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Editorial on the Research Topic 


Photosynthesis under fluctuating light


Photosynthetic organisms have colonized a wide variety of habitats in the terrestrial, freshwater and marine biomes. These habitats are characterized by significant differences in key physiological factors, including light intensity and spectral distribution, nutrients and water availability, temperature. The result is a conspicuously complex process that depends on the coordinated activity of several sub-processes whose adaptation underpins the optimisation of the photosynthetic apparatus to the specific habitat. The limited range of techniques available to measure photosynthesis in the field provides only partial insights into the operation and regulation of photosynthesis. The investigation of the diversity of adaptive strategies that have evolved as part of the adaptation of photosynthesis has largely been restricted to laboratory studies made on organisms grown and measured under stable, controlled conditions. This was, and still is, necessary in order to design reproducible, straightforward experiments addressing the fundamental mechanisms underlying the function and regulation of photosynthesis that, however, still eludes complete understanding even under the relatively controlled growth conditions.

Nonetheless, in recent years, there has been a growing interest in improving the understanding of the mechanisms that allow photosynthetic organisms to respond to the fluctuating conditions of the natural environments These fluctuations can be substantial, occurring on different timescales, ranging from the short term (in the sub-second range) to the long term (e.g. seasonal or even slower). Given the variety of adaptive strategies utilised by photosynthetic organism to thrive in specific habitats, the response mechanisms that have evolved to deal with environmental fluctuations are expected to be as diverse and complex.

The papers collected in this Research Topic reflect the variety of approaches employed to address the mechanism of response of photosynthetic organisms to fluctuating light conditions.

Gjindali et al. review both experimental and modelling approaches to address and describe short- and long-term responses to light fluctuations in land plants. A second review by Wang et al. discusses the limitations occurring under very dim light, in some species of vascular plants which generally are considered to have adapted to higher photon fluxes.

Moreover, Ye et al. demonstrate the benefits of mathematical descriptions that do not rely on asymptotic extrapolations to describe the light-saturation curves of net photosynthesis, carbon and oxygen fixation in land plants. Hommel et al. present a comparative study of short-term fluctuation and rapid responses of the photosynthetic apparatus to light-dark and spectral transitions, highlighting both similarities, as well as differences, in these responses in the model vascular plant Arabidopsis thaliana.

Other papers describe experimental investigations of different aspects responses to fluctuating light in plants, including species with agricultural potential. Tula et al. used the recombinant expression of flavodiiron (flv) proteins from Synechocystis sp.PCC6803, a recently discovered alternative electron sinks in cyanobacteria, algae and mosses (Ilík et al., 2017), to reduce the photoinhibition of Photosystem II under light fluctuation in Arabidopsis. The paper shows that Flv protein can be introduced in angiosperms and contribute in improving the photosynthetic electron transport efficiency. The study by Kaiser et al., performed in tomato, addresses the importance of stomatal conductance in ensuring a rapid establishment of photosynthetic fluxes upon dark-light transitions. Although Kaiser et al. present evidence that gas exchange can represent a limiting factor for the establishment of photosynthetic fluxes, and its increase appears therefore beneficial, it occurs at the expenses of water use efficiency. Therefore, there is a need to balance these two important factors which are often changing antagonistically. The importance of water use efficiency is also addressed in the paper by Dellero et al., showing that this factor is the most affected by the phenological variation in rapeseed leaves, despite a general trend of decreasing photosynthetic efficiency and carbon assimilation with age.

The study of Zhao et al. address the genetic factors controlling the production of anthocyanin in peach, particularly the promotion of their biosynthesis by UVA and UVB irradiance. Beside their role in fruit coloration, these pigments may also have an important screening effect to protect the organism from ultraviolet radiation. The generality of the photomorphogenic control is further demonstrated by Arabidopsis carrying the peach-derived regulatory elements.

The study by Ohkubo et al. compares different rice cultivars under fluctuating light and elevated CO2, showing a correlation between the best performing variety and the efficiency of nitrogen utilisation. Responses to fluctuating light are also a relevant factor in understanding the adaptation of plants to specific ecological niches, as shown by Kang et al. Their paper addresses the importance not only of light fluctuation, but also of the leaf temperature changes in response to fluctuating light; these act as synergistic factors, particularly in shade-tolerant plants. The acclimatory responses to light fluctuation can help us understand the ecological success of invasive species. The study of Mlinaric et al. showed that fast growth rate and invasive nature of the Japanese knotweed could be correlated with the increase ability to respond to light fluctuation, possibly linked to the ability of redirecting the photosynthetic electron transfer fluxes toward the cyclic electron transport pathway.

Further contributions to the Research Topic use unicellular cyanobacteria to investigate the acclimation to light changes at subcellular and molecular level. The study of Canonico et al. shows that controlled light oscillations have a significant effect on the average distribution of photosynthetic supercomplexes in defined membrane compartments. At the same time, the photosynthetic supercomplex distribution shows a broad variation on a cell-to-cell basis, which is suggested to represent a possible marker for phenotypic heterogeneity. The study of Bernat et al. addresses the effect of specific wavelengths on the composition of the photosynthetic apparatus of a picocyanobacterium, which displays a great plasticity. They report that cells illuminated with spectral ranges, particularly at the red edge of visible light (wavelengths longer than 680 nm), employ strategies previously considered exclusive to high light conditions.

On the whole, this Research Topic highlights the broad range of strategies that photosynthetic organisms may employ to adapt to ambient fluctuations, and how these strategies may not only depend on given taxa, but being highly heterogeneous down to leaf or cellular level.
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The ability of plants to maintain photosynthesis in a dynamically changing environment is of central importance for their growth. As the photosynthetic machinery is a sensitive and early target of adverse environmental conditions as those typically found in the field, photosynthetic efficiency is not always optimal. Cyanobacteria, algae, mosses, liverworts and gymnosperms produce flavodiiron proteins (Flvs), a class of electron sinks not represented in angiosperms; these proteins act to mitigate the photoinhibition of photosystem I under high or fluctuating light. Here, genes specifying two cyanobacterial Flvs have been expressed in the chloroplasts of Arabidopsis thaliana in an attempt to improve plant growth. Co-expression of Flv1 and Flv3 enhanced the efficiency of light utilization, boosting the plant’s capacity to accumulate biomass as the growth light intensity was raised. The Flv1/Flv3 transgenics displayed an increased production of ATP, an acceleration of carbohydrate metabolism and a more pronounced partitioning of sucrose into starch. The results suggest that Flvs are able to establish an efficient electron sink downstream of PSI, thereby ensuring efficient photosynthetic electron transport at moderate to high light intensities. The expression of Flvs thus acts to both protect photosynthesis and to control the ATP/NADPH ratio; together, their presence is beneficial for the plant’s growth potential.

Keywords: A. thaliana, cyanobacteria, flavodiiron proteins, photosynthesis, electron sink, primary metabolism, biomass


INTRODUCTION

Plant growth and development, fueled by photosynthesis, depend on the capture of light energy, a process carried out by the chloroplast (Stitt et al., 2010). Photosynthesis can be down-regulated by many factors, including an inadequate pool of ATP or an imbalance between the quantity of ATP and NADPH present (Avenson et al., 2005; Cruz et al., 2005; Amthor, 2010). Additional ATP is provided by the cyclic electron transport (CET) pathway, without production of extra NADPH. Photosynthesis is also affected by environmental conditions that might limit CO2 availability (e.g., stomatal closure) or CO2 assimilation by inhibition of the Calvin-Benson cycle (Czarnocka and Karpiński, 2018). One of the consequences of decreased photosynthetic efficiency is the over-reduction of the photosynthetic electron transport chain (PETC) and the stroma due to limitations in oxidized acceptors (NADP+), which may in turn promote the production of reactive oxygen species (ROS) by adventitious electron and/or energy transfer to O2 (Gómez et al., 2019). Since the functioning of both PSI and PSII are compromised by the presence of ROS (Miyake, 2010), the result is a further decrease in the plant’s capacity to assimilate CO2 (Zivcak et al., 2015a, b; Takagi et al., 2016). Alterations in plastid redox poise and ROS build-up affect chloroplast signaling and nuclear gene expression (Gollan et al., 2017). Thus, avoiding PSI electron acceptor limitation or introducing additional electron dissipating pathways into the chloroplast have the potential to improve photosynthetic efficiency and hence increase plant’s productivity.

Algae, cyanobacteria, non-vascular plants (mosses and liverworts) and gymnosperms have evolved an alternative electron flow (AEF) pathway, driven by the so-called flavodiiron proteins (Flvs). Analysis of the genome of the cyanobacterium Synechocystis sp. PCC6803 has identified the presence of four Flv genes. Their products, in the form of the heterodimers Flv1/Flv3 and Flv2/Flv4, drive oxygen-dependent electron flow under low (ambient) levels of CO2 availability and fluctuating and/or high light conditions (Zhang et al., 2012; Allahverdiyeva et al., 2013; Hayashi et al., 2014; Shimakawa et al., 2015). The Flv1/Flv3 heterodimer generates an electron sink downstream of PSI and directs the electron flow to reduce O2 to H2O without ROS formation, thereby protecting PSI (Allahverdiyeva et al., 2013). According to Yamamoto et al. (2016), expression of the Physcomitrella patens Flv1/Flv3 orthologs in the Arabidopsis thaliana pgr5 mutant (deficient in the main CET pathway) provides partial compensation for the impairment of CET, demonstrating that Flvs could be functionally beneficial in an angiosperm. Shimakawa et al. (2017) have shown that in the liverwort Marchantia polymorpha, Flv1/Flv3 contributes to P700 oxidation and hence protects PSI against photoinhibition. When Gómez et al. (2018) co-expressed Synechocystis Flv1 and Flv3 in tobacco chloroplasts, the photosynthetic performance of the resulting transgenic plants under steady-state illumination proved to be comparable to that of wild-type (WT) leaves, while the induction of electron transport and non-photochemical quenching during a dark-to-light transition was significantly faster. Also, expression of P. patens Flv1 and Flv3 in the rice pgr5 or NDH mutants has been shown to rescue biomass accumulation (Wada et al., 2018). Moreover, the enhancement of ATP synthesis resulting from over-expression of Flv3 in Synechocystis led to accumulation of glycogen and a consequent increase in cell dry weight (Hasunuma et al., 2014).

The purpose of the present investigation was to determine the phenotypic effect of expressing Synechocystis Flv1/Flv3 genes in A. thaliana plants grown under various light intensities. The focus was to establish whether heterologously expressed Flvs could act as electron sink within the PETC, and if so, whether this capacity had the potential to boost the plant’s productivity.



MATERIALS AND METHODS


Expression of Cyanobacterial Flv1/Flv3 in A. thaliana and Localization of the Transgenic Products

Arabidopsis thaliana Col-0 lines constitutively expressing Flv1 and Flv3 were generated by floral dip (Clough and Bent, 1998), using the pCHF3-derived plasmid described by Gómez et al. (2018), in which the two Flv genes were cloned in the same vector backbone between the left and right borders of T-DNA (Figure 1A). Transgene expression was driven by separate cauliflower mosaic virus (CaMV) 35S promoters, and a sequence encoding a pea ferredoxin-NADP+ reductase (FNR) transit peptide was fused in-frame to the 5′-end of each Flv gene to direct expression of the corresponding products to the chloroplast (Figure 1B). Homozygotes were selected by segregation analysis and confirmed by proportional increases in gene contents as determined by PCR amplification with the primers given in Supplementary Table S1 (Flv1 F/R and Flv3 F/R). Three independent transformants were developed into stable transgenic lines (L1-L3). Flv transcript levels were monitored using a quantitative real-time PCR (qRT-PCR) assay (Supplementary Figure S1).
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FIGURE 1. Growth of A. thaliana plants heterologously expressing cyanobacterial Flv genes. (A) Design of the transgene construct pCHF3-Flv1/Flv3. The sequence encoding the transit peptide of pea FNR (TP, gray box) was fused to the 5′-end of each Flv coding region to target the corresponding fusion products to chloroplasts. Each construct was placed between individual CaMV 35 promoters and RBS (RubiscoS-E9) terminators. (B) Phenotypes of 6 weeks old plants exposed to an 8-h photoperiod at a variety of light intensities. (C) Shoot dry weight: data are shown as means ± SE (n = 5–8). *, **: means differ from the performance of WT at P ≤ 0.05 and P ≤ 0.01, respectively. L1–L3 represent three independent stable lines expressing Flv1/Flv3 in chloroplasts.


Chloroplast targeting of the transgenes was validated by fusing the GFP sequence (encoding green fluorescent protein) to the 3′-end of the Flv coding regions, taking advantage of PGBW5 Gateway binary vectors driven by the CaMV 35S promoter (Supplementary Figure S2a). Vectors containing the Flv transgenes were transferred into Agrobacterium tumefaciens strain EHA105 by the Dower et al. (1988) electroporation method and thence into leaves of Nicotiana benthamiana using agroinfiltration as described by Sainsbury and Lomonossoff (2008). Leaves sampled 48 h after infiltration were subjected to confocal laser scanning microscopy (CLSM) to monitor GFP fluorescence (Supplementary Figure S2b).



Growth Conditions

Seeds of WT and Flv-expressing lines were surface-sterilized by immersion in 70% (v/v) ethanol and 0.05% (v/v) Tween-20 for 15 min, and then rinsed in 96% (v/v) ethanol for 30 s. After air drying, seeds were held at 4°C for 48 h, plated on vertically oriented agar containing half strength Murashige and Skoog (1962) medium and grown under an 8-h photoperiod (160 μmol photons m–2 s–1) at 22°C. After 2 weeks, seedlings were potted into a mixture of 70 L substrate 1 (Düsseldorf, Germany), 23 L vermiculite and 372 g plantacote depot 4 m, and held at 22°C, 80% relative humidity under an 8-h photoperiod provided by Master HPI-T Plus 250 W fluorescent lights (Philips, Netherlands) at four different light intensities: low (50 μmol photons m–2 s–1), moderate (160 μmol photons m–2 s–1), moderately high (300 μmol photons m–2 s–1) and high (600 μmol photons m–2 s–1). The CO2 level was maintained at 400 ppm and plants were kept fully hydrated. For determination of shoot dry weight, whole rosettes of individual plants were harvested at the end of 6 weeks from date of germination. The plant material was dried for 16 h at 80°C and individual rosette dry weights were measured. For leaf biochemical analyses, rosettes of 6 weeks old plants exposed to 160 μmol photons m–2 s–1 and harvested at various time points during the diurnal cycle (0, 4, 8, 16, 20, and 24 h) were snap-frozen in liquid nitrogen and ground to powder. Plants were also grown under long-day conditions (16-h photoperiod, 160 μmol photons m–2 s–1) for 6 weeks, with all other environmental parameters identical to those used for the short-day grown plants. For determination of total shoot dry weight and seed yield, plants were transferred to the growth conditions with 12 h photoperiod and 160 μmol photons m–2 s–1 for another 3 weeks (Figure 2).
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FIGURE 2. The effect of heterologously expressing Flv1/Flv3 genes on the development of A. thaliana plants grown under long-day photoperiod. (A) Phenotypes of WT and Flv transgenics. Plants were grown for 6 weeks under a 16-h photoperiod (160 μmol photons m–2 s–1 of actinic light) and then transferred to ambient conditions for another 3 weeks for determination of (B) total shoot dry weight and (C) seed yield per plant. Data shown as means ± SE (n = 8). **: means differ from the performance of WT plants at P ≤ 0.01.




Determination of the Leaf Contents of Carbohydrates, Amino Acids and Metabolites

For the determination of soluble sugars (glucose, fructose, and sucrose) and amino acids, a 50-mg aliquot of powdered frozen leaf tissue was extracted in 0.7 mL of 80% (v/v) ethanol at 80°C for 1 h. Following centrifugation (18,700 g, 10 min), the supernatant was evaporated under vacuum at 40°C, and the residue dissolved in 0.2 mL deionized water. Sugar contents were quantified using the enzymatic method of Ahkami et al. (2013), while those of the individual amino acids were determined according to Mayta et al. (2018). The pelleted material was used to assess the leaf’s starch content: pellets were rinsed twice in 80% (v/v) ethanol, air-dried at 80°C for 1 h and resuspended in 0.2 M KOH. The resulting suspension was held at 80°C for 1 h, the pH adjusted to neutrality using 1 M acetic acid, then incubated overnight at 37°C in 50 mM NaAc (pH 5.2) containing 7 units mg–1 amyloglucosidase. The glucose thereby released was measured as above. The methods used for the quantification of primary metabolites followed Ghaffari et al. (2016).



Determination of the Leaf Contents of Adenine Phosphates

Adenine phosphates were quantified employing an UPLC-based method developed from that described by Haink and Deussen (2003). Prior to the UPLC separation step, 20-μL aliquots of the samples used for the quantification of metabolites (as well as a mixture of ATP, ADP, AMP, and ADPGlc) were derivatized by the addition of 45 μL of 10% (v/v) chloracetaldehyde and 435 μL of 62 mM sodium citrate/76 mM KH2PO4 (pH 5.2), followed by a 40-min incubation at 80°C, cooling on ice, and centrifugation (20,000 g, 1 min). Reverse-phase UPLC separations were achieved using an Infinity 1200 device (Agilent, Waldbronn, Germany). The gradient was established employing eluents A (TBAS/KH2PO4: 5.7 mM tetrabutylammonium bisulfate/30.5 mM KH2PO4, pH 5.8) and B (a 2:1 mixture of acetonitrile and TBAS/KH2PO4); the Roti C Solv HPLC reagents were from Roth (Karlsruhe, Germany). The 1.8 μm, 2.1 × 50 mm separation column was an Eclipse plus C18. The column was pre-equilibrated for at least 30 min in a 9:1 mixture of eluents A and B. During the first 2 min of the run, the column contained 9:1 A:B, changed thereafter to 2:3 A:B for 2.3 min followed by a change to 1:9 A:B for 3.1 min and set to initial values of 1:9 for 2.6 min. The flow rate was 0.6 mL min–1 and the column temperature was maintained at 37°C. Excitation and emission wavelengths were 280 nm and 410 nm, respectively. Chromatograms were integrated using the MassHunter (release B.04.00) software (Agilent).



Determination of the Leaf Content of Glutathione

Glutathione was extracted from leaves according to Davey et al. (2003). Approximately 100 mg of fresh leaf material were ground to fine powder using tissue homogenizer with 1 mM EDTA and 0.1% (v/v) formic acid at 4°C under green safe light and centrifuged at maximum speed (35,280 g) for 10 min. Measurements of oxidized and reduced glutathione were carried out immediately in freshly prepared extracts. Separation and analysis of the desired compounds were performed on a C18 column (HSS T3, 1.8 μm, 2.1 × 150 mm, Waters, Germany) and an UPLC/MS-MS (Infinity ll, 6490 Triple Quadrupole LC/MS, Agilent), respectively. Two μL of extracts and the corresponding standards were injected in the mobile phase consisting of purest water plus 0.1% (v/v) formic acid and pure methanol plus 0.1% (v/v) formic acid. The temperatures of the auto sampler and column were maintained at 8 and 37°C, respectively. Separated compounds were eluted at a flow rate of 0.5 mL min–1, and their quantification was performed using the MassHunter (release B.04.00) software.



Transmission Electron and Confocal Laser Scanning Microscopy

Transmission electron microscopy was performed following Mayta et al. (2018). For ultrastructure analysis, 2-mm2 cuttings from the central part of three leaves from five different plants of WT and Flv1/Flv3-harboring lines were used for conventional and microwave-assisted fixation substitution and resin embedding as detailed in Supplementary Table S2. Sectioning and electron microscopy analysis were performed as described previously (Kraner et al., 2017).

To estimate starch accumulation, 100 randomly selected chloroplasts of each WT and Flv1/Flv3-harboring plants have been used. Measurements of length, width, area and size of chloroplasts and starch granules were carried out with Image J software1. Furthermore, starch bodies per chloroplast have been counted.

Localization analysis of Flv1 and Flv3 fused to GFP at their C-termini and expressed in N. benthamiana cells was carried out by CSLM using a Zeiss LSM 780 microscope (Carl Zeiss GmbH, Jena, Germany). GFP was excited with a 488 nm laser line and fluorescence emission detected with a 491–535 nm band-pass filter.



RNA Isolation, cDNA Synthesis and Transcription Analysis

Total RNA was extracted from young leaves following the protocol of Logemann et al. (1987), subjected to DNase treatment (Life Technologies, Darmstadt, Germany) and converted to ss cDNA using a RevertAid first strand cDNA synthesis kit (Life Technologies, Darmstadt, Germany) supplemented with a template of 1 μg total RNA and oligo dT primers. The reaction was carried out at 42°C for 60 min. The primers used for qRT-PCR analysis of Flv transgenes are listed in Supplementary Table S1 (Flv1-RT F/R and Flv3-RT F/R). The assays were performed in a CFX384 touch real-time system using the SYBR Green Master Mix Kit (Bio-Rad, Feldkirchen, Germany). The relative expression for Flv genes was calculated based on the expression of the house-keeping gene Ubi10 (GenBank accession number At4g05320), as WT plants did not contain Flv genes. Primers employed to amplify Ubi10 are also given in Supplementary Table S1. Relative transcript abundances were determined with the ΔΔCt method according to Schmittgen and Livak (2008).



Statistical Analysis

Means and standard errors (SE) were calculated using SigmaPlot software2. The Student’s t-test was employed to evaluate for the statistical significance of differences between means.



RESULTS


The Growth Response of Flv-Expressing A. thaliana Plants to Variations in the Light Intensity

To generate A. thaliana plants expressing plastid-targeted Flv1 and Flv3, the coding regions of the corresponding Flv genes were fused in-frame to the 3′-end of a DNA sequence encoding the chloroplast transit peptide of pea FNR and placed under the control of the constitutive CaMV 35S promoter in plasmid pCHF3-Flv1/Flv3 (Gómez et al., 2018; Figure 1A). Expression of the Flv1/Flv3 genes was monitored by measuring the corresponding transcripts using qRT-PCR (Supplementary Figure S1). Chloroplast localization of the Flv products was confirmed by introducing a C-terminal GFP tag to both proteins (Supplementary Figure S2a) and transiently expressing them in N. benthamiana. Supplementary Figure S2b shows that GFP fluorescence was confined to plastids in both cases. Image analysis suggests that Flv3 was translocated to all chloroplasts, whilst Flv1 was only detected in a fraction of them (Supplementary Figure S2b), most likely affecting the effectivity of heterodimer formation in the transgenic plants. The levels of heterodimer accumulated in Flv1/Flv3 cells were however sufficient to elicit a growth phenotype in the transformants (see below).

Homozygous lines L1–L3, belonging to the T3 generation, were used for phenotypic characterization. The development of biomass in both WT and Flv transgenic plants grown at various light intensities is illustrated in Figure 1B. When illuminated at 50 μmol photons m–2 s–1, the performance of the transgenic plants was not distinguishable from that of their WT counterparts. However, when the light intensity was increased to either 160 or 300 μmol photons m–2 s–1, the transgenic plants were clearly larger (Figure 1B). Comparisons of shoot dry weight indicated that transgenic plants harboring Flv1/Flv3 out-performed WT siblings by 10–30% (Figure 1C). Plants expressing Flv1/Flv3 also grew better at 600 μmol photons m–2 s–1 (Figure 1C), even though they looked stressed at this irradiation levels, as suggested by the color of the leaves, presumably due to anthocyanin accumulation as a typical response to high light (Figure 1B).



The Effect of Expressing Flv1/Flv3 Transgenes on Biomass Accumulation in Plants Grown Under Long-Day Photoperiod

Under a long-day regime, the Flv transgenics flowered earlier than WT plants (data not shown), and were more bushy, with increased inflorescences (Figure 2A). Shoot dry weight was up to 1.8-fold greater in Flv-expressing plants than in WT counterparts (Figure 2B). Seed size was unaffected by the presence of the transgenes (data not shown), but seed yield was 1.5- to 1.8-fold greater (Figure 2C).



The Effect of Expressing Flv Transgenes on Leaf Sugar, Starch and Amino Acid Contents

Yamamoto et al. (2016) and Gómez et al. (2018) have reported that under steady-state illumination conditions, the photosynthetic activity of Flv-expressing plants did not differ significantly from their WT siblings. To determine if Flv1/Flv3 expression affected other central metabolic routes, the leaf contents of carbohydrates and amino acids were measured in plants grown at 160 μmol photons m–2 s–1, a condition that exhibited significant biomass gains in the transformants relative to the wild-type (Figure 1).

