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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 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
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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 pgr5hopel. 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 pgr5hopel 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



Cells 2022, 11, 3953

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 Sliwiniska-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~! 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 pg mL ™!
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 pmol (photons) m 2 s L 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~" to 25,000 U mL~! and their
combinations with a total concentration of 20,000 U mL~! 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 165 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 4000x 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 um (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 3000x ¢ for 15 min at 4 °C. The supernatant
was then transferred to a sterile microtube containing 600 pL of ice-cold isopropanol and
mixed by pipetting, then centrifuged at 16,000x g for 20 min at 4 °C. The precipitate was
dissolved in 100 uL TE buffer (2 mmol Tris-HCI (pH-8.0), 1 mmol EDTA). Then, 10 uL 3 M
sodium acetate (pH-5.2) and 300 pL 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 x g at 4 °C. The pellet was washed with 70% ethanol, oven-dried, and
dissolved in 50 puL 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 pL 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 165 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 g mL~!). 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 pL of each amplicon, 1 pL 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 5000x 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 BGo-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 x 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 BGp-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: Fy is
the fluorescence value at open reaction centres, and Fy, 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]:

Fy = Fy — Fy is the maximum variable fluorescence;

Fv /Fm is the maximum quantum yield of PSII of the primary photochemical reaction
in open PSII reaction centres: Fy /Fy = ¢Po.

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 x g for 20 min at
4 °C. The obtained biomass was adjusted to OD7y = 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 umol (photons) m =2 s~ 1.
After incubation, 500 puL 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~! 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 umol) is present in this medium as a trace element in trace
amounts and Fe (0.36 umol) 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 x 6H,0) was added to the nutrient medium in concentrations of 1, 5,
10, and 15 pmol and NapyMoQOy in concentrations of 0.1, 0.5, and 5 umol. The control for
all variants of the experiment was the Alleny 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 Alleny 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 Alleny 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 x 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 (2000x 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 (g m™1) = 12.9447 (Ages — A7) 1)
Carotenoid (ug mL™1) = 1000 (Agr9 — Azzg) — 2.86 2)
Phycocyanin (pg mL ™) = (Ag15 — 0.474A45,)/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—D5 (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 x 2.6-3.4 um 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 um, width of 3-5 pm).
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 um in length, comprising up to 10 cells. The cells are cylin-
drical, isodiametric, sometimes barrel-shaped, and 1.8-6.8 x 2.3—4.3 um 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 x 2.3-3.2 um
in size. The akinetes are mainly cylindrical, oval, large (5.1-7.7 x 2.6-3.4 pm), 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 ]-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 um 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 pm 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 X —5.9 um 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].

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 um, 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.

I
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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).
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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.

_93|: Nostoc sp. J-14 (MZ079360.1)
93 Nostoc muscorum CCAP 1453/8 (HF678508.1)

_|: Nostoc sp. PCC 7120 (BA000019.2)
58
92 Nostoc sp. PCC 7120 FACHB-418 strain (KM019921)

{ Tolypothrix tenuis SAG (KM019944)
94 Tolypothrix tenuis J-1 (MZ079361.1)

Calothrix brevissima IAM M-249 (AB074504)

Desmonostoc sp. 111 CR4 BG11B (KF761565.1)
Desmonostoc salinum CCM-UFV059 (KX787933.1)

65 _|: Trichormus variabilis K-31 (MZ079356.1)
87 Anabaena variabilis BTA06 (KM435244.1)

—— Cylindrospermum sp. BTA1113 (KM652630.1)

58

73

) S— Cylindrospermum badium J-8 (MZ079357.1)
Oscillatoria sp. PCC 9631 (GQ351578.1)

Oscillatoria brevis SH-12 (MZ090011.1)

70 _: Uncultured Oscillatoria sp. clone GU3-6 (JN382233.1)
91 Oscillatoria tenuis UAM 410 (JN382222.1)

99

Chlorella antarctica strain CCAP 211/45 (KU291887.1)

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 (KM652(3630.1) (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
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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 (Kiitz.) 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 (Alleny) 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 Alleny, 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 (Alleny).
The data are presented as mean +/— SE (n = 3), p < 0.05.

Strain Growth Coefficient, u (per Day) DW, g L1
Trichormus variabilis K-31 0.28 - 0.02 1.06 £ 0.09
Nostoc sp. ]-14 0.27 4 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™}, 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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Heterocyst/filament

there were no significant differences between the cultures grown on both Allen nutrient
medium and Alleny 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).

m Alleny =—e=Allen

Trichormus variabilis ~ Cylindrospermum Nostoc sp.J-14  Tolypothrix tenuis J-1

K-31

badium J-8

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 Alleny 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 ! DW h~!). In addi-
tion, the strains Nostoc sp. J-14 (2.82 + 0.07 nmol ethylene mg~! DW h~!) and Tolypothrix
tenuis J-1 (2.22 £ 0.06 nmol ethylene mg~! DW h~!) showed good results. In the strain
Cylindrospermum badium J-8, this indicator was 1.36 £ 0.05 nmol ethylene mgf1 DWh!
(Figure 4).
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Synechocystis sp. PCC 6803 | Not detected

Oscillatoria brevis SH-12 | Not detected

Tolypothrix tenuis J-1

Cylindrospermum badium ]-8

Trichormus variabilis K-31

Nostoc sp. J-14

0 1 2 3 4 5
nmol ethylene mg~! DW h!

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 Alleng
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 (¢p,) 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 pumol Fe concentrations. With a further increase in the metal concentration to
15 umol, 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 pmol) and were 0.26 compared to
conditions of medium enrichment with 10 umol 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 pumol) and Mo (0.1, 0.5, 1, and 5 umol) 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 umol. 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.
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Figure 6. PSII maximum quantum yield Fv/Fm (@p,) 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 umol) and Mo (0.1, 0.5, 1, and 5 umol) 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~! 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.

