interactions
are intricate and should be accounted for useful outcomes in terms of plant growth and
soil health (Figure 2) [72–76].

Figure 2. Mechanisms employed by rhizobacteria for increases in plant growth and tolerance to
abiotic stresses. Rhizobacteria improve nutrient content and nutrient cycling and help plants to
withstand harsh environmental conditions.

3. Effects of Abiotic Stresses on Root Growth and Rhizosphere

Abiotic stresses adversely affect plant growth and development as well as the overall
growth and morphology of roots, which not only affects the crop quality but also the
final yield. An increase in carbon dioxide (CO2) levels results in global climate change,
consisting of a rise in temperatures and disturbing weather patterns that significantly affect
the plant rhizosphere [77–80].

Plant roots are the major organs responsible for nutrient and water acquisition and
maintaining normal plant growth and yield [81,82]. However, abiotic stresses result in
poor root growth, which results in decreased water and nutrient uptake. Drought stress
has more severe effects on plant roots than any other stress and significantly reduces
its biomass [83,84]. Salinity causes ion toxicity due to an excess of Na+ and Cl−, which
also damages root growth and development [85,86]. High temperatures adversely affect
the root architecture and the roots’ interactions with the surrounding microorganisms
(Figure 1), whereas a decrease in temperature at the root zone adversely affects the process
of nodulation and N-fixation [87,88]. Similarly, the presence of heavy metals (HMs) in
the rhizosphere has toxic effects on root growth (Figure 1) [89]. Among the HMs, lead
(Pb) is the most widespread, causing inhibition of cell division in the root tip and rapid
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inhibition of root growth [90]. The presence of a high concentration of cadmium (Cd) in
the rhizosphere causes visible injuries to the root and shoot, browning of the root tips, and
chlorosis in plant shoots [91–93]. Similarly, chromium (Cr) toxicity also causes chlorosis in
newly developing leaves, and injury to roots [94,95].

Role of Rhizobacteria under Abiotic Stresses

Rhizosphere microorganisms, mainly beneficial bacteria, can increase plant perfor-
mance under stressful conditions and, consequently, improve soil health and enhance root
growth and plant yield [96]. Rhizobacteria either exert a direct stimulation on root and
overall plant growth by fixing nitrogen, the production of plant hormones, and seques-
tering iron and solubilizing phosphate [97–99]. The microbial-produced phytohormones
promote root growth and alter root architecture, triggering an increase in root surface
area [100]. This is considered one of the basic mechanisms employed by root-associated
bacteria for the increases in nutrient uptake. In the rhizosphere, plant–rhizobacteria in-
teractions assist plants through the induction of systemic resistance against pathogens
and 1-aminocyclopropane 1-carboxylic acid (ACC)-deaminase activity. Such stimuli of
rhizobacteria can benefit plant defense against pathogens and can also improve overall
plant yield (Figure 2; Table 1) [101–105].

Table 1. List of rhizobacteria species responsible for abiotic stress tolerance in common crop plants.

Crop Stress Rhizobacteria References

Helianthus annuus Drought Achromobacter xylosoxidans (SF2)
Bacillus pumilus (SF3 and SF4) Castillo et al. [106]

Oryza sativa Drought Azospirillum brasilense Az.39 Ruíz-Sanches et al. [107]

Vigna radiata Drought
Pseudomonas fluorescens strain Pf1

Bacillus subtilis EPB5, EPB22
and EPB31

Saravanakumar et al. [108]

Cucurbita pepo Drought Bacillus circulans ML2, Bacillus
megaterium ML3 El-Meihy [109]

Zea mays Drought
Klebsiella variicola F2,

Pseudomonas fluorescens YX2
Raoultella planticola YL2

Gou et al. [110]

Arachis hypogea Salinity B. licheniformis K11 Lim et al. [111]

Phaseolus vulgaris Salinity Aneurinibacillus aneurinilyticus,
Paenibacillus sp. Gupta and Pandey [112]

Steva rebaundia Salinity Steptomyces spp. Tolba et al. [113]

Abelmoschus esculentus Salinity Enterobacter sp. Habib et al. [114]

Lycopersicon esculentum Heavy metal Pseudomonas aeruginosa,
Burkholderia gladioli Khana et al. [115]

Triticum aestivum Heavy metal Bacillus siamensis Awan et al. [116]

Brassica nigra Heavy metal Bacillus cereus Akhtar et al. [117]