Under this light regime, leaves of plants harboring Flv1/Flv3 accumulated significantly higher sucrose concentrations than those of WT counterparts; in each line, sucrose contents increased gradually during the light period and fell during the dark period (Figure 3A). Leaf starch contents did not vary between genotypes at the beginning of the light period, but they increased faster (by as much as 1.7-fold) during the day in Flv-transgenic plants than in WT siblings (Figure 3B). Moreover, ultrastructural data obtained by transmission electron microscopy indicate that while the average size of starch granules was unaffected by Flv expression, their number was enhanced in the leaves of plants expressing Flv1/Flv3 (Figure 3C). Counting starch granules of 100 individual chloroplasts from WT and Flv1/Flv3-expressing plants revealed that the total number of starch granules was 1.24-fold higher in Flv1/Flv3-expressing plants (440) compared to the WT (354) (Figure 3D). Furthermore, the ratio of the measured total area of starch granules divided by the total area of chloroplasts was higher by a factor of 1.44 in Flv1/Flv3 expressing plants (680 μm2/1873 μm2) than in WT siblings (487 μm2/1912 μm2) (Figure 3E), indicating that the chloroplasts of Flv1/Flv3 transgenic plants contained a higher starch volume.
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FIGURE 3. The effect of heterologously expressing Flv1/Flv3 genes on diurnal variation in carbohydrate metabolism. Temporal variation in the rosette leaves of 6 weeks old plants exposed to 160 μmol photons m–2 s–1 of actinic light with respect to the contents of (A) sucrose and (B) starch. Gray boxes indicate the dark period. Data shown as means ± SE (n = 5). FW, fresh weight. (C) Representative images of starch granules present in leaves harvested after 5 h of light exposure. (D) Number of starch granules per chloroplast [n (chloroplasts) = 100]. (E) Ratio of total area of starch granules divided by the total area of chloroplasts. *****: means differ from the performance of WT plants at P ≤ 0.01 and P ≤ 0.001, respectively.


Glucose and fructose contents failed to show consistent differences between lines during the entire photoperiod (Supplementary Figure S3). Also, no clear differences were observed with respect to the amounts of any of the amino acids following the plants’ exposure to 4 h of light (Supplementary Table S3), but by the end of the light period (8 h of light), an increased pool of asparagine, aspartate, glutamine and alanine was observed in Flv1/Flv3 transgenics with respect to WT plants (Supplementary Table S4).



Flv1/Flv3 Expression Increased the ATP Levels of A. thaliana Leaves

Leaf contents of ATP, ADP and AMP were measured during both the light (after exposure to 4 and 8 h of illumination) and dark periods (16 h). ATP contents were up to 1.25-fold (after 4 h of illumination), 1.3-fold (after 8 h of illumination only in L1) and 1.3-fold (after 8 h in the dark) higher in Flv1/Flv3 leaves than in WT counterparts (Figure 4a). The leaf contents of ADP did not differ significantly between lines, whereas the AMP levels were significantly lower up to 1.3-fold in Flv1/Flv3 transgenic plants compared to WT siblings (Figures 4b,c). The ATP/ADP ratio was thus higher at 4 and 16 h by a factor of 1.3- and 1.5-fold, respectively, in all the transgenic lines compared to that of WT siblings (Figure 4d). The total adenylate content failed to show differences between lines except for L1, where it was ∼1.2-fold higher than that of WT plants after 8 h of light (Figure 4e).
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FIGURE 4. The effect of heterologously expressing Flv1/Flv3 genes on the contents of ATP, ADP, AMP, the ATP/ADP ratio and total adenylates. Temporal variation in the rosette leaves of 6 weeks old plants exposed to 160 μmol photons m–2 s–1 of actinic light with respect to (a) the contents of ATP, (b) ADP and (c) AMP, (d) the ATP/ADP ratio, (e) total adenylates. L1–L3: independent lines harboring Flv1/Flv3. Data are shown as means ± SE (n = 5).




The Effect of Expressing Flv Transgenes on the Contents of Glutathione

The contents of both the reduced and oxidized forms of glutathione (GSH and GSSG, respectively) were measured and their ratio was calculated. There was a significant decline of GSH in L3 plants whereas GSSG was statistically higher in line L2 of the transgenic leaves (Supplementary Figures S4a,b), resulting in a reduction in the GSH/GSSG ratio of up to 2.5 fold (Supplementary Figure S4c).



The Effect of Expressing Flv Transgenes on the Leaf Metabolome

The contents of a number of metabolites were affected by the expression of Flv transgenes. After a 4-h exposure to light, the concentration of hexose phosphates was raised in all transgenic lines to a level significantly higher than that obtained in WT leaves (Figure 5A); however, by the end of the light period, hexose phosphate contents were significantly below those of WT leaves in all transgenic plants (Figure 5B). The concentration of the starch precursor ADPGlc was also elevated up to 1.4-fold above the WT level in the Flv1/Flv3 transformants after 4 h of illumination (Figure 5C). When measured again after an 8-h exposure to light, the levels of ADPGlc remained statistically unchanged in the transgenics relative to WT siblings, with the exception of plants from line L2 (Figure 5D). With respect to malate, significant increases were only recorded in leaves of line L2 assayed after a 4-h exposure to light, whereas in those of line L3 malate levels were statistically lower after an 8-h exposure to light (Supplementary Figures S5a,c). A modest increase in the concentration of citrate was noted with respect to WT levels in the leaves of L3 plants at 4 h and L1 plants at 8 h of illumination (Supplementary Figures S5b,d).
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FIGURE 5. The effect of heterologously expressing Flv1/Flv3 genes on the contents of primary metabolites. Hexose phosphates (A,B) and ADPGlc (C,D) were measured in the rosette leaves of 6 weeks old plants after exposure to 4 h (A,C) or 8 h (B,D) of light. L1–L3: independent lines harboring Flv1/Flv3. Data shown as means ± SE (n = 5). **: means differ from the performance of WT plants at P ≤ 0.01.




DISCUSSION

Photosynthesis is essential for the growth and development of plants, but the process is relatively inefficient since just 8–10% of the overall spectrum of solar radiation is used to convert CO2 to sugar, while only 2–4% of incident light energy is channeled into growth (Long et al., 2006; Zhu et al., 2010). Most of the solar light intercepted by a leaf is lost by reflection, transmission and absorption by non-photosynthetic pigments, or is simply outside photosynthetically useful wavelengths. In C3 plants, less than 45% of the incident light is harvested, and still a substantial amount is released as heat and fluorescence, or used for photorespiration (Long et al., 2006; Zhu et al., 2010). In addition, suboptimal conditions such as water and CO2 limitation, high light, extreme temperatures, etc., might lead to over-reduction of the PETC and uncontrolled ROS production (Gómez et al., 2019). Avoiding these effects by establishing alternative electron sinks in chloroplasts can potentially enhance photosynthesis and overall plant growth.

Flvs have been reported to contribute to photosynthetic redox balance in a number of phototrophs (Jokel et al., 2018; Santana-Sánchez et al., 2019). Moreover, Flv1/Flv3 expressed in angiosperms were shown to act as electron sink for the PETC under certain circumstances (Yamamoto et al., 2016; Wada et al., 2018), especially during dark-light transitions (Gómez et al., 2018). However, the effect of this intervention upon growth and metabolism of the host plants was not reported in those articles. The aim of the present research was to evaluate this by co-expressing Flv1 and Flv3 in A. thaliana and monitoring growth and metabolic status in the corresponding transformants. The results indicate that plants harboring Flv1/Flv3 grew significantly better under a range of moderate to high light intensities (Figure 1), and displayed increased carbohydrate and ATP levels (Figures 3, 4). The implication of these observations is that Flvs may act as regulators of photosynthesis when expressed in angiosperms, specifically avoiding over-reduction of the PETC as the electron pressure mounted up under increasing light intensities.

In cyanobacteria, the Flv1/Flv3 dimer provides an alternative electron sink at the acceptor side of PSI, preventing over-reduction of the PETC under adverse environmental conditions (Allahverdiyeva et al., 2013; Gerotto et al., 2016; Santana-Sánchez et al., 2019). Likewise, Gómez et al. (2018) have shown that tobacco plants expressing cyanobacterial Flv1 and Flv3 showed an improved ability of their dark-adapted leaves to maintain the PETC in a more oxidized state and to enhance proton motive force, again indicating a stronger electron sink in the transformants. The present results suggest a similar interaction of the introduced Flvs with the PETC in the transgenic A. thaliana. This hypothesis also agrees with the electron sink activity provided by Flvs in mutants deficient in CET under both high and fluctuating light (Yamamoto et al., 2016; Wada et al., 2018).

In phototrophic organisms, AEF pathways are induced shortly after exposure to light, contributing additional ATP to supply the Calvin–Benson cycle and to support photorespiration during dark-light transitions. As reported by Shikanai and Yamamoto (2017), under steady-state conditions, Flvs have poor access to its putative electron donor Fd, due to activation of the Calvin–Benson cycle, but may regain functionality under highly reduced stromal conditions. Here, A. thaliana plants expressing cyanobacterial Flv1/Flv3 responded differentially to the growth light conditions (Figure 1). Under low light intensity, electron transport is typically limited by the availability of photons, so that there is no need of relief with respect to the electron pressure on the PETC. The latter becomes important as the light intensity increases, and the heterologous Flv system was able to dissipate the surplus of reducing equivalents as long as the intensity did not become excessive, as observed for the stressed phenotypes of plants grown at 600 μmol photons m–2 s–1 and showing anthocyanin accumulation (Figure 1B). When exposed to a long-day regime (16-h photoperiod), the presence of the Flv transgenes accelerated flowering (data not shown), and plant biomass accumulation and seed yield were boosted (Figures 2B,C), illustrating the benefits of Flv1/Flv3 as additional electron sink under these growth conditions.

In chloroplasts, ATP is generated via the linear and CET pathways (DalCorso et al., 2008), while the mitochondrial respiratory electron transport chain makes an additional contribution during both dark and daylight hours (Liang et al., 2015; Voon et al., 2018). ATP levels were higher in the leaves of Flv-expressing transgenics than in those of WT plants after exposure to either 4 or 8 h of light, suggesting that the Flv1/Flv3 dimer was able to dissipate electrons at PSI, enhance linear electron flow and thereby establish the pH gradient required for ATP synthesis (Figure 4a). The adenylate pool is also an important regulator of plant metabolism (Geigenberger et al., 2010). In the Flv transgenics, an increased ATP level served to boost the activity of the Calvin–Benson cycle, which in turn helped to maintain a high level of hexose phosphates at the middle of the light period (Figures 5A,B). Hexose phosphates and ADPGlc accumulated by Flv-expressing plants (Figures 5A–D) were most likely used to synthesize sucrose and starch during the day, serving to stimulate plant growth (Figures 3A,B). The lack of effect of Flv expression on the levels of the TCA cycle intermediates citrate and malate implies that these organic acids most likely play at best a minor role in determining biomass production (Supplementary Figures S5a–d).

Manipulation of plastid levels of adenylate kinase was shown to increase starch and amino acid contents in potato (Regierer et al., 2002), and to boost the accumulation of amino acids and promote growth in A. thaliana (Carrari et al., 2005). In the Flv transgenics exposed to 4 h of light, however, there was no evidence for any significant alteration in the leaf’s amino acid contents with the exception of alanine (lines L1, L3) and GABA (lines L2, L3), suggesting that by this time illuminated leaves converted most of their photoassimilate into starch (Supplementary Table S3). In contrast, the contents of asparagine, arginine, glycine, glutamine, alanine and proline were raised by the plant’s exposure to 8 h of light (Supplementary Table S4), consistent with the observation that an increase in carbon availability enhances the assimilation of the nitrogen needed for protein synthesis and hence for the continuation of growth in the absence of light (Lawlor, 2002). The glutathione pool was more oxidized in leaves of Flv-expressing plants than in their WT siblings (Supplementary Figure S4). This was an unexpected result, considering that the presence of Flv1/Flv3 should inhibit the leakage of electrons from the PETC to O2. It is conceivable that cellular compartments and organelles other than chloroplasts contribute the higher GSSG levels observed in the transgenics (Supplementary Figure S4b), but further research will be necessary to properly substantiate this hypothesis.

The levels of both sucrose and ATP were higher in the Flv transgenics than in their WT counterparts, not only during illumination, but also during the dark period. According to Sharkey et al. (2004), the levels of sucrose and ATP are highly dependent on carbon metabolism during the night, while Sulpice et al. (2009) and Graf and Smith (2011) have shown that these levels constitute important determinants of biomass accumulation. It seems therefore likely that the growth advantage enjoyed by the Flv transgenics reflects their superior capacity to generate photoassimilate and ATP.

Overall, heterologously expressing Flv1/Flv3 in A. thaliana appeared to impact central metabolic routes increasing ATP levels for carbon assimilation and other biosynthetic pathways, and favoring the use of reducing equivalents in productive processes, ultimately boosting growth at moderate to high light intensities (Figure 6).
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FIGURE 6. A model describing the metabolic consequences of heterologously expressing Flv genes in the chloroplasts of A. thaliana. The presence of Flv1/Flv3 creates an electron sink and balances the surplus of the electron flow through PSI and PSII by delivering these electrons to oxygen, which is converted to water. The production of redox equivalents such as NADPH is maintained, resulting in the recycling of carbon through the Calvin–Benson cycle, which in turn generates an increased supply of the phosphorylated metabolites needed for starch synthesis. The energy required for this reaction is provided by ATP, which is synthesized by the H+-ATP synthase driven by protons pumped by the PETC. The continuous flow of electrons results in acidification of the lumen, which is the driving force for ATP synthesis. ATP is used for the conversion of Glc1P to ADPGlc via ADPGlc pyrophosphorylase. An increased availability of ADPGlc supports a higher level of starch synthesis; starch accumulates when the leaf is exposed to light and is degraded during the dark phase.




CONCLUSION

The present data have demonstrated that Flv proteins contribute to the efficient functioning of the PETC and that can be introduced in angiosperms with growth and eventually yield benefits. We show that Flvs can act as additional electron sinks when expressed in A. thaliana, delivering any excess of reducing equivalents to oxygen, and generating the phosphorylated metabolites required for starch synthesis. The energy needed for this reaction is provided by ATP, which is produced via electron transport and lumen acidification. ATP is also used for the conversion of Glc1P to ADPGlc, mediated by ADPGlc pyrophosphorylase activity. The promotion of ADPGlc finally results in an enhanced level of starch synthesis in leaves exposed to light, and the accumulated starch is metabolized during the dark phase allowing for a continuous growth of the plant (Figure 6).
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FIGURE S1 | Expression of Flv1/Flv3 in A. thaliana. Levels of Flv transcripts in the transgenic plants as determined by qRT-PCR. Experimental details are given in section “Materials and Methods.” L1–L3: independent lines harboring Flv1/Flv3.

FIGURE S2 | Subcellular localization of recombinant Flv1/Flv3. (a) Schematic representation of the binary vectors for localization of the Flv1/GFP and Flv3/GFP fusion transgenes transiently expressed in N. benthamiana. The Flv genes were fused in-frame to DNA sequences encoding the pea FNR transit peptide (TP) at their 5′-end and GFP at their 3′-end, taking advantage of PGBW5 Gateway binary vectors driven by the CaMV 35S promoter. (b) GFP fluorescence in the chloroplasts of N. benthamiana transformed with GFP-tagged Flv1 and Flv3 genes. The left panels show GFP fluorescence, the central panels, chlorophyll autofluorescence and the right panels, the merged images.

FIGURE S3 | Diurnal variation in the sugar contents of rosette leaves in 6 weeks old plants heterologously expressing Flv1/Flv3 genes. Levels of (a) glucose and (b) fructose were determined in transgenic leaves harboring Flv1/Flv3. Data shown as means ± SE (n = 5).

FIGURE S4 | The effect of heterologously expressing Flv1/Flv3 genes on the contents of GSH (a) and GSSG (b), and on the ratio of GSH to GSSG (c). Rosette leaves were sampled at the end of the light period (8-h photoperiod). Data shown as means ± SE (n = 5).

FIGURE S5 | The effect of heterologously expressing Flv1/Flv3 genes on the leaf contents of organic acids. Malate (a,c) and citrate (b,d) were measured after plants had been exposed to 4 h (a,b) or 8 h (c,d) of light. L1–L3: lines harboring Flv1/Flv3. Data shown as means ± SE (n = 5). ∗, ∗∗: means differ from the performance of WT plants at P ≤ 0.05 and P ≤ 0.01, respectively.

TABLE S1 | List of primers used for PCR and qRT-PCR determinations.

TABLE S2 | Protocol for combined conventional and microwave-driven fixation, dehydration and resin embedding of A. thaliana leaf tissue for ultrastructural analysis.

TABLE S3 | Amino acid contents in WT and transgenic lines expressing Flv1/Flv3 genes. Measurements were carried out after 4 h of illumination. Plants were 6 weeks old. Results are expressed as means ± SE of 5 independent replicates. Significant differences are indicated by asterisks according to Student’s t-test (∗P ≤ 0.05).

TABLE S4 | Amino acid contents in WT and transgenic lines expressing Flv1/Flv3 genes. Measurements were carried out after 8 h of illumination. Plants were 6 weeks old. Results are expressed as means ± SE of 5 independent replicates. Significant differences are indicated by asterisks according to Student’s t-test (∗P ≤ 0.05 and ∗∗P ≤ 0.01).
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Leaf temperature changes with incident light intensity, but it is unclear how the concurrent changes influence leaf photosynthesis. We examined the time courses of CO2 gas exchanges and chlorophyll fluorescence of seedling leaves in four tropical tree species in response to lightflecks under three different temperature conditions. The three conditions were two constant temperatures at 30°C (T30) and 40°C (T40), and a simulated gradually changing temperature from 30 to 40°C (Tdyn). The time required to reach 50% of the full photosynthetic induction under T40 was similar to, or even larger than, that under T30. However, the induction of assimilation rate (A) and electron transport rate of photosystem II (ETR II) and Rubisco activation process were generally accelerated under Tdyn compared to those at either T30 or T40. The acceleration in photosynthetic induction under Tdyn was significantly greater in the shade-tolerant species than in the shade-intolerant species. A modified photosynthetic limitation analysis indicated that the acceleration was likely to be mainly due to ETR II at the early stage of photosynthetic induction. The study suggests that concurrent increases in leaf temperature with light may increase leaf carbon gain under highly fluctuating light in tropical tree seedlings, particularly in shade-tolerant species.
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Introduction

Most of our understanding on plant photosynthesis so far is almost completely based on the measurements made under so-called steady-state or temporally constant environments. However, photosynthesis in nature rarely or even never occurs under constant environments, but under fluctuating light, and changing temperature and other environmental variables. Field observations showed considerable variation in photosynthetically active radiation (PAR) at different temporal scales from seconds to days under tropical forest canopies (Pearcy, 1983; Tang et al., 1999). Efficient utilization of temporally variable light has been considered to be critical for leaf carbon gain (Pearcy, 1990; Kaiser et al., 2015; Tomimatsu and Tang, 2016; Yamori, 2016).

Temporal changes in PAR under forest canopies are often accompanied with changes in leaf temperature (Tleaf; Singsaas and Sharkey, 1998; Wise et al., 2004). Changes in Tleaf can be closely associated with changes of PAR. For example, leaf temperature increased from 32 to 39°C within several min due to sunflecks (Leakey et al., 2003). Despite of a limited number of observations indicating a close relationship between changes in Tleaf and changes in light intensity, there is no detailed quantitative description, within our knowledge, for Tleaf changes in response to a step change in light intensity. Nonetheless, such associated changes in temperature with light are expected to influence photosynthesis in nature because leaf photosynthesis is a highly temperature-dependent process (Berry and Björkman, 1980). Recent studies further suggest that photosynthetic induction in response to an increase in PAR varied at different constant temperatures (Leakey et al., 2003; Kaiser et al., 2017; Wachendorf and Küppers, 2017). Moreover, thermal responses of photosynthesis are highly species specific (Slot et al., 2016; Slot and Winter, 2017a; Slot and Winter, 2017b; Fauset et al., 2018). However, very little knowledge has been accumulated regarding concurrent changes in leaf temperature with light on dynamic photosynthesis, despite the fact that the changes may be potentially important for leaf carbon gain under fluctuating light and temperature conditions in nature.

In this study, we characterized induction kinetics in four lowland tropical tree species under two constant temperatures and a simulated dynamic temperature condition, aiming to address (1) how the concurrent changes in leaf temperature with light affect the photosynthetic induction process, (2) if and how major physiological and biochemical processes contribute to the effect(s), and (3) whether there are any differences in the effect(s) between shade-tolerant and shade-intolerant tree species in tropical rain forests.



Materials and Methods


Study Site and Plant Species

The study was conducted in a lowland tropical rain forest in Pasoh Forest Reserve (2°59′N, 102°08′E), Malaysia. This is a primary Dipterocarp forest with an averaged leaf area index estimated as 6.52 in the core area of the reserve (Tani et al., 2003b). The annual rainfall of the normal years, i.e., no El Niño years, observed by the meteorological station within the reserve averaged 1809 mm during the period from 1983 to 1990. Most rainfall was observed during the rainy season from March to May and from October to December. Mean annual temperature at 52 m above the forest floor was 25.6°C, ranging from 22.6 to 29.9°C (Tani et al., 2003a).

The study species were two shade-intolerant species, Croton argyratus Blume and Shorea leprosula Miq., and two shade-tolerant species, Neobalanocarpus heimii (King) Ashton and Lepisanthes senegalensis (Poir.) Leenh, which are all native to lowland forests (Thomas et al., 2003). Five to six seedlings from different light regimes were selected for each species. Light regime was characterized as averaged daily light integral (DLI) of 60 days prior to the experiment (unit mol m-2 d-1), which was estimated from hemispherical photographs using SOLARCALC 7.0 (Mailly et al., 2013). All field measurements were conducted between August and October 2018.



Leaf Gas Exchange and Chlorophyll Fluorescence

Photosynthetic induction responses were measured using a LI-6800 (LI-COR, Lincoln NE, USA) fitted with a LI-6800-01 fluorometer (90% red and 10% blue) on a fully expanded and healthy leaf in each selected seedling. Leaves were first acclimated to the irradiance at 50 μmol m-2 s-1 for at least 20 min until steady-state assimilation rate (A) and stomatal conductance for H2O (gsw) were visibly reached, after which light was raised to 1000 μmol m-2 s-1 for 32 min. A, gsw, and intercellular CO2 concentration (Ci) were logged every second. To avoid any artefacts from correctional changes in temperature or relative humidity, temperature of the heat exchanger (Texchg) was controlled. Photosynthetic induction was measured under three different temperature conditions, i.e., two constant temperature conditions with 30°C (T30) and 40°C (T40), and a simulated dynamic temperature condition (Tdyn). For the two constant temperatures, Tleaf reached a constant value around 30.7°C under T30 and 36.6°C under T40 prior to the increase in light. Under the Tdyn condition, Texchg was kept at 30°C before the increase in light and then set to an expected value of 40°C at the same time when light increased. The warming speed of leaf temperature was similar to our observation within the same forest (Figure S1). Prior to the induction, leaf-to-air vapor-pressure deficit (VPD) was kept steady around 1 kPa under Tdyn and T30 and 2.3 kPa under T40 to mimic the natural levels at each temperature, according to our records of within-canopy microenvironments (see Figure S2). Reference CO2 concentration was maintained at 400 μmol mol-1. Photosynthetic CO2 response curves were generated with a LI-6400XT equipped with a LI-6400-02B LED light source on the same leaves at a block temperature of 30 and 40°C. Leaves were first fully induced under 400 μmol mol-1 and 1000 μmol m-2 s-1. Then, the reference CO2 concentration was reduced to 50 μmol mol-1 in a stepwise manner, after which it returned to the starting level. When steady-state A was again reached, the CO2 concentration was increased to 1500 μmol mol-1 in several steps. Flow rate was maintained at 350 μmol s-1, and relative humidity was controlled at 70%, which yield a VPD similar to that reached at the end of induction.

All measurements were repeated with the same environmental settings as the measurement of photosynthetic induction course to produce the time courses of chlorophyll fluorescence signals using the same LI-6800. Hence, we obtained two sets of induction curves, one with gas exchange only and the other with both gas exchange and chlorophyll fluorescence. Leaf samples were placed in dark for at least 2 h. Then, light was increased to 50 μmol m-2 s-1 until gas exchange parameters reached steady state, which typically took 20 min, followed by 30 min of induction. However, due to weather and insufficient time, some chlorophyll fluorescence measurements under Tdyn started from a light intensity of 50 μmol m-2 s-1 directly without dark adaptation. For these measurements, less time (~10 min) was required to reach steady state under low light. Gas exchange parameters were recorded every 5 s, and chlorophyll fluorescence was recorded every minute. Recorded chlorophyll fluorescence signals include Fo and FM, if leaves were dark adapted, Fs, FM’, and Fo’ by turning off the actinic light and then applying far-red light. We used the multi-phase flash (MPF) protocol of the fluorometer for measuring FM and FM’. MPF settings were as factory default, including 8000 μmol m-2 s-1 for flash beam intensity, 40% ramp reduction during the 2nd phase of the MPF, and 0.3 s duration of each flash phase. The quantum yields of photosystem II [Y(II)] were calculated after Yamori et al. (2012). The electron transport rates of photosystem II (ETR II) were calculated using the following equation: ETR II = 0.5 × α × I × Y(II), where 0.5 is the fraction of absorbed light allocated to photosystems II, α is leaf light absorptance (see below), and I is light intensity. The quantum yields of photochemical quenching based on the puddle (qP) and the lake model (qL) and non-photochemical quenching (NPQ) were calculated as described by Kalaji et al. (2017). Data obtained without dark adaptation were excluded from NPQ calculation.