Pigment Content, mg g—1 DW

Strain Metal Concentration,
pmol Chlorophyll a Carotenoid Phycocyanin
Mo 1 0.38 + 0.024 0.18 + 0.016 0.19 £ 0.011
Trichormus Fe 10 0.46 + 0.018 0.23 +0.014 0.58 £+ 0.018
variabilis K-31 Control A1 NA 3 0.29 + 0.015 0.14 + 0.012 0.15 + 0.011
Control B2 NA 0.45 + 0.014 0.22 + 0.011 0.18 + 0.012
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
Nostocsp-J14 - ol A1 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

T Alleny medium. 2 Allen medium. > 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_l DW being significantly higher in the presence of 10 pmol
Fe (0.46 + 0.018 mg g~ ! DW). In control B (Allen medium with standard composition) the
content of chlorophyll a was 0.45 + 0.014 mg g~ !. The content of carotenoid in the presence
of Fe was amounted to 0.23 mg g !, which corresponded to control B—0.22 + 0.011 mg g~ !,
while this indicator on the medium without nitrogen was 0.14 + 0.012 mg g~ !. 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~ !) 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 umol Mo, the maximum accumu-
lation of CoHy was observed after 24 h and 5.2 + 0.6 nmol ethylene mg~! DW h™!, 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 CoHy showed 4.2 4 0.8 nmol ethylene mg~! DW h~! at a concentration
of 5 umol 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~' DW h~! in the first hours of the
experiment, which increased to a maximum point of 3.6 & 0.5 nmol ethylene mg~! DW h~!
after 24 h of the experiment.

In the experiment with the strain Nostoc sp. ]-14, the isolate also showed ethylene
activity when exposed to the investigated metals; however, the oxidation of C,Hy was
comparatively lower than that of Trichormus variabilis K-31. At 1 umol Mo, 1.5 £ 0.2 nmol
ethylene rng*1 DW h~! C,H,; was measured after 1 h. A high rate of oxidation of C,H,
to C,Hy 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 CoHy
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at a concentration of 10 umol after 24 h of the experiment was 3.8 4= 0.7 nmol ethylene
mg~! DW h~! (35% more than in the control), in the following hours, a noticeable decrease
in this indicator was observed (Figure 8).
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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 pmol) and Fe (10 pumol) 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.
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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 pmol)
and Fe (10 umol) 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. ]-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 umol and 10 umol 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 pmol and 10 pmol 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 nifl and onf 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 umol 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
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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~! DW h™!) compared to Nostoc sp. J-14 (3.8 nmol ethylene mg~! DW h~1). At
the same time, among the concentrations that were studied, 10 pmol was optimal, a lower
concentration (1 umol) was not effective enough, and a high concentration (15 pmol) 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 4, 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 pumol (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 °Candal6h
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 CO, Gas Exchange

The photosynthetic rate (P,) 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 CO, uptake per leaf area (1mol m~2s71) 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 pumol (photons) m~2 s~!. Previously,
we recorded the light curves in the interval of intensities from 0 to 1200 pmol (photons)
m~2 571 The light intensities in the region from 600 to 1200 pmol (photons) m~2 s~ ! 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 pmol
(photons) m~2s~! for 1s.

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

Plags = (Fv/Fm)/ Mo/ Vj) x (Fy/Fo) x (1 = Vj)/Vj); Mg =4 x (F3p0us — Fo)/(Fm — Fo); and Vj = (Foms — Fo)/ (Fm — Fo)

where M) 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 Fy, Fy, Fn, Fn/, and F/, as well as the PSII maxi-
mum (Fy /Fr) and effective Y(II) (Fyn’—F¢)/Fm' photochemical quantum yields and non-
photochemical quenching (NPQ) (F, /Fmn'—1), were determined. Here, Fr, and Fp,” are the
maximum Chl fluorescence levels under dark- and light-adapted conditions, respectively.
Fy is the photoinduced change in fluorescence, and F; is the level of fluorescence before
a saturation impulse is applied. Fj is the initial Chl fluorescence level. Actinic light was
switched on for 10 min [I = 125 umol (photons) m2s71].

2.5. RNA Extraction and gRT-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.ncbinlm.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.

L Primer 5/-3'

Gene Bank ID Gene Description Plant Gene Forward rimer Reverse
ALN42232.1 Histidine-containing Pinus pinaster HPT1 GCTCAAGTAT- CCAGCTTGTTT-
(uniprot.org) phosphotransfer 1 P AGGAGCGCGG TTCACGAGGT

FJ717710.1 Type-A Response Pinus pinea RR-A CAGAAGGCGC- TTGTTGGTCCC-
ncbi.nlm.nih.gov Regulators P TCAAGAGTTT TGGATCTTC
8 &)
AY289600.1 Auxin-induced Pinus taeda Aux/IAA GCCACCTGTC- TGAGGTCCACC-
ncbinlm.nih.gov rotein 1 (IAA1 AAAGATTTCAG TTTCTGAGA
8 P
ABO77179.1 Photosystem II Pinus TGAAGGTTAC- TGAATATGCAA-
Y
! (uniprot.org) protein D1 sylvestris psbA AGATTCGGTCA CAGCAATCCA
5 K7R334 Crvotochrome 1 Pinus Crul TATGGTGCACA- AAGCTGCAGAA-
(uniprot.org) M sylvestris & GGGCAGATG GCTGTTCCT
T2FFB6 . . TTCCCTGGCT- CCCAACATTGC-
6 (uniprot.org) Cryptochrome 2 Picenabies —Cry2 GCAACAGAAA TAGGCAGGA
ATY54822.1 Pinus GGCATGTCCC- CTTCTGTGGGCC-
7 (uniprot.org) Phytochrome P sylvestris phyP TTGTTCAGGA AAAGGTCT
AFV79519.1 Pinus GGCTCAGAGG- TTCTGCCCGGTC-
8 (uniprot.org) Phytochrome N sylvestris PhyN AGGACAAAGG ACATCTTG
S D matomeo e o jOMSTEACS  Tecoacmce
10 DSABGA P?Xtte(g};l’fnme_ Picea sitchensis PIF3 ATCAGCACTT- CAGCCTCAGTT-
(uniprot.org) P & CCTGGTTCCG GTTCCAGGT
1 AF543757.1 Chalcone svnth Pinus CHS ATGGCTGCAG- AGTGCCAATAG-
(ncbi.nlm.nih.gov) dlcone synthase uliginosa GAATGATGAAGG CGAGGATG
1 550350.1 Stilbene svnthase Pinus STS TCCGACTGGA- GCTTGGCCTCC-
(ncbinlm.nih.gov) y sylvestris ACAAGTTGTTC ACCCGATCAAG
) Y
13 CBB44933.1 Actin 1 Pinus Act] TTAGCAACTGG- CCTGAATGGCA-
(uniprot.org) sylvestris GATGACATGGA 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 pm 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/HCI 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 Image] 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).