Pisum sativum Heavy metal V. paradoxus 5C-2 Belimov et al. [118]

Solanum nigrum Heavy metal Bacillus genus He et al. [119]

Mentha piperita Heavy metal Alcalegenes faecalis, B. amyloliquefaciens Zafar-ul-Haye et al. [120]

Triticum aestivum Heat Pseudomonas brassicacearum, Bacillus
thuringiensis, Bacillus subtilis Ashraf et al. [121]

Triticum aestivum Heat Bacillus velezensis 5113 Abde El-Daim [122]

Lycopersicon esculentum Heat Bacillus cereus Khan et al. [123]

Solanum tuberosum Salt/Drought/HMs Bacillus pumilus DH 11,
Bacillus firmus 40 Gururani et al. [124]
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It has also been reported by Marulanda et al. [125] that rhizobacterial-inoculated plants
exhibit significant increases in plant growth and yield, as well as in drought tolerance to
semi-arid and arid environments. The application of Phyllobacterium brassicacearum strain
STM196 to Arabidopsis thaliana improved its resistance to moderate water deficit stress by
modulating the rate of transpiration and delaying maturity [126]. The inoculation of plants
with rhizobacteria helps in the mitigation of the deleterious effects of various stresses by
assisting them in the acquisition of less available nutrients and by increasing the levels of
plant growth regulators [12]. Microorganisms with the capability to persist under severe
environmental conditions are more active at vindicating the undesirable impacts of drought
on crop plants [127]. Niu et al. [128] reported that drought-tolerant strains are capable
of producing exopolysaccharides (EPS), which stimulate seed germination and seedling
growth under drought stress. Among all PGPR strains, Pseudomonas fluorescens has the
highest capability of producing EPS and ACC deaminase. Recently, Batool et al. [129]
reported the effects of rhizobacteria in reducing the impacts of drought and maintaining
the higher growth and physio-chemical properties of the plants. They noted a higher
growth rate and leaf area and an increase in dry matter production in inoculated plants.
The isolated PGPR-HAS31 maintained higher chlorophyll, photosynthesis, soluble proteins,
sugars, and enzymatic activities in relation to uninoculated plants.

Kumar et al. [130] studied the effects of salt-tolerant (ST) bacterial strains. Their results
exposed the inoculation of paddy plants with the rhizobacteria Pseudomonas aeruginosa,
and Lysinibacillus sp. boosted the seedlings’ growth under salinity stress. Pseudomonas
aeruginosa exhibited more profound effects than other species and significantly improved
the rate of seed germination and the lengths of shoots and roots. Shultana et al. [131]
measured the effects of rhizobacterial strains isolated from the saline rice field in Malaysia
on the growth and yield of rice plants. Their results revealed significant useful effects of
bacterial inoculation on the rate of transpiration, photosynthesis, and stomatal conductance,
which also resulted in a higher increase in yield. The most frequently used halotolerant
rhizobacteria are Azotobacter, Acinetobacter, Bacillus sp., Pseudomonas sp., Rhizobium sp., and
Serratia sp., which employ different mechanisms, including N-fixation, P-solubilization,
and siderophore formation [132–135]. Similarly, many different reports revealed that
halotolerant microbes significantly enhanced the growth of many crops under both normal
and saline conditions [136,137]. Various ST rhizobacterial species improve the salt tolerance
in plants by the production of different types of osmolytes and antioxidant enzymes and
synthesizing ACC deaminase [138–140].