Light Absorptance

Leaf light absorptance was calculated from measured reflectance and transmittance. For each species, four to six branches from seedlings other than those for photosynthesis measurements were sampled around 18:00 h, with the cut end submerged in water immediately. Samples were kept in dark and then measured within 6 h using a Maya-2000-Pro spectrometer (Ocean Optics, Dunedin, FL, USA). Four to six healthy, fully expanded leaves in each sampled branch and three to four discs per leaf were measured. Light absorptance was calculated with respect to the irradiance spectrum of the LI-6800-01 fluorometer, which was also measured with the same spectrometer. This yield leaf light absorptance of 0.88, 0.87, 0.90, and 0.92 for N. heimii, L. senegalensis, C. argyratus, and S. leprosula, respectively.



Data Analysis

For those measurements made under Tdyn, the time course of H2O concentration in the sample cell (H2Os) exhibited an unusually steep peak within the first minute, since the LI-6800 started to elevate Texchg. As a result, stomatal conductance doubled and Ci increased during the first minute since LED light and Texchg concurrently changed. After excluding the possibility of a contaminated leaf chamber by repeating the same measurement settings with a brand new LI-6800 later, we suspected that such errors were induced by the heat exchanger itself. We matched the LI-6800 only immediately before each measurement, and the differences in match adjustment factor between two consecutive measurements were small compared to the differences in water concentrations result from foliar transpiration. Thus, we proposed an empirical method to sequentially correct H2Os, transpiration rate, A, gsw, and Ci (for detailed information, see Supplementary File S1).

To determine the maximum rate of increase in  , the time courses of A during induction (gas exchange only) were fitted to the Boltzmann sigmoidal model proposed by Drake et al. (2013):

 

where a1 and a2 are the left and right horizontal asymptotes, respectively, t0 is the point of inflection, and ΔtA describes the steepness of the curve. The maximum rate of increase is the value of the derivative of Equation (1), where t = t0. The maximum rate of increase in   was calculated in the same way.

To assess if sunfleck utilization was improved or inhibited under Tdyn and T40, induction carbon gain (ICG) at time t was calculated after Chazdon and Pearcy (1986a):

 

where Aini is the steady-state A prior to the induction.

To identify the transition point between Rubisco and RuBP regeneration limitation (Ci,trans) at high temperature, photosynthetic CO2 response curves were fitted after Bellasio et al. (2016), assuming a constant RL : Rd ratio of 60% (Way et al., 2019). Rd was calculated by averaging the readings over the last minute in the dark period during chlorophyll fluorescence measurements. Ci,trans was determined as:

 

where Vc,max is the apparent maximum carboxylation rate of Rubisco, J1000 is the potential electron transport rate under 1000 μmol m-2 s-1, Г* is the CO2 photocompensation point, and Km is the effective Michaelis-Menten constant for Rubisco after Bernacchi et al. (2001).

To obtain the apparent time constant of Rubisco activation (τRubisco), transient A, recorded during chlorophyll fluorescence measurements, was corrected to steady-state Ci reached at the end of induction (Ci,f) with respect to transient Tleaf after Urban et al. (2007) and then fitted to the exponential function proposed by Woodrow and Mott (1989):

 

where   is the final corrected A and Ai is the estimated initial A prior to the induction. For modeling convenience, we assumed that Rubisco is a one-phase process and used the data from whole induction curves for fitting. In the prior test, we found that fitting the whole curves yield higher R2 and smaller confidence intervals than only fitting the data from minute 2 to 10 after the light increase in 25 among 30 cases. We also acknowledge that using the data from whole curve could underestimate τRubisco. Using transient Ci recorded during chlorophyll fluorescence measurements, we calculated the potential A supported by transient ETR II (Aj) and that supported by transient carboxylation rate with respect to transient Tleaf (Ac):

 

 

The temperature response of Rd was described for each leaf studied using an exponential model with Q10 (Vanderwel et al., 2015). The temperature dependency of Г* for each leaf was described by the Arrhenius function using the CO2 response curves:

 

where Г*(25) is Г* at 25°C and Ea is the activation energy term. R is the molar gas constant. For simplicity, we assume that RL, Km, and Г*, which respond to fluctuations in temperature instantaneously, and components of ETR II, i.e., fraction of absorbed light allocated to photosystems II and leaf light absorptance, remain constant during induction. Considerations of these assumptions are described in detail in Discussion. Transient carboxylation rate (Vc) was estimated in analogy to Eqn. (1):

 

Vc,f and Vc,ini were estimated from the so-called one-point method (De Kauwe et al., 2016) using data recorded before and at the end of induction, respectively. Assimilation rate decreased during induction in some measurements made under Tdyn.

ETR II obtained under photorespiratory condition was likely to deviate from true linear electron transport rate, leading to incorrect Aj. Considerations on how to model the midway decrease in A during induction and necessary calibration of ETR II are described in detail in Supplementary File S2. We compared Ac(t) against Aj(t) to determine whether photosynthetic rate was limited by Rubisco carboxylation or RuBP regeneration at time t.



Statistical Analysis

To determine the effects of measurement temperature condition, data were compared by one-way ANOVA test. Data were log-transformed to meet the assumptions of normality and homogeneity of variances when necessary. Otherwise, a non-parametric Kruskal-Wallis test was used. All tests were conducted using SPSS Statistics Version 20.0 (IBM Corp., New York, USA). To examine whether the variances in the induction responses between T30 and Tdyn were related to species-specific shade tolerance (S) and DLI, we performed a two-way ANOVA analysis using S and DLI as the main factors and S × DLI as the interaction factor. The differences in induction responses were represented as the percentage change of a parameter. These tests were carried out in R version 3.5.0 (R Core Team, 2018).




Results


Photosynthetic Induction Response

Time courses of photosynthetic induction under three different temperature conditions are shown in Figure 1. After full acclimation under T40, both initial photosynthetic rate (Aini) and final steady-state photosynthetic rate (Af) were significantly smaller than those under T30 (Table 1). The maximum rate of increase in   under T40 decreased by 31–64% compared to that under T30.




Figure 1 | Time courses of A (A–D), gsw (E–H), Ci (I–L), Tleaf (M–P), and VPD (Q–T) during photosynthetic induction in N. heimii (A, E, I, M, Q), L. senegalensis (B, F, J, N, R), C. argyratus (C, G, K, O, S), and S. leprosula (D, H, L, P, T). Shown are the data recorded during gas exchange only measurements under constant 30°C (T30) and 40°C (T40) and simulated dynamic temperature condition (Tdyn). Values are the means ( ± SE) of five to six individual seedlings for each species. A, assimilation rate; gsw, stomatal conductance for H2O; Ci, intercellular CO2 concentration; Tleaf, leaf temperature; VPD, leaf-to-air vapor pressure deficit.




Table 1 | Parameters of photosynthetic induction since the increase in irradiance from 50 to 1000 μmol m-2 s-1 in four tropical woody species under constant 30°C (T30), 40°C (T40), and simulated dynamic temperature condition (Tdyn). Aini, Af, gsw,ini, gsw,f, Ci,ini, and Ci,f were A, gsw, and Ci reached before and at the end of photosynthetic induction, respectively, calculated by averaging single values over the last minute of each period; ITf50%, the time required to reach 50% of the difference between Aini and Af;   and   were the maximum increasing rate of A and gsw, respectively.



Photosynthetic rate increased faster under Tdyn than either T30 or T40 and showed an overshoot within 10 min after light intensity increased. Af under Tdyn was similar to that under T40. The time required to reach 50% of full photosynthetic induction (ITf50%) under Tdyn was 69–86% lower and 73–89% lower than that under T30 and T40, respectively (Table 1). The difference in   between T30 and Tdyn was significant in the shade-tolerant species.

Stomatal conductance before and at the end of induction decreased in all species under T40 compared to those under T30 (Table 1). The maximum rate of increase in gsw was larger under T30 than Tdyn, except for N. heimii. A larger depletion in Ci during induction was observed under Tdyn than T30 and T40 in all species (Figure 1).



Photosynthetic Sub-Processes Under Different Temperature Conditions

The time required for ETR II to reach 50% of full induction (ETR50%) was 17–44% lower under Tdyn than T30 (Table 2). ETR II reached a maximum within 10 min and decreased afterward under Tdyn (Figure 2). The dynamics of qP and qL were similar among the three temperature conditions. In comparison with T30, NPQ increased faster under T40 in all species and under Tdyn in N. heimii and C. argyratus.


Table 2 | Parameters of the time courses of ETR II and Vc during photosynthetic induction since the increase in irradiance from 50 to 1000 μmol m-2 s-1 in four tropical woody species under constant 30°C (T30), 40°C (T40), and dynamic temperature condition (Tdyn).






Figure 2 | Time courses of ETR II (A–D), qP (E–H), qL (I–L), and NPQ (M–P) during photosynthetic induction in N. heimii (A, E, I, M), L. senegalensis (B, F, J, N), C. argyratus (C, G, K, O), and S. leprosula (D, H, L, P). Values are the means ( ± SE) of three to six individual seedlings for each species under constant 30°C (T30) and 40°C (T40) and dynamic temperature condition (Tdyn). NPQ in L. senegalensis and S. leprosula was not shown due to insufficient replicates (n < 3, see Materials and Methods). ETR II, electron transport rate of photosystem II; qP and qL are photochemical quenching based on the puddle and the lake model, respectively; NPQ, non-photochemical quenching.



Steady-state Vc reached at the end of induction was higher under Tdyn and T40 than that under T30 (Table 2). The time constants of Rubisco activation were larger under T40 in all species, except for a small decrease in N. heimii. In comparison with T30, τRubisco decreased under Tdyn in all species, except for a small increase in C. argyratus.



Primary Limiting Factor During Photosynthetic Induction

As shown in Figure 3, estimated Ac matched the time course of measured A. We noted that A was limited by Aj only for the first several min (Figure S3), after which A was limited by Ac instead. The averaged time length of Aj limitation ranged from 1.4 to 2.7 min under T30, while the rest of photosynthetic induction was occupied by Ac limitation. Limitation from Ac almost dominated the entire induction process under T40 (Figure S3). This was consistent with CO2 response curves obtained at T40, as the transition point between Rubisco and RuBP regeneration limitation was much higher than transient Ci during induction in all species (Figure 4).




Figure 3 | Representative time courses of measured A (open symbols), estimated Ac (red solid line), and estimated Aj (orange symbols with solid line) during photosynthetic induction in N. heimii (A, E, I), L. senegalensis (B, F, J), C. argyratus (C, G, K), and S. leprosula (D, H, L) under constant 30°C [T30 (A–D)] simulated dynamic temperature [Tdyn (E–H)] and constant 40°C condition [T40 (I–L)], respectively. Measured A were those simultaneously recorded during chlorophyll fluorescence measurements. Estimated Ac and Aj were the potential A supported by Vc and ETR II, respectively. Periodic oscillations of A were inevitable due to the periodic dark pulses necessary for determining fluorescence yield.






Figure 4 | Photosynthetic CO2 response curve at high temperature (T40) in N. heimii (A), L. senegalensis (B), C. argyratus (C), and S. leprosula (D). Assimilation rate (A) was recorded under 1000 μmol m-2 s-1 at an average leaf temperature of 36.7°C.The x-intercept of vertical dotted lines represents the averaged transition CO2 concentration in each species, above which the primary limitation imposed on photosynthesis switched from Ac to Aj. Values are the means ( ± SE) of five to six individual seedlings for each species. A, assimilation rate; Ci, intercellular CO2 concentration.





Carbon Gain

ICG within the first 5 min under T40 was 45–83% of that under T30 (Figure 5). However, ICG within the first minute increased by 38–153% under Tdyn compared to that under T30. The differences in ICG between Tdyn and T30 decreased as the integration interval increased. ICG over 30 min (ICG30min) was 20–38% lower under Tdyn than that under T30. The shade-tolerant species showed larger increments in ICG under Tdyn and smaller decreases under both Tdyn and T40 than the shade-intolerant species.




Figure 5 | ICG under simulated dynamic temperature condition [Tdyn (A)] and under constant 40°C [T40 (B)] relative to that under constant 30°C (T30) as a function of the time since light increased in tree seedlings of four tropical woody species. Shown are data recorded during gas exchange only measurements. The dotted lines indicate equal amount of ICG between two temperature conditions. Open and closed symbols represent data from shade-intolerant and shade-tolerant species, respectively. Values are the means ( ± SE) of five to six individual seedlings for each species. No significant differences were found across species at P = 0.05 level.





The Effects of Species-Specific Shade Tolerance and Growth Light Environment

In comparison with T30, increments in   and ICG1min under Tdyn were significantly related to species-specific shade tolerance (Table 3). The decrease in ITf50% was related to individual averaged DLI, as seedlings with low DLI showed greater reduction in ETRf than those with high DLI (Figure S4).


Table 3 | The influences of species-specific shade tolerance (S) and average DLI on the differences in induction responses between T30 and Tdyn.






Discussion


A Gradual Increase in Leaf Temperature Affects Photosynthetic Induction Process

Photosynthesis consists of a number of temperature-dependent biochemical processes (Berry and Björkman, 1980), and the induction process of photosynthesis thus depends on temperature. Recent studies showed that photosynthetic induction can be greatly altered by steady-state environmental temperature (Kaiser et al., 2017; Wachendorf and Küppers, 2017). It is however important to know how changing leaf temperature, accompanied with light changes, would affect photosynthetic induction rate. By comparing gradually increasing leaf temperature with two constant leaf temperatures after an increase in light, it is evident that an elevating leaf temperature from 30 to 40°C accelerates photosynthetic rate at the early-stage induction more than the two extreme constant temperatures of 30 and 40°C (Figure 1). This conclusion can be confirmed by the smaller ITf50% and larger   (Table 1). The increase in simulated ETR at the early stage of the induction response also supports the conclusion (Figure 2). It should be also noticed that photosynthetic rate reached the steady-state much faster under the gradual increasing leaf temperature than either constant leaf temperatures, particularly in the shade-tolerant species (Figure 1). A full induction state of photosynthetic rate was achieved (within 2–3 min often) even before the leaf temperature reached its steady-state (about 10 min). This fact may indicate that a combined effect of changing leaf temperature, associated with an increase in light, on photosynthetic induction could include some different thermal processes rather than only under constant temperature conditions, which, to our knowledge, is being observed for the first time and deserves further clarification.



Factors Involved in the Induction Process Under Different Temperature Conditions

During the first several min after an increase in light intensity, the increase in photosynthetic rate is often constrained by RuBP regeneration, which is further limited by ETR, light activation of Rubisco, and stomatal opening (Way and Pearcy, 2012; Kaiser et al., 2015; Yamori et al., 2020). All these factors are thermal sensitive, but the time constants of temperature and light stimulations could be considerably different (Leakey et al., 2003; Kaiser et al., 2017; Wachendorf and Küppers, 2017). It is difficult to elucidate individual effects of these factors only based on the gas change and chlorophyll fluorescence observations in this study. We tried to address how these factors contribute to photosynthetic induction under Tdyn using photosynthetic limitation analysis.

The acceleration of linear electron transport between photosystem II and I plays an evident role in the acceleration of early-stage induction of photosynthetic rate after increase of light, particularly in the shade-intolerant species (Table 2). In this study, the limitation of Aj dominates over the first 4–5 min under T30 (Figure 3 and Figure S3), which was longer than those reported for soybean before (Sassenrath-Cole and Pearcy, 1992; Way and Pearcy, 2012). Crop plants grown under controlled environments may have higher RuBP concentration and/or higher activation rate of RuBP regeneration in comparison with plants growing within tropical forests. Decreased ETR50% under Tdyn also indicated that accelerated induction of ETR was related to faster photosynthetic induction at the early stage under Tdyn. Constant temperatures strongly affect RuBP regeneration during photosynthetic induction process (Kaiser et al., 2017). Thus, accelerated induction of ETR II is expected to benefit faster relaxation of limitation through RuBP regeneration process.

An increase in leaf temperature will result in increases in VPD in natural environment. Changes in VPD will affect photosynthetic induction by itself. For example, an increase in VPD reduced gsw and thus increased diffusional limitation (Kaiser et al., 2017). On the other hand, when VPD was held constant, gsw and Ci would increase with increasing Tleaf (Urban et al., 2017). In our study, if we assume that gsw and Ci should remain the same as those reached under T30, then Af under Tdyn would increase by 16% on average. If we focus on the early-stage of induction, then effects of changes in VPD can be neglected since stomatal opening and photosynthetic induction didn’t change much by VPD at this stage (Tinoco-Ojanguren and Pearcy, 1993; Kaiser et al., 2017). Therefore, concurrent increases in VPD with rising Tleaf will not significantly change our current conclusion in this study.

The overshoots during photosynthetic induction under Tdyn may be due to inhibition of some physiological processes by high VPD and Tleaf. At the early-stage of induction when VPD and Tleaf were not so high, Rubisco was activated and stomata gradually opened. As VPD and Tleaf rose over a critical point, gsw (Figures 1E–H), ETR II (Figures 2A–D), and possibly activation state of Rubisco (Yamori et al., 2006; Scafaro et al., 2016; Busch and Sage, 2017) decreased and thus A decreased. Nonetheless, the overshoots need to be clarified in the future.



Photosynthetic Limitation Analysis

As discussed above, we determined the limiting process imposed on photosynthetic induction by comparing Ac and Aj after Farquhar et al. (1980). The classic photosynthetic limitation analysis defines photosynthetic limitation as a reduction in actual transient A compared with that estimated if biochemical or diffusional limitation was removed in one step. On the contrary, a stepwise method, which compares previous and subsequent photosynthesis state, produces smaller error than the one-step method, especially when time intervals between two states are small enough (Deans et al., 2019). The limitation analysis developed in this study is a stepwise method. Dynamic A-Ci analyses use high time-resolution dynamics of Vc and J by constructing induction curves at a wide range of different CO2 concentrations (Soleh et al., 2016; Taylor and Long, 2017; Salter et al., 2019). This method is time-consuming and risky due to the dependency of Rubisco activation state on CO2 concentration (Mott and Woodrow, 1993; Woodrow et al., 1996; Tomimatsu et al., 2019). Our method provides a compromise between convenience and accuracy and can be promoted with higher time-resolution fluorescence signals for both PSI and PSII.

Our observations showed that Tleaf changed by <0.2°C/s for the first min and <0.05°C/s for the rest of induction (Figure 1). Such changes in Tleaf should result in small changes in the steady-state RL and Г*. Thus, assuming instantaneous response of both parameters imposed little influence (<0.1%) on estimated Ac or Aj. The effect of a time lag in Km response is also limited. If Km changes by 50% of difference between two consecutive steady-states, Ac under Tdyn changes by less than 5%, in comparison with that assuming instantaneous response of Km. A decrease in leaf absorptance and/or fraction of absorbed light allocation to PSII is likely to occur when a shaded leaf is exposed to high light for long (Davis et al., 2011; Dutta et al., 2015; Mekala et al., 2015). A survey from 24 species indicates that leaf absorptance of PAR decreased by ~5% after 2 h exposure to high light (Davis et al., 2011), which alone may lead to an overestimation of Aj by ~5% and hence underestimation of Aj limitation. Simulation from Morales et al. (2018) also indicate small influences on A from changes in leaf absorptance. If allocation fraction should be 0.45 from the very beginning of induction, then Aj decreased by ~10%. This would increase the duration of Aj limitation, thus the dominant role of Aj over the early-stage of induction still holds.



Ecological Consequences of Changing Leaf Temperature With PAR

Concurrent change of leaf temperature with PAR may play an important role in leaf carbon uptake and energy balance under temporally variable light environments. Leakey et al. (2003) reported a decrease in ICG in S. leprosula seedlings at elevated constant temperature. In this study, we demonstrate that leaf carbon gain is enhanced within the first several min under Tdyn, although photosynthetic rate was depressed at the steady-state under 40°C (Table 1). Since most sunflecks occurring under dense forest canopies last only a few min (Pearcy, 1983; Chazdon and Pearcy, 1986b), the acceleration of photosynthetic rate accompanied with the increase in leaf temperature at the early stage of the induction suggests that short sunflecks may contribute more leaf carbon gain than previously estimated under constant temperature.

Moreover, it is still debated whether shade-tolerant species can use sunflecks more efficiently than shade-intolerant species (Naumburg and Ellsworth, 2000; Rijkers et al., 2000; Way and Pearcy, 2012). However, the argument is based on the knowledge obtained only under single constant temperature. When taking variation of leaf temperature into account, more leaf carbon gain may be achieved for shade-tolerant species because these species showed higher acceleration of photosynthetic rate than the shade-intolerant species under the changing leaf temperature in this study.

ecent studies suggest that shade-intolerant species from tropical regions have higher photosynthetic temperature optimum, lower Tleaf, and a wider temperature range for photosynthesis (Cheesman and Winter, 2013; Slot and Winter, 2017a; Slot and Winter, 2017b) and thus seem more competitive than shade-tolerant species in a warming world. A less strong reduction in ICG found in the shade-tolerant species under Tdyn and T40 (Figure 5), however, provides some contrasting evidence. Detailed assessments on photosynthetic response and energy balance under dynamic environments, particularly under changing light and temperature conditions, are urgently needed to understand the effect of climate change on plants in tropical forests.




Conclusion

We provide the first evidence that increase in leaf temperature, associated with increase in light, accelerates photosynthetic rate at the early stage of induction process. We further demonstrated that the acceleration is likely to be mainly due to accelerated induction of ETR II. These results extend our understanding of dynamic photosynthesis to cover the effects of concurrent changes in leaf temperature and light. However, there are a number of limitations in this preliminary study, and further studies are needed to understand physiological controls of the concurrent changes, particularly in relation to leaf energy budget.
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Due to their slow movement and closure upon shade, partially closed stomata can be a substantial limitation to photosynthesis in variable light intensities. The abscisic acid deficient flacca mutant in tomato (Solanum lycopersicum) displays very high stomatal conductance (gs). We aimed to determine to what extent this substantially increased gs affects the rate of photosynthetic induction. Steady-state and dynamic photosynthesis characteristics were measured in flacca and wildtype leaves, by the use of simultaneous gas exchange and chlorophyll fluorometry. The steady-state response of photosynthesis to CO2, maximum quantum efficiency of photosystem II photochemistry (Fv/Fm), as well as mesophyll conductance to CO2 diffusion were not significantly different between genotypes, suggesting similar photosynthetic biochemistry, photoprotective capacity, and internal CO2 permeability. When leaves adapted to shade (50 µmol m−2 s−1) at 400 µbar CO2 partial pressure and high humidity (7 mbar leaf-to-air vapour pressure deficit, VPD) were exposed to high irradiance (1500 µmol m−2 s−1), photosynthetic induction was faster in flacca compared to wildtype leaves, and this was attributable to high initial gs in flacca (~0.6 mol m−2 s−1): in flacca, the times to reach 50 (t50) and 90% (t90) of full photosynthetic induction were 91 and 46% of wildtype values, respectively. Low humidity (15 mbar VPD) reduced gs and slowed down photosynthetic induction in the wildtype, while no change was observed in flacca; under low humidity, t50 was 63% and t90 was 36% of wildtype levels in flacca. Photosynthetic induction in low CO2 partial pressure (200 µbar) increased gs in the wildtype (but not in flacca), and revealed no differences in the rate of photosynthetic induction between genotypes. Effects of higher gs in flacca were also visible in transients of photosystem II operating efficiency and non-photochemical quenching. Our results show that at ambient CO2 partial pressure, wildtype gs is a substantial limitation to the rate of photosynthetic induction, which flacca overcomes by keeping its stomata open at all times, and it does so at the cost of reduced water use efficiency.
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Introduction

In the leaves of higher plants, stomata balance carbon uptake against water loss. They achieve this balance by dynamically regulating stomatal aperture in response to intrinsic and extrinsic factors. Typically, stomatal aperture decreases in low irradiance or darkness, and increases in high irradiance. Stomatal opening after sudden increases in irradiance is slow compared to changes in Calvin cycle metabolism (McAusland et al., 2016), with time constants in the range of 4 to 29 min (Vico et al., 2011). Due to the slow opening of stomata, the increase of stomatal conductance (gs, mol m−2 s−1) from a low initial value is assumed to be one of the three main limitations of net photosynthesis rate (A, µmol m−2 s−1) in response to increases in irradiance (e.g., Urban et al., 2008; Kaiser et al., 2016; Li et al., 2016; Kaiser et al., 2017a; Zhang et al., 2018; Zhang et al., 2020). Given that solar irradiance incident on a leaf often fluctuates, these dynamic limitations of photosynthesis decrease photosynthetic irradiance use efficiency (Morales et al., 2018). Improving gs, including its dynamics, is an attractive means with which to improve both irradiance and water use efficiency (Lawson and Blatt, 2014; Vialet-chabrand et al., 2017). Increases in the limitation imposed upon A by gs can be identified via transient decreases of leaf internal CO2 partial pressure (Ci, µbar). The other two main limitations during photosynthetic induction arise from slow rates of change in the activity of enzymes involved in ribulose-1,5-bisphosphate (RuBP) regeneration, and from slow activation of Rubisco (Pearcy et al., 1996; Way and Pearcy, 2012; Kaiser et al., 2015; Kaiser et al., 2018). These limitations occur additionally to the limitations at steady state due to, e.g., the rate of electron transport, Calvin cycle metabolism, sucrose metabolism, or mesophyll conductance (gm, mol m−2 s−1).