L 10.5mm

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).
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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) (um?); 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 CO, Gas Exchange

The photosystem II (PSII) maximum quantum yield (F,/Fn) 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/Py, ratio, (Pn,—R) difference, PSII maximum
quantum yield (Fy /Fm), effective quantum yield Y(II), performance index PSII (PIogs), 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
P, pmol CO, m 2571 144 +2.12 16.34+0.22 13.7 +0.3" 12.1+03¢
R, pmol CO, m 2571 87+0.82 88+0.12 51402P 21+0.1°¢

R/P, 0.62 +0.122 0.54 + 0.06 2 0.37 +0.02b 0.17 + 0.01¢

(Pn —R), umol CO, m 257! 5.7+ 054 75+02¢ 8.6 + 0.1 10.04+0.22
Fy/Fm 0.814 + 0.005 2 0.803 + 0.001 @ 0.815 + 0.007 @ 0.812 + 0.006 @
Plags 7.73 4+ 039" 7.85 4+ 0.64 P 6.45+0.82b 10.21 4+ 0.59 2

Yy 0.52 +£0.01P 0.44 + 0.03 ¢ 0.50 + 0.01 P 0.57 +0.012

NPQ 0.86 £0.10P 1.67 £0.212 0.95 +0.12 2P 0.66 +0.17P

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 CO; gas exchange did not differ noticeably between the samples.
The largest value of the parameter Py, (16.3 pmol CO, m~2 s~ 1) was observed in the BRL
variant, and the smallest value was 12.1 pmol CO; m~2 s~ ! 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 umol CO, m~2 s~1), while in BL and RL plants, this value was reduced to
5.1 and 2.1 pmol CO; m~2 s 1, respectively. As a consequence, the calculated parame-
ters of the R/P, ratio and the P,—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 (PIpgs) 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).

A HPT1, needles B RR-A, needles b C Aux/IAA, needles

WFL BR BL RL WFL BRL BL RL WFL BRL BL RL
Aux/IAA, roots

D HPT1, roots

WFL BRL BL RL WFL BRL BL RL WFL BRL BL RL

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 WFEL control (Figure 4E). In the needles of the seedlings, the expression of the Aux/[AA
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; fluA,B; Lhcl,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/WEFL 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).

A psbA, needles B Cry1, needles C Cry2, needles
4 ¢ 5 15 ¢ . . , a 120 A g 5
3 F 10 | 09 1
2+ 06 |

03

WFL BRL BL RL WFL BRL BL RL WFL BRL BL RL
phyP, needles E phyN, needles F phyO, needles
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Figure 6. Effect of light quality on the transcript levels of different groups of genes in P. sylvestris
needles. psbA (A), Cryl (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 Cryl 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 CO, 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 (ChIL, ChIN, and ChiB) 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 1is 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/[AA
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 (CeO, 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
CeO, 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. CeO, NPs stimulated the photosynthesis rate, while ZnO NPs prompted stomatal and
biochemical limitations. In the mixed ZnO and CeO; treatments, the latter effects were decreased by
CeO; NPs. These results indicate that free radicals scavenging properties of CeO, 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.
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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 CeO; 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 CeO, 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 CeO, 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 CeO,; 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 CeO, 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 CeO, 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

CeO; 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, (“Itowiecki” sugar pea, “PNOS”
Co., Ltd., Ozaréw 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 pmol/m? 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, CeO,
NPs: 100 mg (Ce)/L; CeOy NPs: 200 mg (Ce)/L; ZnO NPs: 100 mg (Zn)/L; ZnO NPs:
200 mg (Zn)/L; two mixtures of CeO, 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
HNOj3 and HClI (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 CeO, 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 CO,
concentration (C;), transpiration (E), stomatal conductance (gs), photosynthetic water
use efficiency (WUE), and photosynthetic CO, response curve (A/C;) 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. PARIi levels at 1000 pmol/m?s 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 CO, concentration at
390 pmol/mol. Photosynthetic CO, response curves were collected at a CO, concentration
gradient ranging from 0 to 1500 umol/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 CO, level were recorded three times. Two biochemical
parameters: maximum carboxylation rate (Vemax) 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 CeO,
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 CeO, (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 CeO,

and ZnO NPs treatments accompanied by translocation factors (TF). Concentrations of nanoparticles are given in mg/L of

elemental cerium or zing, 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 ug/L).

Zinc Concentration (mg/kg DW)

Cerium Concentrations (mg/kg DW)