Temperature is another important variable that influences plant root growth. Fluctua-
tions in the temperature of the root zone also alter shoot growth responses by inducing
changes in the temperature of the shoot apical meristems [77]. It has adverse effects on
the plasma membrane, photosynthesis, phytohormones, and enzyme activity. However,
the rhizosphere microbes have the ability to mitigate the adverse effects of high tempera-
ture stress. They protect their membranes and nucleic acids under such conditions and
contribute to normal plant growth. Some microorganisms are better in the production of
biofilm and can help plants to tolerate high salt and temperature stress [141]. Moreover,
B. subtilis Co1-6 and P. polymyxa Mc5Re-14 showed better production of the bioactive
secondary metabolite apigenin-7-O-glucoside, whereas inoculation with Pseudomonas sp.
strain AKM-P6 and P. putida strain AKM-P7 enhanced the tolerance of sorghum and wheat
seedlings to high temperature stress due to the synthesis of high-molecular-weight proteins,
and also improved the levels of cellular metabolites [142,143]. Zhu et al. [144] observed
positive physiological effects of the arbuscular mycorrhizal fungus Glomus etunicatum
on Zea mays plants at a range of different temperatures (5–40 ◦C) when compared with
uninoculated plants. Similarly, Pedranzani et al. [145] showed an increase in antioxidants
in the shoots and roots of Digitaria eriantha and a reduction in cellular lipid peroxidation
in plants inoculated with the arbuscular mycorrhizal fungus Rhizophagus irregularis under
cold stress (4 ◦C).
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Soil microbes maintain an efficient flow of water and nutrients to plants under heat
stress conditions [146], whereas thermotolerant phosphate solubilizing bacteria act as biofer-
tilizers in agriculture and are involved in the biogeochemical cycling of phosphorus [147].
One of the common mechanisms inked by rhizosphere microorganisms for reducing the
effects of heat stress in plants is the induction of osmoprotectants and heat shock proteins
(HSP). The modulation of the levels of phytohormones, secondary metabolites, and the
production of ROS are some of the important mechanisms employed by rhizosphere mi-
croorganisms for combating the adverse effects of heat stress. Kang et al. [148] reported an
increase in the content of GA and ABA and the reduction in the content of jasmonate and
salicylate in pepper plants inoculated with a gibberellin-producing PGPR. This alteration
in the content of phytohormone/plant growth regulators resulted in an increase in plant
growth under low temperature stress conditions. Issa et al. [149] reported that bacterium
Burkholderia phytofirmans significantly enhanced the production of phenolics, proline, and
starch under heat stress and was able to protect the tissues of tomato against heat. Ro-
driguiz et al. [150] also reported Curvularia protuberate-induced heat stress tolerance in
tomatoes. Gram-positive microorganisms possess heat-resistant spores that are used in the
formulation of stable and dry powder products [151].

Rhizobacteria are known to affect the movement and accessibility of HMs by releas-
ing various chelating agents or by the process of acidification, phosphate solubilization,
and redox reaction and thus, enhance the phytoremediation of HMs [152]. The aptitude
of microorganisms to degrade pollutants largely depends on the pH, temperature, and
moisture content of the environment in which they live [153]. Microorganisms can also
cleanse metals by valence conversion, volatilization, or extracellular chemical precipita-
tion [40]. However, the co-inoculation of Bacillus subtilis was found to be more effective
against the remediation of HMs than a single inoculation. Some bacterial species produce
iron-chelating substances called siderophores, which enhance the mobility and reduce the
bioavailability of metals [154]. Sulfate-reducing bacteria have the ability to convert sulfate
to hydrogen sulfate, which then reacts with heavy metals and converts them to insoluble
forms of metal sulfides [155]. The oxalate crystals produced by mycorrhizal fungi are also
known to immobilize and detoxify HM [156].

Tiwari et al. [157] reported that plant-associated bacteria reduce the accumulation
of various metals in plant tissues and also assist in reducing metal availability in the
soil through a number of different mechanisms. The practice of rhizobacteria in combi-
nation with plants is estimated to deliver high efficacy for phytoremediation [158–160].
Khanna et al. [161] also reported the role of Pseudomonas aeruginosa and Burkholderia gladioli
in the alleviation of Cd stress (0.4 mM) in the 10-day old seedlings of L. esculentum. They
revealed the adverse effects of Cd stress on root and shoot growth and on plant biomass.
However, the bacterial-inoculated plants showed improved plant growth and resistance
to Cd toxicity. The usage of these beneficial rhizobacteria is reflected as one of the most
capable approaches for harmless crop management practices in HM-contaminated soils.
Plant–microbe interactions help in adapting plants to metalliferous environments and
increase microbial-assisted metal tolerance.

4. Strategies of Rhizobacteria for Improving Root Architecture under Stresses

Rhizobacteria efficiently colonize the roots of crop plants and enhance their growth
by a number of different direct and indirect mechanisms. The alteration of root system
architecture by root-associated rhizobacteria involves the assembly of phytohormones,
for example, auxin, gibberellins, and other signaling molecules that lead to greater lateral
root branching and growth of root hairs. As these rhizobacteria attach to the plant root
surface, they convert root exudates into phytohormones [162–166]. The composition of
the root exudates change along with the plant development; hence, the rhizo-microbiome
alignment varies consequently [167–169]. They also show the antagonistic activities against
the phytopathogenic microorganisms by producing siderophores, enzymes, the synthesis
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of antibiotics, antifungal compounds, and essential nutrients, thus improving the root
architecture under all these stressful conditions [170–172].