Disentangling stomatal and other limitations during photosynthetic induction is difficult. Many treatments affecting gs also affect other transient limitations of photosynthetic induction, such as leaf temperature (Kaiser et al., 2017a) and salt stress (Zhang et al., 2018). Similarly, some genetic mutations affecting gs, such as the abscisic acid (ABA) deficient aba2-1 mutant in Arabidopsis thaliana, showed enhanced A/Ci responses compared to its wildtype, Col-0 (Kaiser et al., 2016), suggesting pleiotropic effects, which may confound effects of altered gs. Also, models estimating transient stomatal limitation have often been based on linear – not curvilinear – A/Ci relationships (Woodrow and Mott, 1989; Tinoco-Ojanguren and Pearcy, 1993), or are based on steady-state A/Ci responses (Kaiser et al., 2017a). In fact, the maximum rate of carboxylation (Vcmax), for example, increases strongly during photosynthetic induction (Soleh et al., 2016; Taylor and Long, 2017). In another approach, the limitation during induction was attributed to gs alone up to the point where A reached 95% of the steady-state value (McAusland et al., 2016), entirely ignoring limitations by RuBP regeneration and Rubisco activation kinetics. Tools to better separate stomatal from other limitations are thus warranted, and mutants or transformants with substantially altered stomatal characteristics but similar photosynthetic biochemistry (Raissig et al., 2017; Papanatsiou et al., 2019; Tomimatsu et al., 2019; Kimura et al., 2020; Yamori et al., 2020) can be counted among such tools.

The tomato (Solanum lycopersicum L.) flacca mutant has a 80% to 90% lower ABA content than its wildtype (Tal and Nevo, 1973; Sagi et al., 2002). Flacca leaves exhibit a very high gs, without affecting the A/Ci response, suggesting that photosynthetic capacity is independent of ABA (Bradford et al., 1983). Lack of ABA has not been found to affect gm in the aba-1 mutant of Nicotiana plumbaginifolia (Mizokami et al., 2015) but to our knowledge has not been determined in flacca. The aim of this study is to determine the dynamic limitations of photosynthetic induction due to gs in tomato leaves. For this, steady-state and dynamic photosynthesis characteristics were measured in the ABA-deficient flacca mutant and its wildtype, by the use of simultaneous gas exchange and chlorophyll fluorometry.



Materials and Methods


Plant Material

Seeds of tomato cv. Rheinlands Ruhm wildtype (LA0535) and flacca (LA0673) were obtained from the Tomato Genetics Resource Center (University of California, Davis, USA). Seeds were germinated in stonewool plugs (Grodan, Roermond, NL). A week after sowing, they were transferred to stonewool cubes (10 cm × 10 cm × 7 cm; Grodan). Plants were grown in a climate chamber under a day/night cycle of 16/8 h (day/night), 20/18°C temperature, ambient CO2 partial pressure, 70% relative air humidity, and 154 µmol m−2 s−1 photosynthetically active radiation (PAR; measured 10 cm above table height), which was provided by fluorescent tubes (Master TL-D 58W/840 Reflex Eco; Philips, Eindhoven, the Netherlands). Stonewool cubes were standing in a layer (height, 1–2 cm) of nutrient solution (Yara Benelux B.V., Vlaardingen, the Netherlands), which was replenished every 1 to 2 days and contained 12.4 mM NO3−, 7.2 mM K+, 4.1 mM Ca2+, 3.3 mM SO42−, 1.8 mM Mg2+, 1.2 mM NH4+, 1.1 mM PO43−, 30 μM BO33−, 25 μM Fe3+, 10 μM Mn2+, 5 μM Zn2+, 0.75 μM Cu+, and 0.5 μM MoO42− (EC 2.1 dS m−1, pH 5.5). Between 1 and 4 weeks after sowing, flacca plants were sprayed daily with a solution containing 10 μM ABA, 0.01% (w/v) Triton-X, and 0.1% (v/v) ethanol (Bradford et al., 1983), using commercially available horticultural hand sprayers. Wildtype plants were sprayed with a control solution containing 0.01% Triton-X and 0.1% ethanol. Untreated flacca plants are smaller and show much higher transpiration rates than the wildtype, together with leaf epinasty and strong root formation along the stem (Tal, 1966). Growing flacca with application of ABA causes plants to grow similarly well as the wildtype (Imber and Tal, 1970). When the application of ABA is stopped, flacca reverts to its mutant phenotype within days, including always-open stomata (Imber and Tal, 1970). All chemicals were purchased from Sigma (St. Louis, MO, USA).



Measurements

When plants were between 5 and 6 weeks old, the fourth leaf, counting from the bottom, was selected for measurements. ABA spraying was stopped seven days before the start of measurements, to allow the high gs phenotype of flacca to reassert itself. Measurements were performed in a lab, using the LI-6400 XT photosynthesis system (LI-COR Biosciences, Lincoln, Nebraska, USA) equipped with a fluorescence chamber (leaf area: 2 cm2). Conditions inside the leaf chamber during measurements were: 25°C chamber temperature, 7 mbar leaf-to-air vapour pressure deficit (VPD; except when stated otherwise) and a flow rate of 500 µmol s−1. Irradiance was provided by LEDs in a 90/10 red/blue irradiance mixture, with peak intensities at wavelengths of 635 and 465 nm, respectively. For all measurements, five plants per genotype were used (n = 5).

All measurements were performed on the same spot of a leaf, to reduce measurement noise caused by spatial variation (Lawson and Weyers, 1999; Matthews et al., 2017): (a) dark-adapted Fv/Fm, (b) A/PAR curves at 2% oxygen, (c) A/Ci curves at 2% oxygen, (d) A/Ci curves at 21% oxygen, (e-g) photosynthetic induction under three different environmental conditions (described below). While measurements a-d were performed in the same sequence, the order of photosynthetic induction measurements was randomized for each plant. Values of A were corrected for CO2 leakage based on the manufacturers' suggestions. Measurements were started at 7:30 in the morning and took 8 to 9 h to complete per leaf.



Dark-Adapted Fv/Fm and Net CO2 Exchange in Darkness

Leaves were dark-adapted for 20 minutes. Then, net CO2 exchange in darkness (Adark) was logged, after which a weak measuring beam was turned on to measure Fo. Then, Fm was determined by exposing the leaf to a single-pulse saturating flash of ~9.000 µmol m−2 s−1 intensity and 1-s duration. Dark-adapted Fv/Fm was calculated as Fv/Fm = (Fm − Fo)/Fm.



A/PAR Curves at 2% Oxygen

A gas mixture containing 2% oxygen and 98% nitrogen was fed to the inlet of the LI-6400 XT. Leaf external CO2 partial pressure (Ca) was set to 2000 µbar, and irradiance was set to 200 µmol m−2 s−1. After reaching steady-state A, irradiance was decreased in steps of 150, 100, 70, 50, and 30 µmol m−2 s−1, and A was logged for 30 s after reaching steady-state A, at steps of 5 s. Values were later averaged at each step to reduce measurement noise.



A/Ci Curves at 2% Oxygen

A gas mixture containing 2% oxygen and 98% nitrogen was fed to the inlet of the LI-6400 XT. Irradiance was set to 1,500 µmol m−2 s−1, and Ca was set to 150 µbar. After reaching steady-state A, Ca was decreased in steps of 130, 100, 70, and 50 µbar. A and Ci were logged as described above. At each Ca, the infrared gas analysers were matched.



A/Ci Curves at 21% Oxygen

Irradiance was set to 1,500 µmol m−2 s−1, and Ca was set to 400 µbar. After reaching steady-state A, Ca was decreased in steps of 300, 200, 130, 100, 70 and 50 µbar. Then, Ca was raised to 400 µbar and after reaching steady-state A, Ca was increased in steps of 600, 750, 900, 1,100, 1,400, 1,700, and 2,000 µbar. A and Ci were logged after reaching steady-state (3–5 min per step) as described above. At each Ca, the infrared gas analysers were matched. Parameters describing maximum rate of carboxylation (Vcmax), rate of linear electron transport at the measuring irradiance (J1500) and triose phosphate utilization capacity (TPU) were determined using the excel solver tool by Sharkey (2016). Additionally, operating and maximal fluorescence in light-adapted leaves (F and Fm′, respectively) were determined at each Ca by using a multi-phase flash protocol (MPF; Loriaux et al., 2013). The maximum intensity of the MPF was ~9.000 µmol m−2 s−1, the durations of the three phases were 0.3, 0.7 and 0.4 s respectively, and the percentage decrease of flash intensity during phase two was 60%. These MPF settings were found to yield the most accurate results in pilot experiments (data not shown). Photosystem II operating efficiency (ΦPSII) was calculated as ΦPSII = (Fm′ − F)/Fm′. Mesophyll conductance (gm) was determined following the variable J method proposed by Harley et al. (1992); the variables A, Ci, and ΦPSII to calculate gm were determined at a Ca of 400 µbar and an irradiance of 1500 µmol m−2 s−1. Parameters to calculate gm, namely Rd, Γ* and s, were determined from A/Ci and A/PAR measurements at 2 and 21% oxygen following Yin et al. (2009).



Photosynthetic Induction

Leaves were adapted to 50 µmol m−2 s−1 until gs was constant (40–60 minutes). Irradiance was then increased to 1500 µmol m−2 s−1 in a step change, and gas exchange values were logged every 2 s for 60 min. These measurements were performed at Ca and air humidity close to the plant’s growth conditions (400 µbar Ca, 7 mbar VPD), termed “control” hereafter. Photosynthetic induction was additionally assessed under two other conditions: “high VPD” (15 mbar) and “low CO2” (200 µbar), keeping all other conditions the same. During photosynthetic induction, chlorophyll fluorescence was measured using a saturating MPF (described above) once every minute during the first ten minutes, and once every two minutes thereafter. Photosynthetic induction (PI, %) was calculated as a percentage of the total change between initial A (Ai) and final A (Af) of each transient: PI = (A-Ai)/(Af-Ai)*100. Intrinsic water use efficiency (WUEi) was calculated as WUEi = A/gs. Non-photochemical quenching (NPQ) during photosynthetic induction was calculated as NPQ = (Fm − Fm′)/Fm′. The coefficient of photochemical quenching (qP) and the efficiency of open photosystem II traps (Fv′/Fm′) were calculated after Oxborough and Baker (1997), as qP = (Fm′ − F)/(Fm′ − Fo′) and Fv′/Fm′ = (Fm′ − Fo′)/Fm′, where Fo′ is minimal fluorescence from irradiance- adapted leaves. Fo′ was calculated after Oxborough and Baker (1997).



Statistical Analysis

All statistical tests were performed at P=0.05 as threshold for significance. Where appropriate, a two-sided Student’s t-test was used to determine significant differences between genotypes. For photosynthetic induction under different environmental conditions, a two-way analysis of variance (ANOVA) was performed, and interaction means were separated based on Fisher’s least significant difference test. Residuals were tested for normal distribution (Shapiro-Wilk test) and equal variances were assumed for treatment groups. If the requirement for normal distribution was not fulfilled, the procedure was repeated on log-transformed data. If after log transformation residuals still did not show normality, Kruskal-Wallis one-way ANOVA, considering six treatments (three environmental conditions times two genotypes), was performed using the original data. In case of significant treatment effects, Dunn’s test of multiple comparisons was performed to identify differences between the six treatments. All statistical tests were performed in Genstat (VSN international, Hempstead, UK) except for Dunn’s test, which was performed in R (R Core Team, 2020) using the dunn.test package (Dinno, 2017).




Results


Steady-State CO2 and Irradiance Responses of Photosynthesis

Wildtype and flacca leaves showed very similar responses of A and ΦPSII to Ci (Figure 1). In the CO2 range 50 to 300 µbar, A increased near-linearly, then peaked at ~500 µbar and with further increases in Ci, A declined in both genotypes. Compared to A, ΦPSII peaked at lower Ci (~300 µbar) and exhibited a stronger decline with further increases in Ci. Parameters describing photosynthetic capacity, i.e., Vcmax, J1500 and TPU, were not significantly different between genotypes (Figure 1, insert). Mesophyll conductance and its components were not significantly different between genotypes (except Ci, which was significantly greater in flacca, Figure 2C), although flacca tended to show greater values for A, J, Rd, and Cc (Figure 2). In dark-adapted leaves, A was −1.2 ± 0.1 µmol m−2 s−1 in wildtype and −1.9 ± 0.1 µmol m−2 s−1 in flacca leaves (p=0.008). At low irradiance (50 µmol m−2 s−1), on the other hand, A was similar between genotypes (Table 1).




Figure 1 | Steady-state responses of net photosynthesis rate (A) and photosystem II operating efficiency (ΦPSII) to leaf internal CO2 partial pressure (Ci), in wildtype (WT) and flacca (flc) leaves, measured at 21% oxygen. Insert: parameters derived from curve fitting (after Sharkey, 2016) to A/Ci response (unit for all: μmol m−2 s−1), namely maximum rate of carboxylation (Vcmax), rate of linear electron transport at 1500 μmol m−2 s−1 PAR (J1500) and triose phosphate utilisation capacity (TPU); P values for comparisons between WT and flc based on two-sided t-test. Symbols and numbers represent averages ± SEM, n = 5.






Figure 2 | Analysis of mesophyll conductance (gm) and its components in wildtype (WT) and flacca leaves. (A) net photosynthesis rate (A); (B), linear electron transport rate (J); (C) substomatal CO2 partial pressure (Ci); (D) chloroplast CO2 partial pressure (Cc); (E) mitochondrial respiration (Rd); (F) CO2 compensation point in the absence of mitochondrial respiration (Γ*); (G) lumped parameter to convert ΦPSII to J (s); (H), gm. A, J and Ci were determined under 1000 μmol m−2 s−1 PAR, 400 μbar CO2 atmospheric partial pressure and 25°C chamber temperature. Rd, Γ*, and s were determined from A/Ci and A/PAR curves under photorespiratory and non-photorespiratory conditions after Yin et al. (2009). Bars and error bars represent averages ± SEM, n = 5. ***P<0.01.




Table 1 | Steady-state gas exchange traits at 50 and 1500 µmol m−2 s−1 PAR.





Response of Photosynthetic Gas Exchange to a Stepwise Irradiance Increase

Next, we tested how gas exchange in wildtype and flacca leaves that had been adapted to low irradiance (50 µmol m−2 s−1) reacted to a stepwise increase to high irradiance (1500 µmol m−2 s−1). In wildtype leaves, the rate of photosynthetic induction was slower at high VPD, compared to the other two treatments (low CO2 or high VPD; Figure 3A), while in flacca, there was no difference between control and high VPD treatments (Figure 3B). However, while in wildtype leaves the rate of photosynthetic induction was the same in the control and low CO2 treatments, in flacca, induction at low CO2 was slower than in the control treatment (Figures 3A, B). The flacca mutation had significant effects on the times to reach 50 (t50) and 90% (t90) of full photosynthetic induction: under control conditions, t50 was 91% and t90 was 46% of wildtype values in flacca, while under high VPD, t50 was 63% and t90 was 36% of wildtype values in flacca (Figure 4). Both indices were not significantly different between genotypes under low CO2 (Figure 4). Transient A was higher in flacca than in wildtype leaves, and in both genotypes was slightly higher in control than in high VPD, as well as substantially reduced at low CO2 (insets in Figures 3A, B; Table 1).




Figure 3 | Time courses of gas exchange in wildtype (left panel) and flacca leaves (right panel) after a transition from low to high irradiance: (A, B) photosynthetic induction; (C, D) stomatal conductance (gs); (E, F) leaf internal CO2 partial pressure (Ci); (G, H) intrinsic water use efficiency (WUEi). Insets in (A, B) show net photosynthesis rates (A). Leaves initially adapted to 50 µmol m−2 s−1 PAR were exposed to 1500 µmol m−2 s−1 PAR at time = 0 min. Data were logged at 400 µbar CO2 and 7 mbar leaf-to-air VPD (Control), 200 instead of 400 µbar (Low CO2) and 15 instead of 7 mbar (High VPD). Lines and symbols represent averages ± SEM, n = 5.






Figure 4 | Time to reach 50 (A, t50) and 90% (B, t90) full photosynthetic induction of wildtype and flacca leaves after a step change from low to high irradiance. Experimental conditions identical to those described under Figure 3. Different letters depict significant differences (P<0.05) between ranks, as determined by Dunn’s test. Bars and error bars represent averages ± SEM, n = 5.



In flacca, A showed a small decrease between ~1.5 and 2.0 min after the stepwise increase in irradiance under control and high VPD conditions (Figure S1B). These dynamics are very similar to those previously seen in shade-adapted wildtype tomato leaves undergoing photosynthetic induction under high CO2 partial pressure (Kaiser et al., 2017b), and in the present study were observed neither at low CO2 (Figure S1B), nor in wildtype leaves (Figure S1A). The most likely explanation for this phenomenon is a transient mismatch between the rate of CO2 fixation in the Calvin cycle and downstream sucrose metabolism, which would transiently limit the availability of free phosphate in the chloroplast (Prinsley and Leegood, 1986; Stitt and Grosse, 1988; Stitt and Quick, 1989).

During the complete trajectory of photosynthetic induction, stomatal conductance (gs) in wildtype leaves was strongly increased by lowering CO2, and substantially reduced by increasing VPD (Figure 3C; Table 1). In flacca, gs was lower in the high VPD treatment compared to both other treatments during photosynthetic induction (Figure 3D; Table 1). Intriguingly, while the low irradiance adapted (initial) gs in wildtype leaves reacted to the treatment levels in a predictable way, i.e., decreasing under high VPD and increasing under low CO2 relative to control (Figure 3C), initial gs in flacca did not (Figure 3D; Table 1). Also, gs in flacca was substantially higher than that in wildtype leaves in all cases, as would be expected of an ABA mutant.

In control conditions, Ci in wildtype leaves showed an initial decrease in the first 10 minutes of photosynthetic induction, after which it gradually increased as stomata opened (Figure 3E). This decrease was exacerbated in the high VPD treatment. Even after partial recovery of Ci due to stomatal opening, Ci did not reach control values when approaching steady state (Figure 3E; Table 1). In flacca leaves, Ci decreased less strongly under both control and high VPD conditions, and did not increase much during the remainder of photosynthetic induction (Figure 3F). Also, Ci time courses in both of these treatments were virtually indistinguishable in flacca, which is explained by the diminished reduction of gs under high VPD (Figure 3D). Under low CO2, Ci was similar in wildtype and flacca, displaying only small decreases in the beginning of photosynthetic induction without subsequent recovery (Figures 3E, F).

Intrinsic water use efficiency (WUEi) was roughly twice as high in wildtype compared to flacca leaves (Figures 3G, H). In the wildtype, a high VPD resulted in large increases (+31%), and a low CO2 in large decreases (−56%), of WUEi relative to control conditions (Figure 3G). In flacca, WUEi was markedly reduced (−50%) under low CO2 relative to the other two conditions (Figure 3H). While WUEi showed strong dynamics in the first 30 minutes after exposure to high irradiance under high VPD and control conditions in the wildtype, it plateaued early after an initial increase (<5 min) in all other cases (Figures 3G, H).



Chlorophyll Fluorescence Dynamics During Photosynthetic Induction

In wildtype leaves, an initial rapid increase in ΦPSII within the first ~8 min was followed by a slower, more gradual increase towards a steady state under control and high VPD conditions until ~40 min (Figure 5A). In flacca leaves in control and high VPD conditions, a gradual decrease was observed after the initial increase in ΦPSII (Figure 5B). In both genotypes, ΦPSII under low CO2 stabilized quickly at lower values and then plateaued. Dark-adapted Fv/Fm was ~0.82 in both genotypes (n.s., Figure 5B, inset). A rapid increase in NPQ in the first five minutes was followed by a decrease until 10 to 20 min, which was followed by a slower increase until the final measurement after 60 minutes (Figures 5C, D). Under control and high VPD conditions, NPQ initially rose to much higher values in wildtype (1.6–1.7) compared to flacca leaves (1.4–1.5). The subsequent decrease to a local minimum showed a greater amplitude in wildtype (~0.1) compared to flacca leaves (~0.05). Under low CO2, NPQ tended to be greater in both genotypes compared to the other treatments. The coefficient of photochemical quenching (qP) showed dynamics similar to those of ΦPSII (Figures 5E, F). qP and ΦPSII were highly correlated in all treatments (R2 >0.99). The efficiency of open photosystem II traps (Fv′/Fm′) showed dynamics that were the inverse of those of NPQ (Figures 5G, H); NPQ and Fv′/Fm′ were highly correlated (R2 >0.99). These correlations suggest that ΦPSII dynamics were largely due to changes in qP rather than changes in Fv′/Fm′ or NPQ (Baker et al., 2007).




Figure 5 | Time courses of chlorophyll fluorescence in wildtype (WT, left panel) and flacca leaves (flc, right panel) after a transition from low to high irradiance. (A, B) photosystem II operating efficiency (ΦPSII); (C, D) non-photochemical chlorophyll fluorescence quenching (NPQ); (E, F) coefficient of photochemical quenching (qP); (G, H) efficiency of open photosystem II traps (Fv′/Fm′). Experimental conditions identical to those described under Figure 3. Lines and symbols represent averages ± SEM, n = 5.





Stomatal Effects on Rate of Photosynthetic Induction

Next, we explored several ways to visualize the effects of (partially) closed stomata on photosynthetic induction. First, initial, low-irradiance adapted gs was plotted against t90 (Figure 6A). Across both genotypes, there was a consistent threshold-type relationship between initial gs and t90: at initial gs <0.4 mol m−2 s−1, t90 increased strongly with decreases in initial gs, reaching values of ~15 min at an initial gs of 0.11 mol m−2 s−1. At initial gs >0.4 mol m−2 s−1, the value of t90 (~5 min) was unaffected by further increases in initial gs. Roughly, a similar threshold was visible between t50 and initial gs, as initial gs <0.2 mol m−2 s−1 tended to increase t50, while t50 was unaffected by differences in initial gs in the range 0.2 to 0.8 (Figure 6A, inset). Initial gs versus t50 or t90 did not show a similar relationship at low CO2 (Figure S2) and was therefore omitted from Figure 6A.




Figure 6 | Effects of stomatal conductance on photosynthetic induction. (A) relationship between stomatal conductance of leaves adapted to 50 µmol m−2 s−1 PAR (initial gs) and time to reach 90% of full photosynthetic induction (t90) after a switch to high irradiance, inset: relationship between initial gs and t50; (B) relationship between electron transport rate (J) and gross photosynthesis rate (Ag) in the wildtype, arrows show sequence in which data were logged; (C) relationship between integrated net photosynthesis rate (∫A) and integrated leaf internal CO2 partial pressure (∫Ci) during the first five minutes of photosynthetic induction, different letters indicate statistically significant (P<0.05) differences between treatments; (D) relationship between J and Ag in flacca. Experimental conditions identical to those described under Figure 3. Symbols represent averages ± SEM, n = 5.



Photosynthesis integrated over the initial five minutes of photosynthetic induction scaled well with Ci integrated over the same period (Figure 6C). This suggests that A was affected by Ci, while the change in Ci was due to treatment and/or genotype effects on gs. Finally, plotting J vs. gross photosynthesis rates (Ag, calculated as A plus Rd) produced very similar results between control and high VPD conditions in flacca leaves (Figure 6D), while in wildtype leaves Ag showed higher values for the same J in control compared to high VPD conditions (Figure 6B). Under low CO2, both genotypes showed decreased Ag for a given J. Also, while in flacca leaves the plots of Ag vs. J were highly linear (Figure 6D), in wildtype leaves they showed an upwards curvature at higher Ag/J values, i.e., Ag increased more strongly than J (Figure 6B). This upwards curvature is indicative of an increase in the rate of carboxylation relative to the rate of oxygenation, most likely caused by an increase in Ci due to increased stomatal opening (Kaiser et al., 2017a; Zhang et al., 2018).