Treatment TF TF
Root Shoot Root Shoot

Control 97.8 £45d 61.4+1.1d 0.63 nd nd nd

Ce 100 743 +55d 524 +23d 0.71 14,874 + 495 b 110 £ 11 ¢ 0.01

Ce 200 683 +62d 5154+22d 0.75 16,977 + 1067 a 206 + 14 a 0.01

Zn 100 25,921 + 2307 b 1160 + 61 be 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 ¢ 1079 + 113 ¢ 0.06 6058 + 824 d 120 + 7 be 0.02
Ce200+Zn200 28,097 £ 3773 ab 1236 + 88 b 0.04 10,301 4+ 1484 ¢ 142 +10Db 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, CeO, NPs have the ability to quench
ROS, mainly produced in chloroplasts [80-82], and presumably mitigate stress induced by
nanoparticulate ZnO.
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Figure 2. The influence of nanoparticulate CeO, 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 Kiipper et al. [83] was attributed to the Mg substitution by Zn.
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Figure 3. The influence of nanoparticulate CeO, 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 (1 = 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 CO, concentration (C;), and water use efficiency (WUE) determined
under either sole or combined nanoparticles treatments are collected in Figure 4. Net
photosynthesis was encouraged by CeO; 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 CO, 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
(Vemax), electron transfer driving the regeneration of RuBP (Jmax), and CO, compensation
points for pea plants cultivated in Hoagland’s solution supplemented with either sole or
combined CeO; and ZnO NPs are in Table 2 and Supplementary Figure S1. The highest
Vemax 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 CeO, 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 Ce** and Ce?" 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 CeO, NPs in soybean. The resulting
photosynthesis enhancement was explained by the elevated Rubisco activity (Vemax) and
promotion of the NADPH regeneration rate which prompted the RuBP synthesis.
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Figure 4. Leaf net photosynthesis A (a), transpiration E (b), stomatal conductance gs (c), sub-stomatal
CO; concentration Ci (d), and water use efficiency (WUE) (e) for Pisum sativum L. grown under
the sole or combined CeO, 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 (1 = 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 (V¢max), maximum electron transport rates (Jmax) and

CO; compensation points determined for Pisum sativum L. plants grown under the sole or combined CeO, 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 Vemax (Hmol/m? s) Jmax (umol/m? s) CO; Compensation Point (umol/mol)
Control 6222 +1.22c¢ 80.31 £0.93b 5740 +1.12b
Ce 100 71.07 £1.30 a 87.84 £+ 0.69 a 43.00 £+ 0.62 ¢
Ce 200 66.39 = 0.58 b 85.02+1.10a 58.84 = 1.00b
Zn 100 50.29 +1.07d 73.96 +1.27 ¢ 97.51 +£091 a
Zn 200 50.21 +£0.82d 67.82 +1.00 ¢ 9795+ 1.28a
Ce 100 + Zn 100 60.75 +1.41c 79.09 £1.01b 9691 =134 a
Ce 200 + Zn 200 53.81 +£2.58d 72.78 +£1.80 ¢ 57.39 +3.27b

Nanometric ZnO affected the CO, assimilation process in a roughly opposite way
than CeO; NPs. At low concentrations, zinc is a micronutrient necessary for proper plant
development. At elevated levels (above 300 ug/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 CO, 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 CO; concentration C; and
accompanied by the simultaneous reduction in Vemax and Jmax. These results suggest that
ZnO NPs induced either stomatal or biochemical photosynthesis limitations. In the mixed
Zn0O and CeO; 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 CeO, 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 IL. Both ions
are crucial for the overall photosynthesis yield. The additions of (Ce 100) and (Ce 200) NPs

51



Cells 2021, 10, 3105

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.
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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 CeO, and
ZnO NPs treatment. Concentrations of nanoparticles are given in mg/L of elemental cerium and
zing, 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 CeO, 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 CeO,—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
CeO, NPs were present in the growing medium. It is well recognized that nanoceria has
the potential to quench ROS. Therefore, we conclude that CeO, 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
CeO; 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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CeO; and ZnO, Table S4: ANOVA parameters for elements concentrations in roots and shoots of
Pisum sativum L. plants across all treatments., Table S5: Translocation factors (TF) of nutrients from
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treatments, Figure S1: Comparison of CO, response curves (A/Ci) between control and treated
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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. PGRS5 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, pgr5"7¢!. 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 pgr5™P¢! 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 CO,. 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, O, can be easily reduced into the superoxide radical (O, ™) 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 O, 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 CO, 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 CO, 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 ApH 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 béf [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 pgr5""¢!. Coinci-
dentally, pgr5"P¢! 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 pgr5™P! 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, pgr5"P°! and pgr5-1 were gl-1 backgrounds,
and ptp1-1, npg4 and pgrilab were Col-0 backgrounds. pgr5"! was screened from an ethyl
methanesulfonate (EMS) mutant population, which was gl-1 background, by chlorophyll fluo-
rescence measurement under low O, and CO, free conditions (Supplementary Figure S1) [35].
pgr5-1, ptpl-1, npq4 and pgrilab 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 pumol 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 pmol 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 pgr5"r¢! PGR5
constructs expressing PGR5 or PTP1 cDNA under the control of 355 promoter were intro-
duced into pgr5-1 or pgr5"Pe! 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. CO, and H,O 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 CO, concentration (Ca), relative humidity, and leaf temperature
were controlled at 400 ppm, 60%, and 25 °C, respectively. CO; 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; F, maximal
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fluorescence in dark-adapted leaf; Fn’, 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 pmol-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 pmol-photons m~2s71),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-HCI (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 (Vannas, Sweden). The product code of PsaA, Lhcal,
PsbA, Lheb5, 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 pmol-photons m~2 s!) 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 ApH formation across
thylakoid membrane by monitoring chlorophyll fluorescence under hypoxic conditions (hope
mutant screening; hunger for oxygen in photosynthetic electron transport reaction) [34]. hopel
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 hopel (Supplementary Figure S1D
and Supplementary Table S2). As pgr5-1 and hopel were genetically the same alleles as pgr5
mutants, hereafter, hopel was referred to as pgr5"F°! in this study.

Figure 1 showed the growth phenotypes of pgr5-1 and pgr5"! grown under relatively
high (250 pmol-photons m~2 s~ 1) constant light (Figure 1A,B), and natural light condition
(varying below 2000 umol-photons m~2 s~1; Figure 1C,D). Despite the identical mutation,
under both light conditions, pgr5-1 was significantly smaller than pgr5"r°!. 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 pgr5"re!
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, pgr5"°! 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 pgr5™r¢! grew the same level as pgr5"P! (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 pgr5Hore!
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
pgr5"Pel. So far, pgr5-1 and pgr5"P°! 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 ptpI-1 and
ptp1-2, respectively (Supplementary Figure S3).