The root colonization pattern of rhizobacteria like Bacillus and Pseudomonas has been
well-described in numerous plants, including tomato [173], cucumber [174], Arabidopsis
thaliana [175], wheat [176], and grape [177]. Erturk et al. [178] studied the effects of various
strains of Bacillus on rooting and root growth in kiwifruit. The highest rooting ratios
(47.5%) were obtained as a result of Bacillus RC03 and Bacillus simplex RC19 treatments.
The inoculation of wheat and maize plants with these bacterial species also delayed the
onset of the drought symptoms on plants. Both of the applied rhizobacterial species
were synergistic to root branching and length, compared to the control. Enterobacter sp.
demonstrated greater effects on root branching, length, and diameter when compared to
the control (Figure 3) [179–182].

Figure 3. Strategies of PGPR for improving root architecture and overall plant growth under abiotic
stresses. These microorganisms form a rhizosheath around the roots and produce antibiotics and
biocontrol agents, thus protecting the roots from the adverse effects of environmental stresses.

5. Stress Responsive Metabolites Mediated by Rhizobacteria

Plants experience diverse abiotic stresses throughout their life cycle that need to
be handled in order to survive. Abiotic stress lenience has been studied in relation to
rhizobacteria in order to offer a biological understanding of the alteration and persistence of
rhizobacteria under such stresses [183,184]. Several stress tolerance mechanisms have been
considered for rhizobacterial-arbitrated stress tolerance in plants. It has been reported that
rhizobacterial inoculation alters the metabolic expression in plants under stress and helps
in activating stress-responsive genes and metabolites [185]. The potential of rhizobacteria
producing stress-related metabolites is gaining importance these days. They also have
the ability to modulate the transcriptional machinery responsible for stress tolerance in
plants. Their involvement in the upregulation of ABA-signaling cascades that lead to the
expression of TaWRKY and TaMYB has been reported previously [68,186]. Many genetic
studies have been carried out in plants grown under abiotic stresses to characterize the
bacterial-mediated changes in plants at genetic and metabolic levels [187,188]. Previously,
the genetic studies of drought stress tolerance were categorized by means of molecular and
genetic approaches in pepper plants [184,189–194].
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A large number of secondary metabolites, such as compatible solutes and volatile
organic compounds (VOCs), have been reported to be from halotolerant rhizobacteria that
are crucial for bettering the adverse effects of salinity stress in plants and their associated
partners [195]. Halotolerant rhizobacteria employ key mechanisms for stress tolerance,
which include osmotic adjustments at a cellular level, regulation in ionic transportation,
and maintaining homeostasis by reducing the toxic effects of sodium (Na+) and chlorine
(Cl–) ions [196]. Moreover, these microbes synthesize different types of volatile compounds
and antifungal or antibacterial metabolites, for example, sugar, betaines, amino acids, and
polyols, which help plants to withstand harsh environmental conditions [197–200]. Some
of the halotolerant bacteria can endure stress caused by high salinity due to their innate
ability to accrue some of the vital compatible osmolytes essential for retaining intracellular
osmotic homeostasis that benefit them to persist under high salinity, and they are also
liable for supporting plant growth and survival under such stresses (Figure 4) [201–205].

Figure 4. A PCA-based biplot showing the associations among different metabolites induced by plant
growth-promoting rhizobacteria (PGPR) in chickpea leaves grown under stress conditions. The figure
was generated by uploading data files to the MetaboAnalyst 3.0 server (http://www.metaboanalyst.
ca accessed on 10 February 2021). We selected normalization by sum, log transformation, and
auto-scaling for the analysis.
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The overproduction of reactive oxygen species (ROS) under stress conditions alters
redox states, causes damage to DNA, proteins, and membrane fluidity, and lastly, causes
cell death [189]. Various growth-promoting rhizobacterial species are described to endure
oxidative stress with the support of antioxidant enzyme activity. Sandhya et al. [206]
reported an increase in the activity of ascorbate peroxidases (APX) in Enterobacter inocu-
lated tomato seedlings grown under high saline conditions. Higher catalase (CAT) and
superoxide dismutase activities were recorded in bacterial inoculated gladiolus plants
when compared to the control [207,208].