Discussion

In recent years, the dynamic responses of photosynthesis to fluctuating light, and their limitations, have received more attention. It is now widely recognised that increasing photosynthesis is a pathway to increasing crop productivity (Ort et al., 2015), that crops frequently encounter light intensity fluctuations (Kaiser et al., 2018), and that alleviating some of the limitations acting on photosynthesis transients can strongly increase biomass (Kromdijk et al., 2016). Indeed, research looking into reductions of limitations acting on dynamic photosynthesis currently receives a lot of attention (Tanaka et al., 2019; Acevedo-Siaca et al., 2020; Kimura et al., 2020; Yamori et al., 2020).


Greater Stomatal Conductance Increases the Rate of Photosynthetic Induction

Responses of A to Ci, as well as mesophyll conductance, were similar between the flacca mutant and the wildtype (Figures 1 and 2), while stomatal conductance was strongly enhanced in flacca leaves (Figures 3C, D). This confirms our hypothesis that the flacca mutant is a useful system for strongly reducing stomatal limitations and, via their reduction, better understanding their effects. This is similar to earlier reports using genotypes with “always-open” stomata (Tomimatsu and Tang, 2012; Tomimatsu et al., 2019; Kimura et al., 2020; Yamori et al., 2020). Our results further suggest that the faster photosynthetic induction observed in flacca compared to wildtype leaves under control and high VPD conditions (Figures 3A, B and 4) was indeed due to much higher stomatal conductance (difference between genotypes in initial gs was ~0.4 mol m−2 s−1). Initial gs in leaves adapted to darkness or shade strongly impacts on rates of photosynthetic induction upon illumination with high irradiance. It has been reported previously that parameters such as the time needed to reach 50 or 90% of full photosynthetic induction (t50 and t90, respectively) show a strong bimodal relationship with initial gs (Valladares et al., 1997; Allen and Pearcy, 2000; Kaiser et al., 2016), similar as shown in the present study (Figure 6A).

The decrease in initial gs in the wildtype upon high VPD (Figure 3C) translated into a marked decrease in Ci during photosynthetic induction (Figures 3E and 6C). This decrease was less strong in control conditions and was barely visible in flacca under control or high VPD (Figure 3F), as initial gs in flacca did not react to high VPD (Figure 3D). The reduced transient availability of Ci decreased the rate of photosynthetic induction in the wildtype under high VPD (Figure 3A). This reduction, in turn, fed back on dynamic ΦPSII (which was slowed down; first 15 minutes in Figure 5A), NPQ (which initially increased to higher levels and then relaxed less quickly than under control conditions; Figure 5C) and the relationship between gross photosynthesis and electron transport (Figure 6B). Unlike initial gs, stomatal opening (difference between initial and final gs) was not different between wildtype and flacca leaves under control (~0.4 mol m−2 s−1) and high VPD conditions (~0.3 mol m−2 s−1; Table 1).

Perhaps surprisingly, photosynthetic induction was not different between genotypes under low CO2 partial pressure (Figures 3 and 4). This may be explained in two ways: firstly, initial gs in the wildtype increased, from 0.22 mol m−2 s−1 at 400 µbar to 0.34 mol m−2 s−1 at 200 µbar, while that in flacca did not (Table 1). This gs increase in wildtype leaves almost halved the difference in initial gs between genotypes (0.4 → 0.24 mol m−2 s−1). Secondly, any positive effect that the remaining difference in initial gs may have had on photosynthetic induction in flacca was probably additionally decreased by low CO2 availability.



Initial gs in Leaves Lacking ABA Does Not React to Low CO2 or High VPD

A striking finding of the present study was that while gs in wildtype leaves (as expected) increased upon reductions in CO2 partial pressure (Figure 3C, Table 1), gs in flacca was virtually unchanged (Figure 3D). This confirms that ABA is part of the CO2 signalling pathway in stomatal regulation (reviewed in Engineer et al., 2016). Under high VPD (15 mbar), gs in flacca leaves adapted to low irradiance was similar to that at low VPD (7 mbar; Figure 3D). In wildtype leaves, stomata again responded as expected, by reducing their aperture under increased VPD (Figure 3C). At high irradiance, however, gs in flacca did respond to the increase in VPD, as its value was reduced by ~0.15 mol m−2 s−1 compared to that at 7 mbar (Table 1). While there is ongoing controversy about the role of ABA in stomatal sensing of humidity, Merilo et al. (2018) showed that a number of genotypes that are either ABA deficient or ABA insensitive closed their stomata when exposed to an increase in VPD (at 150–500 µmol m−2 s−1 PAR). The authors explained this phenomenon (which is at variance with Mcadam et al., 2015; McAdam et al., 2016) as most likely being a hydropassive response, resulting from much higher initial gs in ABA mutants, and thus a greater drop in humidity in the substomatal cavity (Merilo et al., 2018).



Limitations of the Study

In this study, we only used one mutant (flacca, LA0673) to examine the effects of open stomata on the rate of photosynthetic induction. Ideally, a larger number of mutants, each resulting in differential gs relative to its wildtype, should be used; this to make sure that the observed effects on photosynthetic induction were truly caused by gs rather than some other putative effects of the flacca mutation. Secondly, during growth flacca plants were regularly sprayed with ABA, following the recommendations of Imber and Tal (1970). It may be that this ABA application triggered unwanted responses in the plants, although based on all results presented here it seems that photosynthesis was fully functional in flacca.




Conclusions and Outlook

The current study suggests that in wildtype leaves, gs exerts a substantial limitation on non-steady state photosynthesis. The flacca mutant can partially overcome this limitation through stomata that remain open in low light, resulting in substantially reduced t90 in ambient CO2 partial pressure (t90 was 36–46% in in flacca relative to wildtype values). Nevertheless, while flacca is a good system for testing (dynamic) stomatal limitation in the laboratory, breeding for a similar stomatal behaviour will not be useful for most crops (except possibly for production in wetland areas), as this improvement of photosynthesis in fluctuating light will come with a significant reduction in water use efficiency and a major fitness disadvantage. A more promising approach may be to improve stomatal responsiveness to light intensity fluctuations, as this can potentially increase both light and water use efficiency under fluctuating light intensities. Recent, promising examples of increased gs responsiveness are the BLINK1 transformant (Papanatsiou et al., 2019) and the PATROL1 overexpressor (Kimura et al., 2020).
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Plants in the field experience dynamic changes of sunlight rather than steady-state irradiation. Therefore, increasing the photosynthetic rate of an individual leaf under fluctuating light is essential for improving crop productivity. The high-yielding indica rice (Oryza sativa L.) cultivar Takanari is considered a potential donor of photosynthesis genes because of its higher steady-state photosynthesis at both atmospheric and elevated CO2 concentrations than those of several Japanese commercial cultivars, including Koshihikari. Photosynthetic induction after a sudden increase in light intensity is faster in Takanari than in Koshihikari, but whether the daily carbon gain of Takanari outperforms that of Koshihikari under fluctuating light in the field is unclear. Here we report that Takanari has higher non-steady-state photosynthesis, especially under low nitrogen (N) supply, than Koshihikari. In a pot experiment, Takanari had greater leaf carbon gain during the initial 10 min after a sudden increase in irradiation and higher daily CO2 assimilation under simulated natural fluctuating light, at both atmospheric (400 ppm) and elevated (800 ppm) CO2 concentrations. The electron transport rate during a day under field conditions with low N supply was also higher in Takanari than in Koshihikari. Although the advantages of Takanari were diminished under high N supply, photosynthetic N use efficiency was consistently higher in Takanari than in Koshihikari, under both low and high N supply. This study demonstrates that Takanari is a promising donor parent to use in breeding programs aimed at increasing CO2 assimilation in a wide range of environments, including future higher CO2 concentrations.
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Introduction

Most of the research programs conducted to improve photosynthetic performance of leaves through genetic engineering and conventional breeding have examined CO2 assimilation rate (A) at steady-state conditions in stable light environments (Yamori et al., 2016; Sage et al., 2017; Simkin et al., 2019). However, plants grown in the field often experience fluctuating sunlight during the day due to clouds, wind, and self-shading, and they rarely display steady-state photosynthesis (Pearcy, 1990; Pearcy et al., 1996; Leakey et al., 2004; Lawson et al., 2012; Slattery et al., 2018). In a soybean (Glycine max (L.) Merr.) canopy, for example, sunflecks contribute 40–90% of daily photosynthetic photon flux density (PPFD), with approximately one-third contributed by sunflecks shorter than 10 s (Pearcy, 1990). When the crop canopy is exposed to a sunfleck, leaf A gradually increases to reach a new steady-state level, which takes several seconds to minutes (Pearcy, 1990; Yamori, 2016; Tanaka et al., 2019). This process, which is termed photosynthetic induction, may reduce photosynthetic light use efficiency, and the photosystems may be damaged by excess sunlight (Yamori, 2016). The carbon loss due to photosynthetic induction was estimated to be at least 21.0% in wheat and 21.2% in soybean relative to steady-state light (Taylor and Long, 2017; Tanaka et al., 2019). Therefore, improving non-steady-state photosynthesis under fluctuating light is an essential challenge to increase crop productivity.

Natural genetic resources are potential donors for improvement of leaf photosynthesis (Flood et al., 2011; van Bezouw et al., 2019; Adachi et al., 2020). In rice (Oryza sativa L.), the steady-state A of the uppermost expanded leaves at reproductive stages varies from 11.9 to 32.1 µmol m−2 s−1 among 65 cultivars and landraces from the ‘world core collection’ harboring approximately 90% of worldwide allelic variation (Kojima et al., 2005; Kanemura et al., 2007). A wide range of genetic variation in steady-state A has also been observed among cultivars and breeding lines in rice (Jahn et al., 2011; Qu et al., 2017), wheat (Triticum aestivum L.; Carmo-Silva et al., 2017), soybean (Sakoda et al., 2016), and maize (Zea mays L.; Choquette et al., 2019). Quantitative trait locus analysis and genome-wide association studies were conducted to use these variations in crop breeding (Adachi et al., 2011; Adachi et al., 2019b; Wang et al., 2020). Very recently, Acevedo-Siaca et al. (2020) reported a difference of 109% in the total amount of CO2 fixed during the first 5 min of induction after a sudden increase in irradiance (CCF5) among 14 rice accessions. Wide differences of carbon gain during photosynthetic induction between cultivars have also been observed in wheat with percentage genetic difference of 80% in the time required for 95% induction (Salter et al., 2019), and soybean with percentage genetic difference of 580% in CCF5 (Soleh et al., 2016; Soleh et al., 2017). However, our understanding of genetic variation of non-steady-state photosynthesis is still limited relative to that of steady-state photosynthesis, which prohibits to develop breeding strategies for enhancing canopy photosynthetic capacity in the field conditions (Tanaka et al., 2019).

Koshihikari and Takanari have been considered model rice cultivars for the past decade owing to the contrasting properties of their photosynthesis (Taylaran et al., 2011). The japonica cultivar Koshihikari is the most widely grown cultivar in Japan owing to its high grain quality, despite its moderate photosynthetic capacity and grain yield (Adachi et al., 2020). The indica cultivar Takanari, developed for forage and processing rather than human consumption, has one of the highest grain yields among Japanese rice cultivars (Xu et al., 1997; Imbe et al., 2004). Takanari has one of the highest steady-state A values of the flag leaf among the 65 abovementioned cultivars (Kanemura et al., 2007). Its high A is largely explained by high leaf nitrogen (N) content due to high N accumulation, and high stomatal conductance (gs) due to large water uptake capacity (Taylaran et al., 2011; Muryono et al., 2017), and could be also associated with higher mesophyll conductance (gm) than that of Koshihikari (Chen et al., 2014). The high leaf photosynthetic capacity of Takanari, especially at the reproductive stage, increases crop growth rate and eventually yield (Xu et al., 1997; Takai et al., 2006; Taylaran et al., 2011). Koshihikari, Takanari, and their introgression lines have been widely used for genetic studies of photosynthesis (Takai et al., 2013; Adachi et al., 2019b) and other physiological traits (Takai et al., 2014; Ookawa et al., 2016; San et al., 2018). Takanari also has higher steady-state photosynthesis than Koshihikari at elevated CO2 in free-air CO2 enrichment (FACE) experiments (Chen et al., 2014; Ikawa et al., 2019). We have reported that Takanari has a greater photosynthetic induction response to a sudden increase in irradiance than Koshihikari, which could be explained by a combination of a faster response of electron transport rate, larger accumulation of metabolites in the Calvin cycle, and rapid elevation of gs (Adachi et al., 2019a). Although Takanari has high steady-state A and fast photosynthetic induction, its photosynthesis must be evaluated under field conditions with fluctuating light for judgment of its potential value as a donor cultivar in rice breeding programs.

Nitrogen is the primary determinant of leaf photosynthesis because large amounts of leaf N are allocated to ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and other photosynthetic proteins (Makino et al., 2003). Leaf N content is closely correlated with steady-state A in rice (Cook and Evans, 1983; Hirasawa et al., 2010). It was recently reported that elevated leaf N content enhances the photosynthetic induction response in rice (Sun et al., 2016). High N supply also alleviates heat stress under fluctuating light in rice (Huang et al., 2017). Therefore, N may play an important role in the non-steady-state photosynthesis as well as steady-state photosynthesis. Elevated CO2 concentration facilitates photosynthetic induction under fluctuating light (Leakey et al., 2002; Kaiser et al., 2017), which can be explained by a decreased limitation of CO2 diffusion from air into chloroplasts, increased post-irradiance CO2 fixation, and decreased post-irradiance CO2 burst (Leakey et al., 2004). It is reported that a poplar species with low stomatal conductance showed lower photosynthetic induction than another poplar species with high stomatal conductance under atmospheric CO2, but the difference was disappeared under elevated CO2 due to the decreased limitation of stomata (Tomimatsu and Tang, 2012). To develop breeding strategies to enhance photosynthesis under elevated CO2, the genetic interactions of photosynthetic induction with N supply and CO2 concentration should be investigated.

Here, we evaluated the photosynthetic responses of Koshihikari and Takanari to a sudden increase in irradiance and the daily photosynthetic carbon gain under fluctuating light conditions mimicking a typical summer day, with different N supplies and at different CO2 concentrations. We also examined the dynamics of electron transport rate using a pulse-amplitude-modulation (PAM) chlorophyll fluorometer in the field. We conclude that Takanari is a promising genetic resource for improving non-steady-state photosynthesis, especially under limited N supply at high CO2 concentrations.



Materials and Methods


Plant Materials and Growth Conditions for Pot Experiments

Seeds of rice cultivars Takanari and Koshihikari were sown in nursery boxes filled with artificial soil, and the seedlings were grown until the 4th leaf stage in a greenhouse in 2018. The minimum and maximum temperatures inside the greenhouse were approximately 10 and 35°C, respectively. The seedlings were transplanted into 3-L pots (one per pot) with two different rates of N fertilization. For the low N supply (LN), the pots were filled with a 14:3:3 (v/v/v) mixture of sand, paddy soil (an alluvial clay loam), and upland soil (a diluvial volcanic ash) containing fertilizer (0.3 g of N as ammonium nitrate, and 0.5 g each of P as P2O5 and K as K2O per pot). For the high N supply (HN), the pots were filled with a 1:1 (v/v) mixture of paddy and upland soils containing fertilizer (0.5 g of N as ammonium nitrate and 0.5 g each of P as P2O5 and K as K2O per pot); additional fertilizer (0.5 g of N as ammonium nitrate per pot) was applied at 36 and 50 days after transplanting. The pots were placed in an experimental field of Tokyo University of Agriculture and Technology in Fuchu, Japan (35°41′N, 139°29′E), and the level of standing water was maintained at 2 to 4 cm above the soil. The minimum and maximum temperatures during the growth were approximately 10 and 32°C, and peak PPFD value on clear days was 1,200 µmol photons m−2 s−1.



Measurements and Calculations of Photosynthetic Induction

The response of photosynthesis to a sudden increase in irradiance was measured with a LI-6400XT portable photosynthesis system (Li-Cor, Lincoln, NE, USA) using a leaf chamber fluorometer (LI-6400-40). Plants in their pots were transferred to a dark room in the evening before each measurement. Next morning, leaves were enclosed in the leaf chamber of the LI-6400XT and adapted to the background irradiance (50 µmol photons m−2 s−1) at either 400 or 800 ppm CO2 for 20 min at 28°C of leaf chamber temperature. Then irradiance was suddenly increased to 1,500 µmol photons m−2 s−1. Gas exchange parameters were automatically recorded every 10 s. The A and gs values during photosynthetic induction were individually fitted to sigmoidal curves according to Kaiser et al. (2017). Cumulative CO2 fixation (CCF10) after the step increase in irradiance was calculated as the integrated sum of A over 10 min. After the measurement of photosynthetic induction, the responses to different levels of PPFD and CO2 were measured according to Yamori et al. (2020). Maximum rates of carboxylation (Vcmax) and electron transport (Jmax) were estimated from A–Ci response curves as in Adachi et al. (2017), except that some parameters were changed to those in Bernacchi et al. (2001) at 30°C which is the average value of leaf temperature during A–Ci response curve measurements (Kc = 690.05 µmol m−2 s−1, Ko = 353.02 mmol m−2 s−1, Γ* = 55.22 µmol mol−1, Rd = 1.37 µmol m−2 s−1). The biochemical and diffusional limitation during photosynthetic induction were analyzed according to Kaiser et al. (2017).



Photosynthesis Under Simulated Field Light Condition

The diurnal changes in gas exchange rate were measured with the LI-6400XT and the LI-6400-40. To mimic a typical light environment in the canopy, PPFD values were recorded in the paddy field as in Adachi et al. (2019a). Typical daily light conditions over 12 h were replicated in the LI-6400XT chamber under the control of an auto-measuring program. Plants in their pots were transferred to a dark room in the evening before each measurement. The same leaf as was used for the photosynthetic induction measurement was also used for this measurement, but in a different part to avoid damage from the previous measurement. The leaf was enclosed in the leaf chamber at 05:55, kept in the dark for 3 min, and then irradiated at 70 µmol photons m−2 s−1 for 2 min. The auto-measuring program was initiated at 06:00. Gas exchange parameters were automatically recorded every 10 s and chlorophyll fluorescence parameters every 2 min for 12 h. Leaf chamber temperature was maintained at 28°C and CO2 concentration at either 400 or 800 ppm. The air flow rate into the chamber was set to 300 µmol s−2. The leaf-to-air vapor pressure difference was 1.1−1.3 kPa. The blue and red ratio of the actinic light by LED-irradiance light source was kept at 10 and 90%, respectively. The intensity of a modulated measuring beam was 0.01 µmol photons m–2 s–1 during measurements. The steady-state fluorescence (Fs) and maximum fluorescence during a light-saturating pulse of ~8000 µmol photons m–2 s–1 (Fm') via multiple turnover flash were measured. The electron transport rate (ETR) through photosystem II (PSII) was calculated as:

 

where 0.5 is the fraction of absorbed light reaching PSII and 0.84 is the leaf absorptance (Kumagai et al., 2010; Dallagnol et al., 2015; Yamori et al., 2020). The value of nonphotochemical quenching (NPQ) was also calculated following to Yamori et al. (2011) and Shimadzu et al. (2019). The total daily carbon gain (integrated A) was calculated as the integrated sum of A values over the 12-h experiment.



Quantification of Nitrogen, Rubisco, and Chlorophyll Contents

Immediately after gas exchange measurement for 12 h, two 30-mm-long segments were excised from the center of each leaf used for the gas exchange measurements. One segment was quickly frozen in liquid nitrogen and stored at −80°C, and the other was dried at 80°C for 24 h. The dried sample was used for quantification of nitrogen content with a CN analyzer (MT700 Mark II, Yanako, Kyoto, Japan). The frozen sample was used for quantification of Rubisco and chlorophyll contents according to Yamori et al. (2012) with slight modiﬁcations. In brief, the leaf was ground in liquid nitrogen with a mortar and pestle, and homogenized in 800 µl of extraction buffer (50 mM HEPES, pH 7.8, 10 mM MgCl2, 1 mM EDTA·2Na, 0.1% [v/v] Triton X-100, 1.6% [w/v] polyvinyl pyrrolidone, and 5 mM (±)-dithiothreitol) and 24 µl of 25× cOmplete Protease Inhibitor Cocktail (Roche Diagnostics, Basel, Switzerland). After thorough mixing, a 100-µl aliquot was used for quantiﬁcation of chlorophyll content, and the rest of the homogenate was used for quantiﬁcation of Rubisco content. Chlorophylls were extracted with 80% (v/v) acetone and the concentrations of chlorophylls a and b were determined as in Porra et al. (1989). For Rubisco quantification, the homogenate was centrifuged (19,000× g, 4°C, 1 min) and 100-µl of supernatant was mixed with an equal volume of sample buffer (125 mM Tris·HCl, pH 6.8, 4% sodium dodecyl sulfate, 15% glycerol, and 0.02% bromophenol blue). The sample was heated at 95°C for 6 min and centrifuged (25,000× g, room temperature, 2 min). Proteins in the supernatant were separated by polyacrylamide gel electrophoresis (4.5% stacking gel and 12.5% resolving gel). The gel was stained with GelCode Blue Stain Reagent (Thermo Scientific, Waltham, MA, USA) and scanned with an optical scanner. The amount of Rubisco large subunit was determined in ImageJ software (National Institutes of Health, https://imagej.nih.gov/ij/) using bovine serum albumin as standard.



Chlorophyll Fluorescence Analysis Under Field Conditions

Seeds of Takanari and Koshihikari were sown in nursery boxes filled with artificial soil, and the seedlings were grown until the 4th leaf stage in a greenhouse in 2019. Plants were transplanted into a paddy field of Tokyo University of Agriculture and Technology (35°39′N, 139°28′E) on 22 May with the chemical fertilizers of 30 kg N, 60 kg P, and 60 kg K ha−1 as a basal dressing. The plant density was 22.2 plants m−2 (at a spacing of 30 cm × 15 cm). The experimental plots (each 4 m × 4.5 m) was arranged in a complete randomized block design with three replicates. To avoid border effects, a single plant near the center of each plot was selected for the measurements. Diurnal changes in chlorophyll fluorescence parameters were measured with six measuring heads attached to a Monitoring-PAM fluorometer (Waltz, Effeltrich, Germany) as described in Ikeuchi et al. (2014) and Ishida et al. (2014). Three measuring heads were applied for Koshihikari leaves and another three for Takanari leaves. The leaf clips of the fluorometer were fixed on the south-facing upright leaves. The fluorescence parameters and PPFD of sunlight were recorded every 3 min from 04:48 to 18:48 on 14 August. ETR was calculated as described above.



Statistical Analysis

All statistical analyses were performed in the R environment (R Core Team, 2018). The effects of genotype and N application on leaf N, Rubisco and chlorophyll contents, and parameters of steady-state photosynthesis were analyzed using two-way analysis of variance (ANOVA). The significance of the differences among four experimental groups (genotypes × N treatments) was tested with Tukey–Kramer’s test using the multcomp R package. The differences in CCF10 and integrated A among eight experimental groups (genotypes × N treatments × CO2 partial pressures) were also tested with Tukey–Kramer’s test.




Results


Steady-State Photosynthesis Under Different N Levels

The contents of leaf N, Rubisco, and chlorophyll, and steady-state photosynthesis values of plants grown in pots at different N levels are shown in Table 1. Under LN, leaf N and Rubisco contents were similar in Koshihikari and Takanari, but chlorophyll content was slightly higher in Takanari. Takanari had higher steady-state A400 by 29.8% and A800 by 32.0% than Koshihikari, and also had higher photosynthetic parameters including gs400, gs800, ETR400, ETR800, Vcmax, and Jmax than Koshihikari. Thus, Takanari had higher photosynthetic capacity than Koshihikari under LN regardless of CO2 concentrations. Under HN, leaf N content was lower, but Rubisco and chlorophyll contents were slightly higher in Takanari than in Koshihikari. Takanari had significantly lower values of ETR400 and Jmax and tended to have lower A400, A800, ETR800, and Vcmax than Koshihikari. These results indicate that an increase in N supply led to a higher N leaf accumulation in Koshihikari than in Takanari, resulting in higher photosynthetic capacity of Koshihikari. Takanari had higher A and ETR values at different values of Ci under LN, and lower A and ETR values under HN compared with Koshihikari (Supplementary Figure S1). Similar results were obtained for A400 and A800 responses to PPFD (Supplementary Figure S2).


Table 1 | Leaf contents of N, Rubisco, and chlorophyll, and parameters of steady-state photosynthesis.



At the same leaf N content, A400 and A800 (Supplementary Figure S3A), gs (Supplementary Figure S3B), Vcmax (Supplementary Figure S3C), and Jmax (Supplementary Figure S3D) were higher in Takanari than in Koshihikari. These results indicate that Takanari had higher photosynthetic N use efficiency owing to the elevated photochemical capacity, enzymatic activity, and gas diffusion conductance per leaf N content.



Initial Photosynthetic Carbon Gain After a Sudden Increase in Irradiation

After a sudden increase in irradiation, the A400 and A800 values of Takanari rapidly increased and became higher than those of Koshihikari under LN, but were similar to those of Koshihikari under HN (Supplementary Figures S4A, B). The gs value increased faster in Takanari than in Koshihikari under all experimental settings (Supplementary Figures S4C, D). At both CO2 concentrations, CCF10 was higher in Takanari under LN but not under HN (Figure 1). These results indicate that Takanari gains more carbon during photosynthetic induction under low N supply than does Koshihikari.