A wild-type
gl-1

Fresh weight (g/plant)

pgrs-1 F1

8cm

C wild-type
gl-1 pgrsree’

o
w

©
e

Fresh weight (g/plant)
o
N

Figure 1. The difference of the growth phenotype between pgr5-1 and pgr5"P°l. (A) is a picture of
representative plants (wild-type (gl-1), pgr5"P¢!, pgr5-1, and F1 hybrid of pgr5-1 and pgr5"rel) grown
under constant light conditions (250 pmol-photons m~2s1) 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), pgr5™Pe! and pgr5-1) grown under natural light condition for 20 days. (D) shows the fresh
weight of plants in (C). Data is means =+ sd. (7 = 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 pgr5"r¢! 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, pgr5"Pe! (gl-1) and ptpl-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, pgr5"P¢! slightly reduced the fresh weight, SPAD value, and Pm compared to
wild-type (Figure 2B,C). The complementation line, pgr5"¢! PGR5, which induced PGR5
in the pgr5"r! background under the control of 35S promoter, restored these reductions
to the wild-type level (Figure 2B,C). pgr5"¥¢! significantly decreased in growth and Pm
under natural light, but pgr5"P°! PGR5 restored these decreases to the wild-type level
(Figure 2E,F). These results strongly indicated that pgr5"P°! 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,EF). pgr5-1 PGR5, which induced
PGR5 in the pgr5-1 background, largely restored growth rate and Pm. However, pgrb-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 pgr5"re!
under constant light condition (Figure 2B,C). In addition to constant light, pgr5-1 PTP1
restored these parameters to the pgr5"/¢! 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 pgr5mrel.,
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Figure 2. The phenotypic recovery in complementation lines. (A—C) and (D-F) were the data of plants grown under
constant (250 pmol-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,EF), 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 pgr5"P°! 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 PGRLI and PTP1 (pgrllab ptpl-1) and
analyzed the growth phenotypes under constant light conditions (Figure 3). PGRL1 forms
a protein complex with PGR5, and the deficient mutant, pgrllab, is incapable of P700 oxida-
tion like PGR5 deficient mutant [22]. pgrllab ptp1-1 double mutant significantly reduced
the growth and Pm like pgr5-1, while the pgrllab grew similar to wild-type like pgr5"re!
(Figure 3). In addition, we produced a double mutant npg4 ptp1-1 to compare the effect
of PTP1 deficiency in another photodamage susceptible mutant. npg4 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 npg4 and npqg4 ptp1-1
(Figure 3), indicated that PTP1 deficiency did not exacerbate the growth inhibition of npg4.
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 pgrilab 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.
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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 umol-photons m2s71). Aisa 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. (1 = 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. (1 = 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, pgr5"Pl and ptpl-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 Chlorophyll Chlorophyll Leaf N Rubisco
(Background) mmol m—2 a/b mmol m—2 gm—2
wild-type (Col-0) 0.377 £ 0.041 a 3.08 £0.20a 80.6 £69a 145+ 0.17a
wild-type (gl-1) 0.366 +0.024 a 3.09+040a 858 +4.6a 142+0.13a
pgrstorel (gl-1) 0.385 + 0.009 a 296 £0.30a 824+56a 148 £0.15a
pgr5-1 (gl-1) 0.287 + 0.030 b 330+020a 784+40a 127+ 0.09 a
ptp1-1 (Col-0) 0.293 £0.019b 329+019a 802+ 5.6a 151+0.11a

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

pgr allele possessed the second recessive mutation, ptpl-2, and was regarded as a
double mutant, pgr5-1 ptp1-2, whereas pgr5"P°! 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 pgr5"P¢! 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 pgr5"P°!; 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 (Lhcal, 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 pgr5"P°! 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 pgr5"rel.
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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, pgr5"P¢! and ptp1-1. Light intensity-dependent changes in photosynthetic
parameters; (A), CO, 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, pgr5"¢!, per5-1 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 CO, fixation
rate [3,10,11]. We next determined CO, 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 pmol-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. pgr5™r¢! also reduced A, but not as much as pgr5-1, to about
90% of wild-type levels under high light (<500 pmol-photons m~2 s~1) condition. This
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difference in A between pgr5"F¢! 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 pgrilab ptpl-1 and pgrilab (Supplementary Figure S4). In contrast,
both pgr5-1 and pgr5"r¢! 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 ApH formation, and P700 oxidation [Y(ND)] under high light ([21];
Figure 5C,E in this study). pgr5"r¢! 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 CO; 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 pmol-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, pgr5""¢! and pgr5-1 significantly decreased both
Fv/Fm and Pm, especially Pm, after irradiation. Similar results were observed with the
pgrllab 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 pgr5"re! (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 PSL
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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 umol-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 pgri1 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 ApH 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 ApH and produce ATP for CO,
assimilation [28]. However, pgr5"’¢! showed significantly larger Pm than pgr5-1 under
both constant and natural light conditions (Figure 2C,F) and showed nearly the same CO,
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
(AY(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 AY(I) was properly assessing the CEF-PSI, AY(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 AY(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, AY(I), in both wild-type and pgr5-1
plants [26]. These studies indicated that AY(I) was not induced by PGR5/PGRLI1. In this
study, AY(I) was also observed in wild-type, and not in pgr5"¥¢! and pgr5-1 (Figure 5B,C;
Supplementary Figure S6). However, the reduction of CO; fixation rate in pgr5-1 was
caused by ptp1-2 mutation, and pgr5"P°! and wild-type exhibited no significant differences
in CO; fixation rate (Figure 5A). Therefore, it was shown that PGR5-dependent AY(I) con-
tributed little to the CO, fixation reaction even when evaluated functionally. On the other
hand, the light stress sensitivity in pgr5"P°! 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 pgr5"P¢! 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, cg/20ab, 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 ¢gl20ab 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 pgr5"r¢! 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.
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PTP1 mutations in ptpI-1 and pgr5-1; Figure S4; The photosynthesis capacity of pgrilab and
pgrllab ptpl mutants; Figure S5; The extent of photoinhibition in PSII and PSI by constant intense
light using pgrllab and pgrilab ptp1 mutants; Figure S6; The relationship between Y(II) and Y(I)
in wild-type, pgrShO”"’I and pgr5-1; Table S1; Primer information used in this study; Table S2;
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photosynthetic parameters (Figure 5).
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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 y—carotene, the main
precursor of all carotenoids. In the last phase, in addition to y-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 Straskova
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 CO, 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 y-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 Tichy 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 pmol photons m 2 s~1, fluorescent tubes). Cells in the exponential
growth phase and with low concentration (ODy3y = 0.2-0.3) were used for the experiments.
ODy73p was measured with a WPA S800 Diode Array Spectrophotometer (Biochrom Ltd.,
Cambridge, England). High-light (HL) treatment was performed under white diodes
(700 pmol photons m~2s 1) at28°C during continuous shaking. The control cells were
kept at 35 umol photons m~2 s~ ! 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 pm aperture, where size threshold level was set up in the 1-4 pm
range. A total of 50 uL of each sample was diluted in 10 mL of electrolyte solution (0.9%
NaClin 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 CaCl,, 10 mM
MgCly, 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 pg) was loaded in the clear-native polyacrylamide gel electrophoresis (CN-PAGE).
Protein complexes from the membrane were solubilized with 10% dodecyl-f-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 Image] 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 us). 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 ps). Images were acquired with 8 bit, 512 x 512 pix).