Endophytic bacteria are capable of synthesizing nitrogenase enzymes under HM
stress and destitute nitrogen conditions by giving ample nitrogen to connected plants.
Doty et al. [209] also isolated endophytic genera (Acinetobacter, Burkholderia, Rahnella, and
Sphingomonas) from Populus trichocarpa and Salix sitchensis, with the ability to synthesize
nitrogenase enzymes, and were capable to fix atmospheric nitrogen [210]. The production
of citric acid, gluconic acid, and oxalic acid by rhizobacteria plays an effective role in the
mobilization of heavy metals, thus protecting the plant roots from the lethal effects of
HMs [211–213]. Paredes-Páliz et al. [214] selected biofilm-forming rhizobacteria based on
their ability for metal tolerance and applied them to Spartina densiflora. The inoculated
plants were then allowed to grow for four months and then harvested. The frozen har-
vested plant parts were used for the determination of enzyme assays and gene expression.
They noted increases in the activity of SOD, CAT, and APOX and a 2-fold increase of
thiobarbituric acid reactive substances (TBARs) that resulted in membrane and cell dam-
age. However, the created oxidative stress index (OSI) was significantly decreased (>50%)
upon inoculation.

Changes in gene expression in relation to ethylene biosynthesis have been reported in
rhizobacterial-inoculated plants grown under abiotic stresses [215–218]. The existence of
ethylene (ET) is vital for normal plant growth and fruit ripening, but under stress conditions,
the production of ethylene significantly increases, which has negative effects on seed
germination and root growth [219,220]. However, ACC deaminase-containing rhizobacteria
can hydrolyze ACC, the precursor of ET, thus decreasing the extra ethylene production
under stress and saving plants from its inhibitory effects [221–223]. Beneficial rhizobacteria
enhance the synthesis of proline in abiotically stressed plants. The most important proline
synthesizing rhizobacteria are Burkholderia [224], Arthrobacter, and Bacillus [225].

6. Conclusions

Soil microbiomes and especially rhizobacteria possess different mechanisms by which
they improve soil health, root growth, and the tolerance of plants to various abiotic stresses.
The ability of these bacteria to survive under abiotic stresses makes them a brilliant can-
didate for sustainable agriculture. They improve root access to nutrients and water and
improve their translocation to the above-ground parts of the plants, leading to overall
improvements in plant growth and yield. These bacterial strains mitigate the adverse
effects of abiotic stress by producing different types of metabolites, including phytohor-
mone, exopolysaccharides, siderophores, antioxidant enzymes, and volatile compounds.
Improvements in plant tolerance to abiotic stresses will result in increased yields and pro-
duction of crops, even under stressful environments. This can be achieved via the search,
selection, and engineering of rhizobacterial species capable of resistance to abiotic stresses.
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99. Samardakiewicz, S.; Woźny, A. Cell division in Lemna minor roots treated with lead. Aquat. Bot. 2005, 83, 289–295. [CrossRef]
100. Prasad, M.N.V. (Ed.) Heavy Metal Stress in Plants: From Biomolecules to Ecosystems; Springer Science & Business Media: Berlin,

Germany, 2013.
101. Rahman, Z.; Singh, V.P. The relative impact of toxic heavy metals (THMs)(arsenic (As), cadmium (Cd), chromium (Cr)(VI),

mercury (Hg), and lead (Pb)) on the total environment: An overview. Environ. Monit. Assess. 2019, 191, 1–21. [CrossRef] [PubMed]
102. Nagajyoti, P.C.; Lee, K.D.; Sreekanth, T.V.M. Heavy metals, occurrence and toxicity for plants: A review. Environ. Chem. Lett. 2010,

8, 199–216. [CrossRef]
103. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy

metals. Interdiscip. Toxicol. 2014, 7, 60. [CrossRef]
104. Nazir, R.; Khan, M.; Masab, M.; Rehman, H.U.; Rauf, N.U.; Shahab, S.; Ameer, N.; Sajed, M.; Ullah, M.; Rafeeq, M.; et al.

Accumulation of heavy metals (Ni, Cu, Cd, Cr, Pb, Zn, Fe) in the soil, water and plants and analysis of physico-chemical
parameters of soil and water collected from Tanda Dam Kohat. J. Pharm. Sci. Res. 2015, 7, 89.
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