Figure 1 | Cumulative CO2 fixation (CCF10) during the first 10 min of photosynthetic induction after transition from low to high irradiation at different CO2 concentrations. LN, low N supply; HN, high N supply. Values are means ± SE (n = 4). The same letter indicates no significant differences between groups at P < 0.05 by Tukey–Kramer multiple comparison test.



The biochemical limitation during photosynthetic induction was almost similar between the cultivars at any settings, except Koshihikari had higher biochemical limitation than Takanari at LN with 800 ppm CO2 (Supplementary Figures S5A, B). The diffusional limitation in Takanari at 400 ppm CO2 was remarkably lower than Koshihikari, while it was similar at 800 ppm CO2 (Supplementary Figures S5C, D). This result indicates that the elevated gs in Takanari especially increased photosynthetic induction at the ambient CO2 condition. iWUE in Takanari during photosynthetic induction was consistently lower across the environments (Supplementary Figures S4E, F). This indicates that Takanari is inferior in terms of water use efficiency due to its excess transpiration.



Photosynthetic Dynamics Under Simulated Fluctuating Light

The auto-measuring program allowed gas exchange measurements under fluctuating light mimicking that in the field (Figure 2, Supplementary Figure S6). Under LN, Takanari had higher A, gs, and ETR than Koshihikari throughout the day at both CO2 concentrations (Figures 2A, B, E, F, Q, R, Supplementary Table S1). The NPQ values tended to be lower in Takanari, especially at the high light phase, however no significant difference in daily mean NPQ was found between Takanari and Koshihikari (Figures 2U, V, Supplementary Table S1). The superior photosynthesis under LN in Takanari was also evident from the plots of A and gs versus PPFD (Supplementary Figure S7). Under HN, the A values were similar between the cultivars at both CO2 concentrations, whereas Takanari had higher gs and lower ETR than Koshihikari (Figures 2C, D, G, H, S, T, Supplementary Table S1). NPQ values of Takanari tended to be higher than Koshihikari under HN, however no significant difference in daily mean NPQ was found (Figures 2W, X, Supplementary Table S1). The Ci value was significantly higher in Takanari than in Koshihikari under LN at 800 ppm CO2, and tended to be higher in the other treatments, indicating that CO2 diffusion from air (i.e., CO2 supply) versus biochemical demand in Takanari was always higher than Koshihikari (Figures 2I–L, Supplementary Table S1). The value of iWUE of Takanari was lower than Koshihikari throughout a day at the most of settings, indicating that Takanari has lower water use efficiency at any environmental conditions (Figures 2M–P, Supplementary Table S1). The cumulative values of A (integrated over a day) tended to be higher under LN at both CO2 concentrations in Takanari than in Koshihikari, but were similar between the cultivars under HN (Figure 3). These values correlated with CCF10 irrespective of cultivar and treatment (Figure 4A), suggesting that a higher carbon gain during photosynthetic induction leads to a higher daily carbon gain under fluctuating light. Integrated A also correlated with steady-state A (Figure 4B), indicating that photosynthetic capacity is the primary determinant of the daily carbon gain. We also represented the correlation matrix of the observed parameters in Supplementary Figure S8.




Figure 2 | Diurnal patterns of photosynthesis under simulated light conditions mimicking a typical summer day. (A–D) CO2 assimilation rate (A), (E–H) stomatal conductance (gs), (I–L) internal CO2 concentration (Ci), (M–P) intrinsic water use efficiency (iWUE), (Q–T) electron transport rate (ETR), and (U–X) nonphotochemical quenching (NPQ). The combinations of the levels of N fertilization (LN, low N supply; HN, high N supply) and CO2 concentrations (400 or 800 ppm) are shown on the left of the panels. Values are means ± SE (n = 4).






Figure 3 | Total daily carbon gain (integrated A) under simulated light conditions at different CO2 concentrations. LN, low N supply; HN, high N supply. Data are integrated A values from Figures 2A–D. Values are means ± SE (n = 4). The same letter indicates no significant differences between groups at P < 0.05 by Tukey–Kramer multiple comparison test.






Figure 4 | Relationships between total daily carbon gain (integrated A) and (A) cumulative CO2 fixation during the first 10 min of photosynthetic induction (CCF10), (B) steady-state CO2 assimilation rate (A), and (C) leaf nitrogen (N) content. Regression lines and equations are shown for individual cultivars and (A, B) N fertilization levels (LN, low N supply; HN, high N supply) or (C) CO2 concentrations. R2 values are determination coefficients.



At the same leaf N content and CO2 concentration, integrated A was higher in Takanari than in Koshihikari (Figure 4C). Hence, the photosynthetic N use efficiency is higher in Takanari than in Koshihikari not only under steady-state (Supplementary Figure S3A) but also non-steady-state conditions, regardless of CO2 concentration.



Photosynthetic Dynamics Under Field Conditions

In the field experiment, Takanari had higher ETR than Koshihikari, especially in the afternoon (Figure 5B), and a higher ETR in response to PPFD (Figures 5A, C). The integrated value of ETR in Takanari (3.44 ± 0.06 mol m−2 day−1) was significantly higher in Koshihikari (2.86 ± 0.11 mol m−2 day−1) (t-test, P = 0.017). These results indicate that Takanari has high photosynthetic performance under natural field conditions.




Figure 5 | Electron transport rate (ETR) measured by a pulse-amplitude-modulation (PAM) chlorophyll fluorometer in the field. (A) Diurnal pattern of photosynthetic photon flux density (PPFD). Values are means ± SE (n = 6). (B) Diurnal patterns of ETR. Values are means ± SE (n = 3). Numbers within the panel are integrated ETR values (means ± SE, n = 3) of Koshihikari (K) and Takanari (T). (C) Relationship between ETR and PPFD. The data were recorded every 3 min from 04:48 to 18:48 on 14 August 2019.






Discussion

Enhancing photosynthesis of field crops is essential for further increase of food production. Selection and characterization of potential donor cultivars with efficient photosynthesis would contribute to establishing breeding strategies for increasing yield (Flood et al., 2011; van Bezouw et al., 2019; Furbank et al., 2020). Here, we found that the high-yielding indica cultivar Takanari has higher A under fluctuating light than the Japanese commercial cultivar Koshihikari, especially under LN and elevated CO2 concentration.

Under LN and saturating irradiation, the steady-state A400 and A800 were higher in Takanari than in Koshihikari by approximately 30% (Table 1). This difference could be explained by the higher gs, Vcmax, and Jmax in Takanari, but not by the leaf N content (Table 1). Takanari had higher CCF10 at both CO2 concentrations (Figure 1), indicating a larger carbon gain during photosynthetic induction after a sudden increase in irradiance. At both CO2 concentrations, Takanari tended to have higher integrated A over a day under simulated fluctuating light conditions than Koshihikari (Figure 3). Takanari also showed higher ETR, a proxy for CO2 assimilation, in a field with relatively low N input (Figure 5). Thus, Takanari had higher photosynthesis under both steady-state and non-steady-state conditions at both CO2 concentrations tested. Higher steady-state photosynthesis in Takanari than in Koshihikari at a wide range of CO2 concentrations has been reported (Taylaran et al., 2011; Chen et al., 2014; Ikawa et al., 2018; Adachi et al., 2019b; Ikawa et al., 2019). The published data and our current study strongly suggest that Takanari is a promising donor cultivar for genes useful for enhancing photosynthesis under field conditions at current and future CO2 concentrations.

Excess light energy can induce photoinhibition, a photodamage of photosystems II and I, which is amplified by fluctuating light in natural field condition (Yamori, 2016). A leaf with lower photosynthetic capacity is subject to photoinhibition because the excess electrons accumulate in the photosystems and produce ROS within the thylakoid membranes, leading to degradation of photosynthetic proteins (Demmig-Adams et al., 1996). Therefore, photoinhibition in Koshihikari leaves under LN might be severer than Takanari, which could be anticipated by the lower A and the elevated thermal dissipation (i.e. NPQ) especially at the high light intensity during a day (Figure 2). Photoinhibition induced for several hours and days could decrease electron transport rate on the thylakoid membrane and eventually CO2 assimilation rate (Aro et al., 1993; Long et al., 1994). The difference in CO2 assimilation rate between Koshihikari and Takanari could be increased after several days of fluctuating light, which may enhance yield gap between the cultivars. The changes of photoinhibition for even longer period should be evaluated in future research.

Under HN, however, leaf photosynthesis differed less between the two cultivars than under LN, likely because of the higher leaf N accumulation in Koshihikari than in Takanari, resulting in similar gs values and slightly higher Vcmax and Jmax values in Koshihikari at both CO2 concentrations (Table 1). These properties decreased the difference in CCF10 and integrated A under HN at both CO2 concentrations (Figures 1–3). Although Takanari can take up larger amounts of N owing to its larger root system and greater hydraulic stream than those in Koshihikari, the difference in plant N uptake becomes smaller with increasing N supply (Adachi et al., 2011; Taylaran et al., 2011; Muryono et al., 2017; Hasegawa et al., 2019). Furthermore, the N allocation rate to the leaves is inherently lower in Takanari than in Koshihikari (Adachi et al., 2011; Muryono et al., 2017). These data suggest that Takanari accumulates a larger proportion of N in stems and roots than does Koshihikari under HN, resulting in similar leaf photosynthesis under both steady-state and non-steady-state conditions.

Steady-state A (Supplementary Figure S3A) and integrated A (Figure 4C) plotted as a function of leaf N were consistently higher in Takanari than in Koshihikari, regardless of N supply and CO2 concentration. This higher photosynthetic N use efficiency of Takanari was likely attributable to the higher Vcmax, Jmax, and gs per leaf N content (Supplementary Figures S3B–D). The higher Vcmax and Jmax per leaf N content in Takanari probably indicate preferential allocation of leaf N to thylakoid membrane proteins and Calvin-cycle enzymes than to leaf structural components (Evans and Clarke, 2019). The higher gs per leaf N content would be attributable to superior stomatal traits such as density and size of each stomatal pore (Ohsumi et al., 2007). The higher hydraulic conductance from roots to leaves, which increases leaf water potential, and higher cytokinin activity in the leaves also potentially associate with the higher gs in Takanari (Taylaran et al., 2011; Adachi et al., 2019a). The above data show that photosynthetic N use efficiency is greater in Takanari than in Koshihikari, which would retain photosynthesis better with decreased N input (Hasegawa et al., 2019).

Doubling ambient CO2 concentration increased steady-state A by 44–60% in Koshihikari and by 49–63% in Takanari, regardless of N supply (Table 1). These values were similar to those for integrated A (40–61% and 49–76%, respectively; Figure 3). These results indicate that elevated CO2 affects the photosynthesis of Koshihikari and Takanari similarly regardless of light conditions. Elevated CO2 has additional effects on non-steady-state photosynthesis to those on steady-state photosynthesis by a decreased limitation of CO2 diffusion from air into chloroplasts, increased post-irradiance CO2 fixation, and decreased post-irradiance CO2 burst (Leakey et al., 2004; Tomimatsu and Tang, 2016). However, our results of integrated A at elevated CO2 did not show these effects. This might be caused by a lot of sunfleck events with high light leading to high CO2 fixation, masking the benefit during light fluctuation. The effects of elevated CO2 on total carbon gain are probably more important under light-limited environments such as the bottom of a crop canopy and the closed-forest understory, where the contribution of sunflecks to the daily carbon gain is greater than that in the top canopy (Leakey et al., 2002).

In general, elevated growth CO2 may decrease the contents of Rubisco and other soluble proteins due to the acclimation to high CO2 condition, reducing Vcmax and Jmax (Ainsworth and Long, 2005). Here, we grew rice plants outdoors at the atmospheric CO2 concentration and hence we cannot identify the genetic difference in acclimatization to elevated CO2. In a FACE experiment (590 ppm CO2 on average), Takanari maintained higher gs, Vcmax, and Jmax than did Koshihikari, even though these values were slightly lower in both cultivars at the atmospheric CO2 concentration (390 ppm on average) (Chen et al., 2014). Therefore, we hypothesize that Takanari would have higher photosynthesis under fluctuating light and elevated growth CO2 than Koshihikari; this hypothesis must be examined in the future.

A close correlation between steady-state A and non-steady-state A was found regardless of cultivar and N fertilization level (Figure 4B), suggesting that genetic improvement of steady-state A may boost daily carbon gain under fluctuating light conditions. We identified several quantitative trait loci for steady-state A using several sets of introgression lines derived from Koshihikari and Takanari (Adachi et al., 2019b). Map-based cloning using the same lines identified a gene, GREEN FOR PHOTOSYNTHESIS, associated with the difference in steady-state A between Koshihikari and Takanari (Takai et al., 2013). We expect that these genetic factors will allow breeders to improve non-steady-state and steady-state A. Transgenic approaches are also expected to improve non-steady-state photosynthesis (Slattery et al., 2018). Kromdijk et al. (2016) showed that accelerating recovery from photoprotection by overproduction of three proteins in tobacco (Nicotiana tabacum L.) increased plant biomass under field conditions. Yamori et al. (2012) reported that the overexpression of Rubisco activase in rice accelerated photosynthetic induction, especially under heat stress. A mutant of SLAC1, encoding an anion channel of guard cells, has increased stomatal aperture and carbon gain during photosynthetic induction and under fluctuating light mimicking field conditions in rice (Yamori et al., 2020) and Arabidopsis (Kimura et al., 2020). Genetic modifications of thylakoid membrane proteins, Calvin-cycle enzymes, and proteins that control CO2 diffusion could independently promote non-steady-state photosynthesis. Combining natural alleles and transgenes could boost photosynthesis and plant growth under field conditions.

In conclusion, we found that Takanari has higher photosynthesis under fluctuating light, especially under limited N supply and elevated CO2, than Koshihikari. Photosynthetic N use efficiency was also higher in Takanari regardless of N supply and CO2 conditions. We propose that Takanari is a promising donor cultivar for genes useful in rice breeding aimed at increasing photosynthesis under current and future climates.
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Accurately describing the light response curve of electron transport rate (J–I curve) and allocation of electron flow for ribulose biphosphate (RuBP) carboxylation (JC–I curve) and that for oxygenation (JO–I curve) is fundamental for modeling of light relations of electron flow at the whole-plant and ecosystem scales. The non-rectangular hyperbolic model (hereafter, NH model) has been widely used to characterize light response of net photosynthesis rate (An; An–I curve) and J–I curve. However, NH model has been reported to overestimate the maximum An (Anmax) and the maximum J (Jmax), largely due to its asymptotic function. Meanwhile, few efforts have been delivered for describing JC–I and JO–I curves. The long-standing challenge on describing An–I and J–I curves have been resolved by a recently developed An–I and J–I models (hereafter, Ye model), which adopt a nonasymptotic function. To test whether Ye model can resolve the challenge of NH model in reproducing J–I, JC–I and JO–I curves over light-limited, light-saturated, and photoinhibitory I levels, we compared the performances of Ye model and NH model against measurements on two C3 crops (Triticum aestivum L. and Glycine max L.) grown in field. The results showed that NH model significantly overestimated the Anmax and Jmax for both species, which can be accurately obtained by Ye model. Furthermore, NH model significantly overestimated the maximum electron flow for carboxylation (JC-max) but not the maximum electron flow for oxygenation (JO-max) for both species, disclosing the reason underlying the long-standing problem of NH model—overestimation of Jmax and Anmax.




Keywords: photosynthesis, light response curve, electron flow partitioning, maximum J, saturation light intensity, ribulose biphosphate carboxylation, ribulose biphosphate oxygenation, model



Introduction

Light intensity (I) is one of the most important environmental drivers affecting electron flow and its allocation for carboxylation versus oxygenation of ribulose biphosphate (RuBP). At I levels before reaching saturation intensity, the non-rectangular hyperbolic model (hereafter, NH model) is a sub-model which is widely used to characterize the light-response curve of electron transport rate (J–I curve) and to estimate the maximum J (Jmax) in C3 photosynthesis model (e.g., Farquhar et al., 1980; Farquhar and Wong, 1984; von Caemmerer, 2000; Farquhar et al., 2001; Long and Bernacchi, 2003; von Caemmerer et al., 2009; Bernacchi et al., 2013; Bellasio et al., 2015; Busch and Sage, 2017; Walker et al., 2017; Cai et al., 2018) and in C4 photosynthesis model (Berry and Farquhar, 1978; von Caemmerer and Furbank, 1999; von Caemmerer, 2013). At light saturation, Jmax is estimated by the C3 photosynthesis model (Farquhar et al., 1980; von Caemmerer, 2013; Farquhar and Busch, 2017). Accurate estimation of Jmax is important for understanding photosynthesis of C3 and C4 species. Jmax is a key quantity to represent plant photosynthetic status under different environmental conditions when the net photosynthesis rate (An) is limited by the regeneration of RuBP, associated with the partitioning of electron flow through photosystem II (PSII) for RuBP carboxylation (JC) versus that for RuBP oxygenation (JO) (Farquhar et al., 1980; Long and Bernacchi, 2003).

By simulating light-response curves of photosynthesis (An–I curve), NH model has been widely used to obtain key photosynthetic characteristics (e.g., the maximum net photosynthetic rate, Anmax; light compensation point when An = 0, Ic; dark respiration rate, Rd) for various species under different environmental conditions (e.g., Ögren & Evans, 1993; Thornley, 1998; Ye, 2007; Aspinwall et al., 2011; dos Santos et al., 2013; Mayoral et al., 2015; Sun et al., 2015; Park et al., 2016; Quiroz et al., 2017; Yao et al., 2017; Xu et al., 2019; Yang et al., 2020; Ye et al., 2020). Significant difference between observed Anmax values and that estimated by NH model for various species has been widely reported (e.g., Chen et al., 2011; dos Santos et al., 2013; Lobo et al., 2014; Ogawa, 2015; Sun et al., 2015; Quiroz et al., 2017; Poirier-Pocovi et al., 2018; Ye et al., 2020). This long-standing challenge has been resolved by an An–I model, which adopts a nonasymptotic function and can accurately reproduce An–I curve over light-limited, light-saturated and photoinhibitory I levels (Ye et al., 2013) (hereafter, Ye model).

Recently, Buckley and Diaz-Espejo (2015) proposed that NH model would overestimate Jmax due to its asymptotic function. A robust model which can accurately reproduce the observed J–I curve, and obtain Jmax, is urgently needed (Buckley and Diaz-Espejo, 2015). Furthermore, the light response of J partitioning for RuBP carboxylation and oxygenation (JC–I and JO–I curves), and the key quantities to describe the curves (e.g., the maximum JC, JC-max, and the maximum JO, JO-max, as well as their corresponding saturation light intensities) are rarely studied. Meanwhile, for the first time, we compared the performances of the two models in reproducing JC–I and JO–I curves.

This study aimed to fill these important gaps using an observation-modeling intercomparison approach. We firstly measured leaf gas exchange and chlorophyll fluorescence over a wide range of I levels for two C3 species [winter wheat (Triticum aestivum L.) and soybean (Glycine max L.)]. We then incorporated Ye model to reproduce An–I, J–I, JC–I, and JO–I curves and return key quantities defining the curves, and evaluated its performance against NH model and observations.



Materials and Methods


Plant Material and Measurements of Leaf Gas Exchange and Chlorophyll Fluorescence

The experiment was conducted in the Yucheng Comprehensive Experiment Station of the Chinese Academy of Science. The detailed descriptions about soil and meteorological conditions in this experiment station were referred to Ye et al. (2019; 2020). Winter wheat was planted on October 4th, 2011 and the measurements were conducted on April 23th, 2012. Soybean was sown in on May 6th, 2013, and the measurements were performed on 27th July, 2013. Using the Li-6400-40 portable photosynthesis system (Li-Cor, Lincoln, NE, USA), measurements on leaf gas exchange and chlorophyll fluorescence were simultaneously performed on mature fully-expanded sun-exposed leaves in sunny days. J was calculated as J = ΦPSII × I × 0.5 × 0.84, where ΦPSII is the effective quantum yield of PSII (Genty et al., 1989; Krall and Edward, 1992).

For soybean, An–I curves and J–I curves were generated from applying different light intensities in a descending order of 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200, 150, 100, 80, 50, and 0 μmol m-2 s-1. For winter wheat, the light intensity gradient started from 1800 μmol m-2 s-1 as the maximum, in alignment with environmental light availability from October to April. At each I step, CO2 assimilation was monitored until a steady state was reached before logging a reading. Ambient CO2 concentration in the cuvette (Ca) was kept constant at 380 μmol mol-1. Leaf temperature in the cuvette was kept at about 30°C for winter wheat and 36°C for soybean, respectively. The observation-modeling intercomparison was conducted within each species.



An–I and J–I Analytical Models

NH model describes J–I curve as follows (Farquhar and Wong, 1984; von Caemmerer, 2000; von Caemmerer, 2013):

 

where αe is the initial slope of J–I curve, θ is the curve convexity, I is the light intensity, and Jmax is the maximum electron transport rate.

NH model describes An–I curve as follows (Ögren and Evans, 1993; Thornley, 1998; von Caemmerer, 2000):



where α is the initial slope of An–I curve, Anmax is the maximum net photosynthetic rate, and Rd is the dark respiration rate when I = 0 μmol m-2 s-1. NH model cannot return the corresponding saturation light intensities for Jmax or Anmax due to its asymptotic function.

The model developed by Ye et al. (2013, 2019; hereafter, Ye model) describes J–I curve as follows:



where αe is the initial slope of J–I curve, and βe and γe are the photoinhibition coefficient and light-saturation coefficient of J–I curve, respectively.

The saturation irradiance corresponding to the Jmax (Ie-sat) can be calculated as follows:



Using Ye model, Jmax can be calculated as follows:



Ye model describes An–I curve as follows (Ye, 2007; Ye et al., 2013):



where α is the initial slope of An–I curve, β and γ are the photoinhibition coefficient and light-saturation coefficient of An–I curve, respectively.

The saturation irradiance corresponding to Anmax (Isat) can be calculated as follows:



Using Ye model, Anmax can be calculated as follows:





JC and JO Estimation and JC –I and JO –I Analytical Models

Combining measurements of gas exchange and chlorophyll fluorescence was a reliable and easy-to-use technique widely used to determine JO and JC (e.g., Peterson, 1990; Comic and Briantais, 1991). In C3 plants, carbon assimilation and photorespiration are two closely linked processes catalyzed by the key photosynthetic enzyme—RuBP carboxylase/oxygenase. Photorespiration is considered as an alternative sink for light-induced photosynthetic electron, and as a process helping consume extra photosynthetic electrons under high irradiance or other stressors limiting CO2 availability at Rubisco (Stuhlfauth et al., 1990; Valentini et al., 1995; Long and Bernacchi, 2003). When the other alternative electron sinks are ignored or kept constant, the electron flow is mainly allocated for RuBP carboxylation and RuBP oxygenation (e.g. Farquhar et al., 1980; von Caemmerer, 2000; Farquhar et al., 2001; Long and Bernacchi, 2003; von Caemmerer et al., 2009; Bernacchi et al., 2013; von Caemmerer, 2013), and JC and JO can be respectively calculated as follows (Valentini et al., 1995):





where Rday is the day respiration rate, and following Fila et al. (2006), Rday = 0.5 Rd. In this study, JC and JO values calculated from Eqs. 9 and 10 were viewed as experimental observations—to be compared with modelled values derived from NH model and Ye model, respectively.

Using the same J–I modeling framework by Ye model, the light response of JC (JC–I) can be described as follows:



where αC is the initial slope of JC–I curve, and βC and γC are two coefficient of JC–I curve. The maximum JC (JC-max) and the saturation irradiance corresponding to the JC-max (IC-sat) can be calculated as follows:





Using the same J–I modeling framework by Ye model, the light response of JO (JO–I) can be described as follows:



where αO is the initial slope of JO–I curve, and βO and γO are two coefficient of JO–I curve. The maximum JO (JO-max) and the saturation irradiance corresponding to the JO-max (IO-sat) can be calculated as follows:





Meanwhile, NH model can describe the JC–I and JO–I curves as follows:



where αC is the initial slope of JC–I curve, θ is the curve convexity, and JC-max is the maximum JC, and



where αO is the initial slope of JO–I curve, θ is the curve convexity, and JO-max is the maximum JO. NH model—Eqs. 17 and 18—cannot return the corresponding saturation light intensities for JC-max or JO-max due to its asymptotic function.



Statistical Analysis

Statistical tests were performed using the statistical package SPSS 18.5 statistical software (SPSS, Chicago, IL). One-Way ANOVA was used to examine differences between parameter values estimated by NH model, Ye model and observed values of each parameter (Anmax, Isat, Jmax, Ie-sat, JC-max, IC-sat, JO-max, IO-sat, etc.). Goodness of fit of the mathematical model to experimental observations was assessed using the coefficient of determination (R2 = 1 – SSE/SST, where SSE is the error sum of squares, and SST is the total sum of squares).