Acquired images were separated into individual cell pictures by our Image]J script (Fiji
distribution, ver 1.53¢c) 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 F, /F,) 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 (Fp,)
minimal (Fy) and variable (F, = Fy, — Fy) for Chl a fluorescence in dark adapted cells (for
20 min) were used to estimate maximal PSII efficiency Fy /Fp,.

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 (Fj) was detected for
dark adapted cells, in State I, by a red measuring light (20 Hz, 10 umol photons m 2 s},
A = 620 nm). Subsequently, cells were transited to State I by low intensity blue light (80 pmol
photons pmol photons m~2 s~1, A = 460 nm, duration 180 s) and the maximal fluorescence
(Fm) was obtained by a multiple turnover saturating flash (red light A = 620 nm, 4000 umol
photons m~2 s~1, duration 400 ms). The NPQ was then induced by high-intensity blue
light (1374 pmol photons m~2 s !, duration 180 s) and subsequent recovery from NPQ state
was then measured in low blue light (80 pmol photons pmol photons m~2 s~!, A = 460 nm,
duration 360 s). The maximal value of fluorescence for the light adapted sample (Fr,/) was
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estimated by a multiple turnover flash (red light A = 620 nm, 4000 pmol photons m™= s™+,
duration 400 ms) every 10-30 s of the protocol. Fp," values were then used to estimate NPQ
based on the Stern—Volmer relationship (NPQ = (Fn—Fm/)/F,). The presented steady-state
values of NPQ then represent Fy,’ 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 (A = 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 puL) was removed, and the pellet was
re-suspended in 990 uL 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 pm particle size, 3.9 x 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~! at 40 °C, as described in [59]. Eluted pigments were identified based on their
absorption spectra and retention times. The presence of y-carotene in cells was further
identified by comparison with the HPLC analysis of the commercially purchased standard
of y-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
(ug/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 (OD73p—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 um) and bigger (diameter >1.85 pm) 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).
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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 um) and big (diameter > 1.85 um) 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 1 = 10° 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 Straskova 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 Straskova 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”,
“PSI1”, 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).
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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 1I 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 Fy /Fyn—the maximum quantum yield of PSII,
Figure 4a) and NPQ (Figure 4b). Indeed, F, /Fy, decreased significantly during the first
phase (up to 30 min) due to HL treatment (Figure 4a). The kinetics of F, /F, 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).
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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 (NPQyec 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
Fes4/Feop 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 Fy /Fy, (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 pug 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
Fgon and Fyy4 representing PSIT 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 Fggy (PSII maxim) and Fyp4 (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 F7,4/Fg9, 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).
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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 6¢). 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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4 - Chlorophyll a

fected during HL treatment; it includes (3-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 y-carotene based on its spectrum,
retention time and by comparing it with a commercial analytical standard (Figure S8). It
showed that y-carotene, an intermediate in the carotenoid biosynthetic pathway, accumu-
lates during HL.
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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 y-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 y-carotene (Figure 7b). We observed almost no HL-induced changes
in zeaxanthin, echinenone and [3-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 y-carotene (Figure 7b). y-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 y-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 y-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 F, /Fy, 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 (Fy /Fp,, 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 54). 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 F, /Fy, 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, y-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 y-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 6¢) 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,
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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 y-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 y-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 y-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 y-carotene increase affects also myxoxanthophyll
accumulation. The monocyclic y -carotene represents a branching point towards either
[3-carotene or myxoxanthophyll [78] that could possibly act as two competing routes during
HL stress. The increased level of y-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 y-carotene
during HL (Figure 7b) in cyanobacteria could act in a similar way. The evaluation of the
y-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 y-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 (y-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 y-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
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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.
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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 (uCT) 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~ ! seeds and Rhizobium culture (provided by National Fertilizer limited, New-
Delhi, India) at 3 g kg ! seeds before sowing. The uniform shape and size of seeds were
sown in plastic nursery bags of 34 x 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
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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.

100 5
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2 40
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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 umol m~2 s~ ! for the
non-filter control, which decreased by 12.5% (1270 umol m~2 s~ 1) under the UV-B filter
and 11.8% (1280 umol m™? s~1) under the UV-A+B filter, whereas a decrease of 4.2%
(1390 umol 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 (P, pmol CO, m~2 s~ 1) and stomatal
conductance (gs, mol HyO m~2 s~!) 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 CO, concentration,
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on clear days. The photosynthetic photon flux density (PPFD) was observed to be in
between 1300-1600 umol m~2 s~ with airflow of 500 umol s~ and CO, 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 um resolution
(20 um thick YAG-Ce scintillator, 4 x 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 Image] [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 x 2048 pixel size, the object] 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 Object].