Results


Light Response of An and J

Soybean and winter wheat exhibited an immediate and rapid initial increase of An (α) and J (αe) with the increasing I (Figure 1 and Table 1). The increase of An and J continued until I reached the cultivar-specific maximum values (Anmax and Jmax) at their corresponding saturation light intensities (Isat and Ie-sat) (Figure 1 and Table 1). Both NH model (Eqs. 1 and 2) and Ye model (Eqs. 3 and 6) showed high level of goodness of fit (R2) to experimental observations of two species (Figure 1 and Table 1). However, compared with observations, NH model significantly overestimated Anmax and Jmax (P < 0.05) for both soybean and winter wheat (Table 1). In contrast, Anmax and Jmax values returned by Ye model were in very close agreement with the observations for both species (Table 1).




Figure 1 | Light response curves of net photosynthetic rate (A, B), electron transport rate (C, D), electron flow for RuBP carboxylation (E, F) and the electron flow for RuBP oxygenation (G, H) for winter wheat (Triticum aestivum L.) and soybean (Glycine max L.), respectively, over the irradiance range from 0 to 2000 μmol m−2 s−1. Solid curves were fitted using Ye model, and dash curves were fitted using NH model. Values are means ± standard errors (n = 3).




Table 1 | Fitted (Ye model and NH model) and measured values (Obs.) of parameters defining the light-response curve of photosynthesis (An–I curve), electron transport rate (J–I curve), electron transport rate for RuBP carboxylation (JC–I curve), and electron transport rate for RuBP oxygenation (JO–I curve) for wheat and soybean species, respectively.





Light Response of JC and JO

Both species exhibited an immediate and rapid initial increase of JC (αC) with the increasing I (Figure 1 and Table 1). The increase of JC continued until I reached the cultivar-specific maximum values (JC-max) at the corresponding saturation light intensity (IC-sat) (Figure 1 and Table 1). Both Ye model (Eq. 11) and NH model (Eq. 17) showed high level of goodness of fit (R2) to experimental observations of both species (Figure 1 and Table 1). However, compared with observations, NH model significantly overestimated JC-max (P < 0.05) for both soybean and winter wheat (Table 1). In contrast, JC-max values returned by Ye model were in very close agreement with the observations for both species (Table 1).

Compared to the light-response rapidness of JC, JO exhibited a much slower initial increase (αO) with the increasing I (Figure 1 and Table 1). No species showed significant difference between the observed value of JO-max and that estimated by Ye model (Eq. 14) or NH model (Eq. 18) (Table 1). Both models showed high level of goodness of fit (R2) to experimental observations of both species (Figure 1 and Table 1).




Discussion

Assessed with an observation-modeling intercomparison approach, the results in this study highlight the robustness of Ye model in accurately reproducing An–I, J–I, JC–I, and JO–I curves and returning key quantities defining the curves, in particular: Anmax, Jmax, JC-max, and JO-max. On the contrary, the NH model significantly overestimates Anmax, Jmax, and JC-max (Table 1). For the first time, our study discloses the previously widely reported overestimation of Jmax (and Anmax) by the NH model is linked to its overestimation of JC-max but not JO-max.

The overestimation of Anmax by NH model found in this study is consistent with the previous reports (e.g., Calama et al., 2013; dos Santos et al., 2013; Lobo et al., 2014; Ježilová et al., 2015; Mayoral et al., 2015; Ogawa, 2015; Park et al., 2016; Quiroz et al., 2017; Poirier-Pocovi et al., 2018; Ye et al., 2020). The accurate returning of Anmax by Ye model found in this study is consistent with previous studies using Ye model for various species under different environmental conditions (e.g., Wargent et al., 2011; Zu et al., 2011; Xu et al., 2012a; Xu et al., 2012b; Lobo et al., 2014; Xu et al., 2014; Song et al., 2015; Chen et al., 2016; Ye et al., 2019; Yang et al., 2020; Ye et al., 2020). The robustness of Ye model has also been validated for microalgae observations, including four freshwater and three marine microalgae species (Yang et al., 2020). The Ye model reproduced the An–I response well for all microalgae species, and produced Isat closer to the measured values than those by three widely used models for microalgae (Yang et al., 2020). Meanwhile, the overestimation of Jmax by NH model found in this study supports Buckley and Diaz-Espejo (2015) in highlighting the demerit of the asymptotic function (i.e. NH model).

One key novelty of the present study is its evaluation of both asymptotic and nonasymptotic functions in describing the light response of electron flow allocation for carboxylation and oxygenation respectively (i.e. JC–I and JO–I curves). To the best of our knowledge, this is the first study which has experimentally evidenced the robustness of a nonasymptotic function (Eqs. 3, 11, 14) in accurately (1) reproducing J–I, JC–I, and JO–I curves and (2) returning Jmax, JC-max, and JO-max values, as well as their corresponding the saturation light intensities. These novel findings are of significance for our understanding of light responses of plant carbon assimilation and photorespiration—both are catalyzed by RuBP carboxylase/oxygenase.

The findings, and the approach of bridging experiment and modeling, in the present study remain to be tested for (1) species of different plant function types and/or climatic origin, which could exhibit different response patterns (Ye et al., 2020) and (2) plant response to interaction of multiple environmental factors (e.g., temperature, rainfall pattern, soil type) involving fluctuating light. The explicit and consistent modeling framework and parameter definitions on light responses (i.e. An–I, J–I, JC–I, and JO–I)—combined with the simplicity and robustness—allows for future transparent scaling-up of leaf-level findings to whole-plant and ecosystem scales.



Conclusions

Ye model can accurately estimate Anmax, Jmax, and JC-max which the NH model would overestimate. Adopting an explicit and transparent analytical framework and consistent definitions on An–I, J–I, JC–I, and JO–I curves, this study highlights the advantage of Ye model over NH model in terms of (1) its extremely well reproduction of J–I, JC–I, and JO–I trends over a wide I range from light-limited to light-inhibitory light intensities, (2) accurately returning the wealth of key quantities defining J–I, JC–I, and JO–I curves, particularly Jmax, JC-max, JO-max, and their corresponding the saturation light intensities (besides Anmax and Isat of An–I curve), and (3) being transparent in disclosing that the previously widely reported but poorly explained problem of NH model—overestimation of Jmax (and the maximum plant carboxylation capacity)—is linked to its overestimation of JC-max but not JO-max. Besides, NH model cannot obtain their saturation light intensities corresponding to Jmax, Anmax, JC-max, and JO-max due to its asymptotic function. This study is of significance for both experimentalists and modelers working on better representation of photosynthetic processes under dynamic irradiance conditions.
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Photosynthetic light reactions proceed in thylakoid membranes (TMs) due to the activity of pigment–protein complexes. These complexes are heterogeneously organized into granal/stromal thylakoids (in plants) or into recently identified cyanobacterial microdomains (MDs). MDs are characterized by specific ratios of photosystem I (PSI), photosystem II (PSII), and phycobilisomes (PBS) and they are visible as sub-micrometer sized areas with different fluorescence ratios. In this report, the process of long-term plasticity in cyanobacterial thylakoid MDs has been explored under variable growth light conditions using Synechocystis sp. PCC6803 expressing YFP tagged PSI. TM organization into MDs has been observed for all categorized shapes of cells independently of their stage in cell cycle. The heterogeneous PSI, PSII, and PBS thylakoid areas were also identified under two types of growth conditions: at continuous light (CL) and at light-dark (L-D) cycle. The acclimation from CL to L-D cycle changed spatial distribution of photosystems, in particular PSI became more evenly distributed in thylakoids under L-D cycle. The process of the spatial PSI (and partially also PSII) redistribution required 1 week and was accompanied by temporal appearance of PBS decoupling probably caused by the re-organization of photosystems. The overall acclimation we observed was defined as TM plasticity as it resembles higher plants grana/stroma reorganization at variable growth light conditions. In addition, we observed large cell to cell variability in the actual MDs organization. It leads us to suggest that the plasticity, and cell to cell variability in MDs could be a manifestation of phenotypic heterogeneity, a recently broadly discussed phenomenon for prokaryotes.

Keywords: photosynthesis, thylakoid membrane, microdomains and rafts, membrane organization, cyanobacteria, phenotypic heterogeneity, photosystems, phycobilisomes decoupling


INTRODUCTION

Photosynthetic light reactions are catalyzed by several protein complexes, namely Photosystem I (PSI), Photosystem II (PSII), cytochrome b6f complex, and ATPase synthase. The light energy needed to drive electron transfer is funneled to the photosystems by light-harvesting antenna complexes in cyanobacteria represented by Phycobilisomes (PBS). They are localized on the TM peripherally attached to the stromal side of PSI and PSII. It is well known that in higher plants photosystems are heterogeneously distributed with higher PSII content typically found in granal (stacked) thylakoids (Andersson and Anderson, 1980; Albertsson, 2001). Recently (Strašková et al., 2019), a heterogeneous distribution of the photosystems has also been identified in cyanobacteria in vivo without changes in membrane stacking. These heterogeneous TM areas were described as MDs (Konert et al., 2019; Strašková et al., 2019) and defined as membrane regions with different composition of pigment-proteins complexes (PPCs), it means photosystems and PBS. These special membrane zones, sub-micrometer in size, define the mosaic-like structure of TM. The MD structure is very stable in a span of minutes and it seems to restrict the overall mobility of all PPCs in cyanobacteria thylakoids (Strašková et al., 2019).

The importance of TM heterogeneity is still not fully clear (Mullineaux, 2005; Pribil et al., 2014). Several theories were proposed to explain its benefits for photosynthesis, such as: (1) reduction in PSI–PSII energy spillover; (2) solution of long-distance plastoquinone diffusion; (3) acting in fine-tuning of light-harvesting during photoprotection (Herbstova et al., 2012). The last point is in line with the fact that light intensity and/or its fluctuation is a key factor affecting overall photosynthetic efficiency. The periods with excessive light are potentially harmful to photosynthetic proteins, pigments, and lipids due to the formation of ROS (Li et al., 2009). Therefore, there are several photoprotective and light-optimizing processes (see, e.g., reviews for cyanobacteria; Kirilovsky et al., 2014; Calzadilla and Kirilovsky, 2020) that either dissipate excessive irradiation (non-photochemical quenching), regulate excitation energy distribution into/between photosystems (e.g., state transitions; McConnell et al., 2002; Kaňa et al., 2012; antenna decoupling; Kaňa et al., 2009; Tamary et al., 2012) or they cope with accelerated degradation of proteins in light (e.g., photoinhibition; Li et al., 2018). However, a functional link between the response of TM organization and fluctuations in light is still rather fragmented.

The granal/stromal organization of TMs in higher plants is affected by changes in growth light (Kirchhoff, 2013) or by light stress (Herbstova et al., 2012). In the case of cyanobacterial MDs, the effect of high or fluctuating light conditions on membrane organization is less clear. Here we decided to study the plasticity of TM microdomains during a shift from CL to L-D cycle. We also wanted to test whether there is a link between cell shape (regular, elongated, dividing, and string cells) and MD organization of TM. We proved that heterogeneity of thylakoids is not a simple consequence of cell’s phase in cell cycle; MDs are present in all types (shapes) of cells. Further, the MD structure is able to respond to a shift from CL to L-D conditions by more even redistribution of PSI in cells. Last but not least, cells kept their heterogeneity in sizes and shapes during the diel cycle that brought the discussion on importance of phenotypic heterogeneity in cyanobacteria.



MATERIALS AND METHODS


Strain, Cultivation, Experimental Conditions

We used the PSI-YFP tagged strain (Strašková et al., 2018, 2019) of the glucose-tolerant Synechocystis sp. PCC 6803 (hereafter Synechocystis PSI-YFP). Before cultivation in a bioreactor (FMT150, PSI, Brno, Czech Republic, see, e.g., Nedbal et al., 2008), cells were grown in an Erlenmeyer flask for 12 days under CL (fluorescence tubes 35 μmol m–2 s–1, 28°C, BG11 medium, continuous shaking) and regularly diluted to keep them in exponential growth phase. 400 mL of culture (OD735 = 0.4) was then diluted with 500 mL of BG11 and transferred into a bioreactor. Cells in the bioreactor were acclimated for 2 days to sinusoidal light without dark period and then to the sinusoidal L-D period (12/12 h, white light provided by diodes, maximal intensity of 100 μmol photons m–2 s–1, 28°C) for 2 weeks. The culture was regularly diluted to keep cells in the exponential growth phase.

For experiments in Erlenmeyer flasks, stock culture was initially cultivated under CL (for 3 days, fluorescence tubes) and then split into two cultures cultivated differently, either under continuous or sinusoidal L-D cycle for the following 10 days. Subsequently, the light conditions were switched (continuous to sinusoidal and vice versa) and kept for 7 days to follow the reversibility of thylakoid acclimation to each light condition.



Cell Counter and Absorbance Measurements

Cell growth in the Erlenmeyer flasks was monitored by OD735 by WPA S800 spectrophotometer (Biochrom Ltd., England). The absorbance spectra of intact cells were measured by Unicam UV-500 (Thermo Spectronic, United States) by the integration sphere (Kaňa et al., 2009) and each data point represents an average of three daily samples (n = 3). Cell counts/sizes were estimated by Coulter Counter (Beckman, Multisizer 4, United States) at constant parameters (50 μL sample dilution in 10 mL of electrolyte made of 0.9% NaCl in deionized water; 50 μm aperture; size threshold level 1–4 μm) and averaged values were acquired by measuring three times per data point (n = 18). The curves of distribution in cell sizes were divided to get a percentage of small (range 1.2–1.6 μm) and large (range 1.601–2.5 μm) cells.



77 K Fluorescence Measurements

Low-temperature fluorescence (at 77 K) was recorded by SM-9000 (Photon Systems Instruments, Brno, Czechia) by averaging three emission spectra and repeated three times per day at different days in the bioreactor (n = 9). Parameters of measurements were as follows: excitation at 461 and 526 nm by LED; spectra detection from cells on GF-F filters (Whatman, United Kingdom); dark-adapted cells (20 min); baseline-correction with blank filter immersed with BG 11 medium.



Confocal Microscopy and Image Processing

Images were acquired using Laser Scanning Microscope LSM 880 (Zeiss, Germany) using the Plan-Apochromat 63 × /1.4 Oil DIC M27 objective. Live Synechocystis PSI-YFP cells were imaged in three channels: (1) YFP from PSI-YFP (excitation 514 nm; detected 526–588 nm); (2) PBS (excited at 633 nm; detected at 642–677 nm); (3) Chl from PSII (excited at 488 nm; detected at 696–758 nm). The collected images (8 bit; 512 × 512; 8.24 μs dwell time; 1 Airy unit pinhole) were processed in ImageJ (FIJI distribution). First, the individual cells were cut from the whole pictures, and single-cell parameters were analyzed cell-by-cell. Each cell was characterized by its cell area and total fluorescence of each channel. Further, cells were categorized into one of the four types based on their shape (regular, elongated, dividing, string) in a similar way as described before (Schneider et al., 2007). The categories were selected automatically based on cell circularity (4π∗area/perimeter2), roundness [4∗area/(π∗major_axis2)], and feret diameter (the longest distance between any two points along the selection boundary). Category “regular” represented cells approaching circle (circularity > 0.8), “elongated” were ellipse-shaped (circularity < 0.8, roundness < 0.9, feret > 2.2), “dividing” were ellipse-shaped with constriction mark (circularity < 0.85, feret > 2.8). The string cells were constituted by two daughter cells after division (i.e., they were separated based on fluorescence pictures from thylakoids but connected based on transmission pictures) with circularity < 0.7. In required cases, some cells were manually re-assigned to a more fitting category. Total number of cells analyzed per day was between n = 709–1565 for bioreactor and n = 947 for Erlenmeyer flask experiments. In summary, about 10,000 pictures of Synechocystis PSI-YFP thylakoids were analyzed and interpreted.



Statistical Analysis

The statistical analysis was carried out with R 3.6.2 (RCoreTeam, 2019) in Rstudio 1.2.5033 (RStudioTeam, 2019). Packages used: dplyr (Wickham et al., 2020), agricolae (de Mendiburu, 2020), and DescTools (Signorell et mult. al, 2020). Data were analyzed with Student’s t-test (Student., 1908) or one-way ANOVA (Fisher, 1921) when more than two data points were compared. Subsequent analysis with post hoc Duncan test (Duncan, 1955) was used when applicable. All significant points (p < 0.05) as compared with initial testing day were marked with asterisk on corresponding figures with colors matching the data being addressed.



RESULTS

Synechocystis sp. PCC 6803 strains with YFP tagged PSI (hereafter Synechocystis PSI-YFP) (Strašková et al., 2018, 2019) were first cultivated in CL condition and then shifted into sinusoidal L-D regime in the bioreactor to study the progressive acclimation of Synechocystis PSI-YFP to the more natural condition mimicing day-night cycle. The process was monitored in situ inside the bioreactor (Figure 1A). Cell growth was characterized by an increase in OD735 (Figure 1A); it indicted that cells grew only in light period and they stopped growth in the dark. This is in line with previous in situ observation with single cyanobacteria cell (Yu et al., 2017); it is obvious as Synechocystis PSI-YFP rely on light energy from photosynthesis. At maximal light irradiation, cell culture showed a depression in PSII maximal quantum yield (ΦPSII) typical for photoinhibition. Despite the high light induced effect in PSII fluorescence, the overall photosynthetic production of oxygen by PSII was not affected, as O2 concentration increased during daytime (Figure 1A). Photosynthetic activity was also followed by measuring pH of the growths medium in the bioreactor (Figure 1A). The culture pH can be used as an indirect measure of photosynthetic CO2 assimilation, because pH increases when the dissolved CO2 is removed from the water through photosynthesis. The pH (i.e., CO2 consumption) of the culture followed a similar pattern as the oxygen evolution (Figure 1A).
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FIGURE 1. Behavior of Synechocystis PSI-YFP cells during cultivation in the bioreactor. The original starting culture (“START”; cells acclimated to continuous light; days 2 and 3 in the bioreactor) was slowly acclimated to the sinusoidal light-dark cycle (12/12 h marked by white/black bars, maximal intensity 100 μmol m– 2 s– 1). The light intensity profile is depicted as a gray dotted line. Cells grew in the bioreactor for 2 weeks to be considered as acclimated to the light-dark cycle (“END”; days 13 and 14 in the bioreactor). (A) Dynamic behavior of Synechocystis PSI-YFP cells during cultivation in the bioreactor in situ. Parameters represent: (1) OD735 optical density (red line) measured at 735 nm representing growth of biomass; (2) pH of culture (black line); (3) O2 dissolved in water (blue line); (4) ϕPSII (green line) representing actual PSII efficiency under red light; (5) light intensity (μmol m– 2 s– 1; gray dashed line). Data represent typical behavior of the parameters for days 6, 7, and 8 of bioreactor experiment. (B) Confocal microscope images of Synechocystis PSI-YFP cells at the start (days 2 and 3) and at the end (days 13 and 14) of bioreactor experiment. Three channel RGB pictures represent three acquired fluorescence signals showing localization of three complexes: (1) red—PSII autofluorescence; (2) blue—PBS autofluorescence; (3) green—PSI-YFP fluorescence. A combination of these three signals provides four additional membrane areas reflecting the co-localization of PSI/PSII/PBS. Overlapping signals create: (4) magenta—dominant PSI and PSII (low PBS); (5) cyan—dominant PSI and PBS (low PSII); (6) yellow—dominant PSI and PSII (low PBS); (7) white—PSI, PSII, and PBS are in similar, high content. Pictures represent typical thylakoid membrane organization of Synechocystis PSI-YFP during bioreactor experiment. Total number of analyzed cells per day was between n = 709 and 1565. (C,D) Confocal microscope measurements of cell sizes during the diel cycle, based on acquired images, two cell categories were counted: small (black line, cell area 2.0–2.8 μm2); big (red line, cell area 2.8–4.0 μm2). Data represent averages and SD at the start (C; days 2 and 3) and at the end (D; days 13 and 14) of the bioreactor experiment. Data represent averages of two different days of the bioreactor experiment.


Synechocystis PSI-YFP cells were collected from bioreactor on regular intervals and the TM structure of Synechocystis PSI-YFP cells was monitored by confocal microscope (Figure 1B). At the start of the experiment (when cells were still acclimated to CL), thylakoids had characteristic structure, color organization, and intensity as usual photosynthetic MDs in the culture grown under CL conditions (Konert et al., 2019; Strašková et al., 2019), the most typical set-up for laboratory experiments with cyanobacteria. MDs, as they were defined (Strašková et al., 2019), are characterized by typical PSI/PSII/PBS ratios that are reflected in their colors (in RGB color coding) and visible in single-cell images of TMs. Our RGB images thus showed the extent of PSI (green channel), PSII (red channel), and PBS (blue channel) co-localization (Figure 1B—START). These three channels images can be used also to identify different types of MDs (see color coding scheme of the seven possible MDs types in Figure 1B—green, red, blue, cyan, yellow, magenta, white as defined in Strašková et al., 2019) that are characterized by different ratio of PSI/PSII/PBS fluorescence. MDs were clearly visible in the RGB pictures at the start of the experiment (cells acclimated to CL) with most pronounced colors (MDs) being: (1) green with high PSI content (low PSII and PBS); (2) magenta with high PBS and PSII (low PSI); and (3) white with similarly high PSI, PSII, and PBS content (Figure 1B). On the contrary, MDs at the end of the experiment (cells acclimated to L-D cycle) became more “bluish” (Figure 2C—END), indicating a relative increase in PBS fluorescence in comparison to PSI-YFP or PSII emission.
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FIGURE 2. Changes in the diel distribution of cell types and microdomain localization in the particular type of Synechocystis PSI-YFP cells. The original starting culture (“START”; cells acclimated to continuous light; days 2 and 3 in the bioreactor) was slowly acclimated in the bioreactor to the sinusoidal light- night cycle (“END”, days 13 and 14 in bioreactor). The light intensity profile is shown as a gray dotted line. The figure describes diel changes in the cell counts and microdomains organization in the four cell types based on their shapes, namely: “reg”—regular cells; “elo”—elongated cells; “div”—dividing cells; “str”—string cells after division. Total number of cells analyzed per day was between n = 709 and 1565. (A) Diel cycle of relative cell counts of four typical cells—regular, elongated, dividing, string—the start of bioreactor experiment (i.e., Synechocystis PSI–YFP acclimated acclimated to continuous light). Intensity of sinusoidal light during the day is marked by a gray dotted line. Data represent averages and SD from 2 days of experiment (days 2 and 3). (B) Diel cycle of relative cell counts of four typical cells—regular, elongated, dividing, string—end of bioreactor experiment (i.e., Synechocystis PSI–YFP acclimated to light-dark cycle). Intensity of sinusoidal light during the day is marked by a gray dotted line. Data represent averages and SD from 2 days of the experiment (days 13 and 14). (C) A typical microdomain organization of four typical cells—regular, elongated, dividing, string. The figure compares the start (days 2 and 3) and at the end (days 13 and 14) of the bioreactor experiment. Total number of cells analyzed per day was between n = 709 and 1565. The first row shows three channels pictures (RGB, 24-bit) with co-localization of PSII, PBS, and PSI-YFP. Colors reflect PSI/PSII/PBS co-localization, the most dominant colors were magenta (dominant PBS and PSII), green (dominant PSI), white (balanced PSI, PSII, and PBS), and blue (dominant PBS). Second, third, and 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).


This process of MD acclimation during the shift from CL to L-D growth was further explored. First, we characterized changes in cell sizes (Figures 1C,D and Supplementary Figure 1), and shapes (Figures 2A,B). Cell sizes were estimated on the level of single cells (Figures 1C,D) or cell suspension (cell counter, Supplementary Figures 1A,B) during the diel cycle consisting of 12 h dark and 12 h sinusoidal light (Figures 2A,B). Both methods brought the same conclusions: we observed an outline of the diel pattern in Synechocystis PSI-YFP cell sizes (Figures 1C,D and Supplementary Figures 1A,B). Smaller cell (with diameter d < 1.6 μm) counts were continuously decreasing until hours 14–16 of diel cycle. On the contrary, the larger cells (d > 1.6 μm) showed the opposite pattern (Figures 1C,D). There were no qualitative differences in the diel pattern between the start and the end (Figures 1C,D and Supplementary Figures 1A,B); changes were just more pronounced at the end of the experiment. Therefore, even though based on macroscopic parameters from bioreactor (Figure 1A), the Synechocystis PSI-YFP culture seems to be synchronized (which is in line with previous results; van Alphen and Hellingwerf, 2015), it remained heterogeneous on single-cell level (see cell sizes/cell shapes in Figures 1D, 2B). In fact, there was no particular point at which all cells would divide at one moment. Synechocystis PSI-YFP cells remained heterogeneous in their sizes during the diel cycle (Figures 1C,D). This is visible in the accumulation of elongating and dividing cells around hours 12–14 of the diel cycle (Figure 2B). Interestingly, the heterogeneity of cyanobacteria culture is also visible in the TM organization in our Synechocystis PSI-YFP (Figure 1C). Despite cells and TM heterogeneity, cells tend to keep some averaged parameters (bulk parameters) constant (e.g., equilibration of average sizes between the start and the end; Supplementary Figure 2). On the other hand, the huge cell-to-cell heterogeneity in Synechocystis PSI-YFP culture (Figure 2B) did not allow us to depict a clear diel pattern in the intensity of the 3 fluorescence channels per cell (Supplementary Figure 3) that reflected relative changes in PSI-YFP, PSII, and PBS fluorescence/concentration per single cell. We cannot exclude existence of such a dial pattern in single cell PSI-YFP, PSII, and PBS fluorescence as more experimental data are necessary to prove this hypothesis.