2.10. Statistical Analysis

All data are presented in triplicate (1 = 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

99



Cells 2021, 10,1725

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).
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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 2¢,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 2¢,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. 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 Object] 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 Object].

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 Object] plugin to obtain leaf vein density (LVD) (um 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

2571 and of a L. minor

gibba grown under controlled conditions of 50 versus 1000 pmol photons m™
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 umol m~2 s~! 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 pmol photons m~2 s~!) or very high (1000 umol 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 «-tocopherol (vitamin E) as an additional
micronutrient. Moreover, CO,-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 x 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 L1
(pH adjusted to 5.5 via 1% [w/v] KOH). Plants were cultivated continuously under 50 umol
photons m~2 s~ (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 pmol photons m ™= s~ were acclimated to 1000 pmol
photons m2s1 (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 pmol photons
m2g1 (supplied by C503C-WAN white LEDs; CREE Inc., Durham, NC, USA) for three
days and then transferred to 1000 umol photons m~2 s~ ! for three days. After each of
these three-day acclimation phases, a subset of plants (approximately 20 fronds per dish)

2 .—1
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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 umol photons m 2 s~! and had not developed under a
lower PFD and then been transferred to 1000 tmol photons m 2 s™!. Following this six-day
acclimation process, plants were characterized over the course of four days while growing
under 1000 pmol photons m~2 s~! 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 pumol m~2 s~1)
prior to solar noon on 17 May 2019. Samples were imaged (for quantification of frond /leaf
area via Image]J [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 Image] [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 [m?] 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 CO; (5% CO,, 21% O,, balance Ny) 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 umol photons m 2 s~ !
and 1000 pmol photons m~2 s~! were assayed under their respective growth PFDs as well
as a saturating PFD of 1500 pmol photons m~2 s~!. 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 Fy') 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 ug mL~!) 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 x-Tocopherol Levels

Chlorophylls a & b, lutein, zeaxanthin (Z), antheraxanthin (A), violaxanthin (V), neox-
anthin, 3-carotene, and x-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 pmol photons m~2 s~! 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 ! (average daily increase in natural
logarithm-adjusted frond area over the four-day experimental phase) for plants grown
under 50 and 1000 umol 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 pmol
photons m~2 s~ ! (Figure 1C), in other words, almost proportional to the 20-fold (or 2000%)
difference in incident PFD.

Light-use efficiency of

Frond area production Doubling time frond area production
2
- - 012 + €
1000 "
~ 15 @
‘\ S 0.09
. 5]
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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) umol m~2 s~ 1. Mean values + standard deviations; # = 7 for 50 pmol

photons m

-2 Sil,'

n =3 for 1000 umol 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~ ') 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 umol photons m~2 s~! 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 pmol 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 3x 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)

umol 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 x 1 cm.

COy-saturated photosynthesis rate was determined for plants grown under their
respective growth PFDs of 50 and 1000 pumol m~2 s~! as well as under a common saturating
PFD of 1500 umol m—2 s~ ! (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 pmol m~2s71).
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 4 0.82 umol O, m 2s7 1, p < 0.05)
and similar on a dry mass basis (0.08 + 0.01 versus 0.07 + 0.04 umol O, g~! s71, p > 0.05)
in fronds grown under 1000 versus 50 pmol photons m~2 s~!, respectively.
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Figure 3. CO,-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) pumol m 2 s~ and measured under the respective growth PFDs (left
columns) as well as a common saturating PFD of 1500 umol m2s1 (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 CO,-saturated photosynthetic capacity on an area basis (and
even more so on a dry mass basis) measured under a saturating PFD of 1500 pmol m~2 s~
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 pmol photons m~2 s~
(Figure 4C). This difference in Chl content is, furthermore, consistent with the much higher
ratios of O, 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 O, evolution on the
frond area or dry mass bases, respectively). Despite the lower Chl content, the ratio of O,
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.

50 ymol m2 s 1000 pmol m2s™1
(Growth PFD) (Growth PFD)

Chlorophyll a + b Carotenoids Chlorophyll a/b
300 6
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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) pmol m~2 s~ L. 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 (Fy'/Fm x gqp), dissipation (0.8 — F,'/Fp’), and the fraction of excitation energy
dissipated neither via photochemical or regulated non-photochemical routes (remainder; Fy'/Fm’
x [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) umol m2s7!

. 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 umol photons
m~2 s~! 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 pmol m~2 s~ ! [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; > = 0.862) and xanthophyll cycle pool
conversion state (p = 0.039; r* = 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’ = F,'/F’ X 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 pmol m~2 s~!. Mean values = standard deviations, n = 3

or 4. Data for PFDs of 100 to 700 umol m~2 s~ were calculated from [2]. V = violaxanthin.

Figure 7 shows that the estimated fraction of absorbed light allocated to photosystem
1T photochemistry in fronds grown under 1000 pmol photons m~—2 s~! was lowered to less
than 20% (Fy’/Fm’ < 0.2) under this growth PFD and rose rather quickly upon transfer of
fronds to 10 pmol photons m~2 s~ ! to over 60% (Fy/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 pmol photons m~2 s~ ! (at 72.2 + 1.2%) versus 30 min of recovery

(78.1 & 0.8%) in 10 pmol photons m2s L
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Figure 7. F,//Fy,’ (as an estimate of intrinsic PSII efficiency during exposure to growth PFD) and
Fy/Fm (as an estimate of intrinsic PSII efficiency after 5 min darkness) for L. gibba fronds grown
under 1000 pmol photons m~2s~ 1. F,/Fn 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 umol
photons m~2 s~! followed by 5 min darkness). Mean values + standard deviations; 7 = 3. Significant
differences between time points are denoted by different lower-case letters.
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A full characterization of pigment and x-tocopherol composition of L. gibba fronds grown
under the extremes of 50 and 1000 pmol photons m~2 s~ is presented in Tables 1 and 2.
Table 1 shows the levels of carotenoids and o-tocopherol on both frond area and dry
biomass (DM) bases. Table 2 shows the ratios of carotenoids and «-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 4x 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 3-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 «-tocopherol, which resulted in a strong increase in the ratio of «-tocopherol to
Chl a + b (Table 2). «-Tocopherol concentration was about half per DM at the high versus
the low growth PFD (Table 1).

Table 1. Levels of carotenoids and «-tocopherol per frond area and dry mass (DM) in fronds of Lemna

gibba grown under PFDs of 50 or 1000 umol m~2 s~ 1.

Growth PFD (umol m~2s-1)

Units Compound(s) r
50 1000

Zeaxanthin 1+0 3542 ok

Antheraxanthin 1+0 15+1 ook

Violaxanthin 22 +1 3+0 ook

Lutein 43+ 2 26 +2 wAx

(umol m~2) Neoxanthin 13+0 340 otk
3-Carotene 19+3 9+1 **

Z+A 2+1 50 +3 x

V+A+Z 24 +1 54 +3 wHx
a-Tocopherol 5+1 5+1 n.s.

Zeaxanthin 30412 843 + 60 i

Antheraxanthin 57 £ 26 362 £+ 23 i

Violaxanthin 1156 + 56 77 +11 wok

Lutein 2214 + 124 627 + 37 wAx

Neoxanthin 692 + 20 78 £10 wHx

(mmolg™' DM) 5 tene 995 + 157 212 + 13
Z+A 88 + 38 1205 + 64 E

V+A+Z 1255 + 55 1282 4+ 62 n.s.

Carotenoids 5192 + 220 2198 4+ 113 g

a-Tocopherol 241 + 38 113 + 18 xx

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 «-tocopherol relative to chlorophylls (Chl) or other carotenoids in fronds of Lenna gibba

grown under PFDs of 50 or 1000 pmol m2s”

1.

Growth PFD (umol m—2 s—1)

Units Compound(s) %
50 1000

Lutein 160 + 8 421 +£25 .
Neoxanthin 50 &2 5243 n.s.

Er

(mmol mol~! Chl a + b) P Czaiofne 72 i ;1 81{412;:[ 557 -
V+A+Z M +5 862 £ 52 e

Carotenoids 371 + 14 1478 £ 75 x*

a-Tocopherol 17 +3 73 £ 12 **

Zeaxanthin 9+4 3372 + 301 x*

Antheraxanthin 17 £ 8 1445 + 61 i
Violaxanthin 330 £ 14 307 £ 44 n.s.

Lutein 632 + 24 2504 + 125 wHE

(mmol mol~! Chl b) Neoxanthin 198 + 10 308 + 12
B-Carotene 284 + 47 847 £ 52 HEE

Z+A 25 4+12 4818 + 306 **

V+A+Z 356 =+ 20 5125 4 289 .

Carotenoids 1470 £ 61 8784 + 416 HHE

a-Tocopherol 69 £11 446 £ 72 ek

Xanthophylls/ 3-Carotene 425 +0.71 9.39 + 0.67 o

(mol mol~1) Zeaxanthin/Lutein 0.01 £ 0.01 1.35 + 0.05 ok
(V+ A +Z)/Lutein 0.56 4+ 0.03 2.05 4+ 0.02 *Hx

o Zeaxanthin 2+1 66 +3 e
(oot V+A+Z) Z+A 7+3 94 £ 1 wok

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, 3-carotene per Chl (Figure 9C), a-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 pmol photons m 2 s~ 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 pmol photons m~2 s~! 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 umol 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.
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Figure 9. Levels of (A) the xanthophyll cycle pool constituents, violaxanthin, antheraxanthin, and zeaxanthin (V + A + Z),
(B) lutein, (C) p-carotene, and (D) a-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), 3-carotene
(B-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) umol m2s7!

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 umol m~2 s~ 1. The present study extended this growth PFD range to include an even
lower intensity of 50 pmol photons m~2 s~! and an even higher intensity of 1000 pmol
photons m~2 s~! 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 {3-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
[3-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 pmol photons m2s L
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 umol photons m~2 s~! was similarly
high as those of fronds grown over a range of 100 to 700 pmol photons m~2 s~! [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 CO,-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 x 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 pmol photons m~2 s~!, 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 pmol 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 pmol photons m~2s ! 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 pmol photons m~2 s~ 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 3-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 3-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 20x greater at 1000 versus 50 pmol photons m~2 s~ ! and total
dry biomass produced was only just under 3x 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 F,//Fn' x 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 F, /Fm and Fy'/Fr/ x 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 F, /Fy, was shown to be closely
correlated with light-use efficiency of photosynthetic electron transport (from O, evolu-
tion [50,51]), and F,//Fn’ x 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 F,’/Fp, x 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 CO,-saturated maximal photosynthetic capacity on a
frond area or dry mass basis was lower in fronds grown under 1000 tmol photons m~2 s~
compared to fronds grown under either 50 pmol photons m~2 s~ ! (this report) or under
100 to 700 umol photons m~2 s~! [2]. This lower maximal photosynthetic capacity did
not, however, lead to a lower growth rate in the fronds grown under 1000 versus 50 umol
photons m~2 s~!, which indicates that at the very high growth PFD of 1000 pmol m 2 s~!
of continuous light, the somewhat lower photosynthetic capacity was sufficient to support
the same high growth rate as at 50 umol photons m~2 s~!. The lower photosynthetic
capacity on an area or dry mass basis in fronds grown under 1000 pmol photons m 2 s~
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 CO, fixation
at a given time. Total Rubisco level may be associated with light- and CO,-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 O, evolution on a Chl basis in fronds grown under 1000 umol photons
m~2 s~! 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 pmol photons m~2 s~! 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 pmol photons m~2 s~! 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 umol pho-
tons m~2 s~ ! 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 pmol 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]), -carotene
(that can contribute to the photoprotection of photosystem I [59]), and a-tocopherol (that
can scavenge singlet oxygen and lipid peroxy radicals [60,61]). The greater levels of
especially zeaxanthin, x-tocopherol, lutein, and to some extent (3-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, x-tocopherol (vitamin E),
lutein, 3-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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