To cope with the inevitable heterogeneity of cyanobacteria cell sizes and its putative effect on thylakoid organization (Figures 1C,D), we tried to categorize cells based on their shapes (Figures 2A,B) and study their TM heterogeneity separately (Figure 2A). For this purpose, acquired images of Synechocystis PSI-YFP cells were grouped into four cell types based on their shapes reflecting their stage in the cell cycle, namely: regular, elongated, dividing, and string cells (see description in the legend of Figure 2). The diel profiles in the cell types (Figure 2A) were very similar with the diel profile of cells sizes (Figures 1C,D); we observed a continual decrease in the regular and increase in the number of elongated and dividing cells until midday (14 h in Figure 2B) when cells were more prone to cell division.

These four cell categories were then characterized by their MD organization (Figure 2C). At first, the heterogeneous structure of Synechocystis PSI-YFP thylakoids (defined by co-localization of PSI, PSII, and PBS; Figure 2A) was clearly visible for all four types of cells (Figure 2C). During the transition from CL to L-D cycle, all cell types become more “bluish” (RGB pictures in Figure 2C). This conclusion was confirmed by two additional independent bioreactor experiment (Supplementary Figure 4). In all cases, during the transition from CL to L-D cycle, cells have partially lost their green fluorescence signal due to the PSI-YFP decrease. On the other hand, the blue signal (reflecting PBS) was kept almost at the same levels between CL and L-D conditions (Supplementary Figure 4). It led to the more “bluish” cells thylakoids in all studied biological replicates (Figure 2C and Supplementary Figure 4A). When we analyzed the three measured channels independently in more details in the selected bioreactor experiment (see the heatmap in the Figure 2C), we clearly observed that the most pronounced spatial variability inside thylakoid was detected for PBS (high fluorescence red-spots in the heatmaps of PBS in Figure 2B). Moreover, its heterogeneity remained stable during CL to L-D transition in the bioreactor. On the contrary, the fluorescence signal of PSII (based on Chl autofluorescence) and even more PSI (based on YFP fluorescence) partially lost their heterogeneity during the CL to L-D switch (Figure 2B). This led us to conclude that the localization of PSII and especially PSI (in contrast to PBS) became more homogenous in thylakoids (Figure 2B) when cells are acclimated to the natural L-D cycle.

The process of this acclimation was quantified by calculating single-cell fluorescence intensity of PSI-YFP, PSII, and PBS (Figure 3A). The analysis showed a cell diel pattern in the three channels’ fluorescence; an initial decrease in all three channels’ fluorescence, and its recovery in the second half of the light phase of the day (Supplementary Figure 3). Further, the averaged values per every measured day (Figure 3A) clearly proved that PBS fluorescence emitted by single cell was the most stable during the 2 weeks acclimation under L-D cycle; through a slight increase in the first week was leveled down at the end to recover to the original value. On the contrary, PSI-YFP and PSII fluorescence continuously went down by about 20 and 10%, respectively (Figure 3A) indicating a decrease in PSI and PSII content or some change in fluorescence yield during acclimation from CL (start) to L-D cycle (end).
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FIGURE 3. Overall behavior of Synechocystis PSI-YFP cells during cultivation in bioreactor. Figures depict continual acclimation of Synechocystis PSI-YFP cells after their shift from continuous light (day 0) to day–night cycle in bioreactor (days 1–14). (A) Intensity of single-cell fluorescence of pigment–protein complexes calculated from confocal images. Three channels were detected: PSI-YFP (green), PSII (red), and PBS (blue). The day values represent averages from six different time spots per day (see Supplementary Figure 3 for the whole diel cycle), ranges shows variability during the same day (i.e. maximal/minimal values in the day, not SD). Total number of cells analyzed per day was between n = 709 and 1565. Asterisks indicate data points significantly different from corresponding fluorescence value at day 2 (p < 0.05; blue = PBS; green = PSI-YFP; red = PSII). (B) Bulk measurements of PSI/PSII and PBS/PSII fluorescence ratios measured at 77 K. PSI/PSII fluorescence ratio (green line) reflects ratio of photosystems (excitation at 461 nm, detection at F730/F695 nm). The PBS/PSII fluorescence ratio (blue line) is a measure of PBS decoupling (excitation at 531 nm, detection at F660/F695 nm). Points represent averaged values per day (n = 9); ranges show variability during the same day (i.e. maximal/minimal values in the day, not SD). For whole spectra, see Supplementary Figure 5. Asterisks indicate data points significantly different from corresponding ratio value at day 2 (p < 0.05; green = PSI/PSII; blue = PBS/PSI). (C) Bulk measurements of absorbance ratio (623/630 nm) reflecting ratio of phycobilisomes to chlorophylls from photosystems (PBS/CHL). Points represent averaged values of the selected days (n = 3); ranges show variability (i.e. maximal/minimal values in the day, not SD) during the same day. Asterisks indicate data points significantly different from corresponding absorption value at day 2 (p < 0.05).


To further explore if the effect is either due to some changes in concentration of PPCs or due to a decrease in their fluorescence quantum yield, we estimated independently PSI/PSII ratio by 77 K fluorescence emission (Figure 3B). The bulk measurement of PSI/PSII ratio showed an initial decrease during the first 7 days (Figure 3B), which correlated with a much faster decrease of PSI fluorescence visible on single cells level (Figure 3A). Later, the confocal data from single cells (Figure 3A) and PSI/PSII ratio from bulk measurements (Figure 3B) behaved slightly differently. We do not know the precise mechanism behind this. It could be caused by a different change in quantum yield of PSI and PSII fluorescence in re-organized MDs due to some activation state transitions or/and some other de-quenching mechanism.

In comparison to photosystems, behavior of PBS fluorescence per cells was totally different during transition from CL to L-D cycle; we have noticed surprising stability of PBS fluorescence between initial and final values (Figure 3A). This result was compared with several bulk 77 K fluorescence and RT absorbance measurements. At first, fluorescence ratios of F650/F695 reflecting PBS decoupling (PBS/PSII in Figure 3B) has been detected (Figure 3B and Supplementary Figure 5). Further, the ratio of PBS to total Chls was deduced from the absorbance spectra (A630/A682) (PBS/CHL; Figure 3C). In the first 7 days, we found a temporal stimulation of PBS decoupling (day 3 in Figure 3B and Supplementary Figure 5) together with temporal increase in the PBS content reflected by PBS/CHL (day 3 in Figure 3C). The increase correlated with temporal stimulation in PBS fluorescence per single cell (days 3 and 6 in Figure 3A). However, all these three temporal effects disappeared after full CL to L-D acclimation (day 14 in Figures 3A–C) that shows the final stability of PBS fluorescence per cell (Figure 3A). The stability in PBS highly contrasted with the behavior of photosystems since their fluorescence decreased during CL to L-D transition (Figure 3A). Taking all this together, single Synechocystis PSI-YFP cell was more stable considering PBS fluorescence as it showed the same value during CL (days 1 and 2 in bioreactor) and L-D cell (days 13 and 14 in Figure 3). On the other hand, photosystems in the membrane were highly re-structured during CL to L-D transition; this is visible on single cell level as a more homogenous PSI distribution inside the cell (Figure 2C and Supplementary Figure 4). All these data shows that MDs are naturally occurring structures of TM (Strašková et al., 2019) and that they show plasticity in response to light conditions.

To check whether it was L-D cycle and not bioreactor itself causing this MD behavior, we established similar growth conditions in Erlenmeyer flasks. Cultures were switched between CL and L-D and then back to original condition to see the reversibility of the process (Figure 4). In both types of cultivation (bioreactor data in Figure 4A and flask data in Figure 4B), the addition of dark period caused spatial homogenization of PSI-YFP distribution visible in the cell pictures. Further, there was also clear narrowing of the PSI-YFP fluorescence in histograms pointing to the same effect (Figures 4A,B). The acclimation from growth without (CL) and with (L-D) dark period was clearly reversible as seen in the switch between CL and L-D for flask experiment (Figure 4B). It seems that Synechocystis PSI-YFP cells responded to the addition of a dark period into continuous irradiation by reorganizing PSI into more homogeneous pattern visible at natural L-D cycle (Figure 3).
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FIGURE 4. Histograms of PSI-YFP fluorescence intensities from thylakoids of Synechocystis PSI-YFP cells. Figures describe distribution of the PSI-YFP fluorescence intensity in cells grown either on continuous light (“CL”) or at light-dark cycle (“L-D”) in bioreactor and in flask. Histograms represent intensity profiles obtained from 615 (A) and 4276 (B) cells. Scale bars in the pictures show 1 μm. Total number of cells analyzed per day was n = 947. (A) Bioreactor data: Figures depicts distribution of PSI-YFP fluorescence intensities at the start (blue; days 2 and 3) and the end (orange; days 13 and 14) of bioreactor experiment. The pictures show typical PSI-YFP thylakoid distribution in cells from the START (cells acclimated to continuous light) and the END (cells acclimated to day–night cycle for 2 weeks) of bioreactor experiment. (B) Erlanmeyer flask experiment: Plots of PSI-YFP fluorescence intensity distribution for cells grown in the flask at continuous of light-dark cycle. Histograms and figures describes two experiments: (1) cells grown for 10 days on the continous light (“CL”; blue) were moved into the light-dark condition for 10 days (“L-D”; yellow); (2) cells grown in the light-dark condition (“L-D”; orange) for 10 days were moved into continous light (“CL”; cyan).




DISCUSSION

We have identified the ability of cyanobacterial TM to acclimate to the switch in light condition by long-term reorganization of photosystems, especially PSI. Except the TM plasticity, we also observed MDs diversity in population of cells in line with previous results (Konert et al., 2019; Strašková et al., 2019). We have raised a hypothesis that the qualitative switch in PSI organization (more homogeneous PSI distribution during L-D than during CL irradiation; Figure 2C and Supplementary Figure 4) is triggered by the addition of a dark period for L-D cycle. The hypothesis has been proved in the flask experiments when light conditions were switched between CL and L-D and back to the original conditions. The variability in PSI distribution (more homogeneous in L-D, more heterogeneous in CL) and reversibility of the process (Figure 4B) shows the plasticity of cyanobacterial MDs. Even though MDs are very stable during short term changes in irradiation (e.g., in minutes; Strašková et al., 2019), some previous data have already indicated process of long-term acclimation in scale of hour(s) on single cell level (Steinbach and Kaňa, 2016) or on cell population level (Konert et al., 2019). Here we show clear response in PSI re-distribution after a long-term change in growth irradiation from CL to L-D conditions.

Our data indicate that the key factor in the acclamation to L-D cycle seems to be the redistribution of photosystems, especially PSI (Figure 2C). The special PSI redistribution could be helpful to better cope with diurnal changes in metabolism of cyanobacteria at diel cycles (Welkie et al., 2019). In fact, during the L-D cycles, there is an everyday shift from daytime photosynthesis to night-time oxidative pentose phosphate pathway (Diamond et al., 2015). The night-time is also used for cell detoxification from ROS. It is a question, whether the special redistribution of PSI at L-D cycle is favorable for larger NADPH production (formed in photosynthesis) that is preferentially used (more than NADH) as a reductant source for ROS detoxification (Flores and Herrero, 2005). The similar light-induced response on PSI level is visible also for cyanobacterial cells acclimated to high-light (Kopečná et al., 2012) or to a light of different quality (El Bissati and Kirilovsky, 2001; Luimstra et al., 2020). It is well know that a shift from low-light to high-light growth conditions stimulates decrease in the PSI to PSII ratio due to selective suppression of the amount of functional PSI (Murakami and Fujita, 1993; Murakami et al., 1997). Another important light-induced regulatory mechanism connected with PSI is light induced state transitions (see, e.g., Kirilovsky et al., 2014 for review). Interestingly, one from the older model of state transition proposed also PSI monomerization (Bald et al., 1996) and changes in spatial organization photosystems in TM during state transitions. In that model, PSII particles are aligned in rows in state 1 compared to state 2 with more randomly distributed particles (Olive et al., 1986, 1997). In light with the above-mentioned results, we tend to suggest that also TM plasticity, as we saw it based on PSI/PSII and PBS co-localization (Figure 2), is controlled by PSI to PSII ratio. The change in the ratio is induced by light and includes regulation of several genes (Luimstra et al., 2020). However, it is still not clear whether PSI to PSII ratio is a redox-control (El Bissati and Kirilovsky, 2001) or a photoreceptor control process. It needs to be still clarified whether TM plasticity connected with PSI redistribution (see Figure 2) is a redox or a photoreceptor control mechanism.

Redox/photoreceptor control is the only well-known control mechanisms of TM plasticity (Baulina, 2012). It needs to include various membrane-connected phenomena from the ion-induced effect on TM electrical double layer (Kaňa and Govindjee., 2016) to some changes in membrane energization (effect of DCMU in Stingaciu et al., 2019). In addition to photosystems, also PBS could be another factor in play, as TM morphology is changed if PBS structure is affected by mutation (Olive et al., 1997; Collins et al., 2012). Indeed, we have found a temporal appearance of the PBS decoupling in the middle of our 2 weeks experiment (Figures 3B,C and Supplementary Figure 5). The actual importance of PBS decoupling for cyanobacteria physiology and photoprotection is still matter of discussion (see, e.g., Kirilovsky et al., 2014; Calzadilla and Kirilovsky, 2020 for reviews). Several works have been published proposing physiological importance of PBS decoupling at various circumstances including high light stress (Tamary et al., 2012; Steinbach and Kaňa, 2016) or state transitions (Kaňa et al., 2009; Kupper et al., 2009; Chukhutsina et al., 2015; Ranjbar Choubeh et al., 2018). Our data indicate that PBS decoupling could play another role during reorganization of TM proteins. In a situation when photosystems need to be slowly redistributed in thylakoid during few days, PBS are more prone to be decoupled (Figures 3B,C) and it can be detected by a typical increase in the PBS emission on single cell level (Figure 3A) or in the whole suspension (Supplementary Figure 5). As soon as photosystems are reorganized in a new type of a steady distribution (i.e., thylakoids are acclimated to L-D cycle), the PBS fluorescence disappears as the proper PSI–PBS and PSII–PBS interactions are re-established. Indeed, the increase in the PBS fluorescence disappeared on the end of bioreactor experiment, when cells were acclimated to the L-D cycle (Supplementary Figure 5). Surprisingly, when comparing the first and the last day during transition from CL to L-D, the PBS composition (deduced from a single cell fluorescence) seems to be unaffected; PBS were then more stable then photosystems (Figures 3B,C). Therefore, the increase in the PBS decoupling was only a temporal process that seems to be conditional for successful reorganization of photosystems in TM during changing light conditions.

Our bioreactor experiment showed structural changes in organization of TM proteins within hours/days. Similar short-term structural plasticity of TM (in minutes) is also known as light/dark-induced TM swelling/shrinking visible in electron micrograph (Murakami and Packer, 1970). This process has been recently confirmed by neutron scattering method (Nagy et al., 2011; Stingaciu et al., 2019). However, this effect is probably undetectable by our method as MDs seem to be very stable in short term (Strašková et al., 2019). Recently, there were other studies proposing the fast reorganization of TM proteins during few minutes of very high light (Sarcina et al., 2006; Tamary et al., 2012; Casella et al., 2017). These data, though, do not correspond with the observed stability of MDs (Strašková et al., 2019). The observed discrepancy could be a result of rather non-physiological high irradiances used in these studies (from tens to hundred thousand μmol m–2 s–1). Other explanation could be that such dynamic behavior can be present only in few specific cells (see discussion of phenotypic heterogeneity below). In fact, we agree with these authors that cyanobacterial TM proteins have the ability to be reorganized in thylakoids based on current light conditions. However, our data show rather slower kinetics behind (hours-days). The organization of pigment-proteins in MDs is rather stable in minutes of physiological high-light (Strašková et al., 2019), that is also supported by their very low mobility (see recent reviews, Kirchhoff, 2008; Mullineaux, 2008; Kaňa, 2013). Based on our data, reorganization of TM requires hours (Steinbach and Kaňa, 2016; Konert et al., 2019) or days (Figures 2C, 4A,B) to be clearly visible and detectable on single cell level as different types of MDs. Therefore, instead of the term “dynamics of TM,” we prefer to talk about “TM plasticity” in a similar meaning as it is known for higher plants thylakoids (Pribil et al., 2014). Indeed, our cyanobacterial MDs are able to be reorganized in a similar way as it can be seen for granal/stromal thylakoids (Kirchhoff, 2013).

Our data pointed out that TM plasticity needs to be considered in light of cell to cell heterogeneity of cyanobacteria. We provide evidence of Synechocystis PSI-YFP population heterogeneity considering their sizes (Figure 1) and shapes (Figure 2) during the diel cycle. The phenomenon has been already noted by the previous work (Strašková et al., 2019) where count of MDs per single cell was shown to be variable (from one to four). It indicates that research on cyanobacterial response to variable light conditions requires single cell methods because cyanobacterial cells are not uniformed. It seems that such population heterogeneity in cyanobacteria cultures seems to be inevitable as cyanobacteria cells often forms two subpopulations (Martins et al., 2018). It is caused by multiple factors that coordinate cyanobacterial cell growth and division (Yang et al., 2010). The main factors for most of bacteria could be listed as environmental (e.g., light conditions for photothrophs), the internal circadian clock, and the cell-volume control (Nordholt et al., 2020). Those three interacts also in cyanobacteria in a complex manner and form heterogeneous population of cells. For instance, considering volume control, cyanobacteria behave as “adders”—they are prone to divide when a certain volume has been added after division (Yu et al., 2017). Interestingly, it is in contrast to current view on other phototrophs (algae), where the cell cycle progression is considered to be regulated by critical size and algae can be fully synchronized naturally by alternating light/dark period (Nishihama and Kohchi, 2013). Various groups have shown that the cell division and growth in algae are tightly linked to light levels (Bišová and Zachleder, 2014) in contrast to cyanobacteria (Yang et al., 2010). In this prokaryotic photothrophs, cell division is freely “allowed” at certain times of the day and the division window can only be narrowed by light/day cycles (Martins et al., 2018).

Stepping from the single cell level to the cell population level, the phenomenon we observed in single cells, structural plasticity of thylakoid MDs, could also manifest a more general trend typical for bacteria cells: phenotypic heterogeneity (Grote et al., 2015). It describes the inevitable occurrence of “non-conformist” cells (cells with distinct phenotype) within isogenic (cyano)-bacterial populations. The phenotypic heterogeneity allows genotypes to persist in a fluctuating environment (Ackermann, 2015) like our variable L-D cycle. However, we still do not know in details why cyanobacteria keep their MD organization heterogeneous in the population (Konert et al., 2019; Strašková et al., 2019). The plasticity of MDs could be a manifestation of phenotypic heterogeneity, a recently broadly discussed phenomenon of non-genetic cell-to-cell differences in microbial population (Van Boxtel et al., 2017). More experimental work needs to be done to address the connection between the behavior of MDs structure on the single-cell and on the population level.
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Light dominates the earth’s climate and ecosystems via photosynthesis, and fine changes of that might cause extensive material and energy alternation. Dim light (typically less than 5 μmol photons m–2 s–1) occurs widely in terrestrial ecosystems, while the frequency, duration, and extent of that are increasing because of climate change and urbanization. Dim light is important for the microorganism in the photosynthetic process, but omitted or unconsidered in the vascular plant, because the photosynthesis in the high-light adapted vascular leaves was almost impossible. In this review, we propose limitations of photosynthesis in vascular plant leaves, then elucidate the possibility and evidence of photosynthesis in terms of energy demand, stomatal opening, photosynthetic induction, and photosynthesis-related physiological processes in dim light. This article highlights the potential and noteworthy influence of dim light on photosynthesis in vascular plant leaves, and the research gap of dim light in model application and carbon accounting.
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INTRODUCTION

Plants use light both as a source of energy via photosynthesis and as a source of information (Gaston et al., 2013; Bennie et al., 2016). Leaves are always exposed to the environment with fluctuating light, which rapidly shift from being limiting for photosynthesis to high levels (Retkute et al., 2015). Dim light (typically less than 5 μmol photons m–2 s–1) is universal in natural and artificial ecosystems, such as twilight, dawn, and moonlight (Salisbury, 1981; Raven and Cockell, 2006; Bennie et al., 2016), deep ocean (Dubinsky and Schofield, 2010; Ezequiel et al., 2015), understory (Pearcy, 1983; Valladares et al., 2011), and artificial night illumination (Gaston et al., 2013; Bennie et al., 2016; Davies and Smyth, 2018; Table 1). Some plants switch light conditions among different intensities. In most cases, dim light is considered as useless light for net carbon fixation, because the levels of photosynthetically active radiation (PAR) are far below the sunlit conditions (between 100 and 2000 μmol photons m–2 s–1).


TABLE 1. Light intensity of some types of dim light environment.

[image: Table 1]However, dim light is an exclusive energy source for photosynthesis in some species associated with dim light over a long period of time, for instance, algae and photolithotrophs in the oceans must harvest the very low light to drive photosynthesis because the PAR below the sea surface is greatly decreased, especially in the deep ocean (Dubinsky and Schofield, 2010; Ezequiel et al., 2015). Dim light possibly fulfills the energy demand for the metabolism of a unicellular organism, hence, playing important roles in marine life and marine carbon sequestration. For the multicellular green plants, the use of dim light is also crucial when they are exposed in a dim environment. For example, understory plants have to acclimate as low as 0.1 μmol photons m–2 s–1 PPFD and complete their lifecycles (Salisbury, 1981; Pearcy, 1983; Valladares et al., 2011; Ezequiel et al., 2015). In actuality, dim light has been more common in recent decades due to the decrease in radiation reaching the earth surface with rising atmospheric aerosol, caused by anthropogenic emissions (Mercado et al., 2009), thus the areas of low light expanded. For another case, increasing urbanization has changed a large area of natural lands to urban lands, which would suffer great shade by urban structures in the daytime and multitudinous light pollution in nighttime (Gerrish et al., 2009; Gaston et al., 2013). To the best of our knowledge, the estimation of carbon sequestration in terrestrial ecosystems failed to take CO2 assimilation of green plants in dim light into consideration, particularly in urban areas. This might be caused by inconclusive effects of dim light on the CO2 assimilation sequestration, and the global carbon sequestration needs to be given wide attention.

The photosynthesis in vascular plant leaves is determined not only by energy demand but also stomatal opening and activity of a biochemical enzyme (Rubisco), which is greatly affected by PPFD. The energetic demands for photosynthesis in the vascular green plant were quite different from unicellular organisms. The photosynthesis in dim light in the unicellular organisms was widely investigated, but there were no findings about the response of photosynthetic light reaction and dark reaction to dim light in higher green plants. One of the noticeable problems is whether the high-light adapted vascular plant leaves could take full advantage of dim light for photosynthesis, because the vascular plant leaves need to capture the light and CO2 passing through the epidermis, cytoderm, cytomembrane, and activate the necessary light-dependent photosynthetic enzymes.

In this review, we presented the limitation of photosynthesis in leaves of the vascular plants and explained the possibility of photosynthesis in terms of the driving force of reaction, stomatal opening, and activation of biochemical reaction in dim light. We critically appraised the evidence of great importance of the dim light in photosynthesis in a vascular plant and emphasized the importance of comprehensive re-consideration to those processes in photosynthetic ecophysiology and carbon sequestration of terrestrial ecosystems.



PHOTOSYNTHESIS IN DIM LIGHT


Limitation of Photosynthesis of Vascular Plants in Dim Light

The lowest photon flux density of PAR at which O2-evolving photolithotrophs on earth appears to be able to generate photosynthesis is 10 nmol photons m–2 s–1 (Raven et al., 2000). In addition, Quigg et al. (2003) had also proved that the protein turnover, charge recombination in PSII, and proton leakage and slippage of Dunaliella tertiolecta and Phaeodactylum tricornutum could generate in dim light, respectively in the value of 30 and 3 μmol photons m–2 s–1 (Quigg et al., 2003). Photosynthesis in plant cells occurs in the chlorophyll-containing chloroplast and assimilates CO2 in photosynthetic apparatus (Singhal et al., 2019), whether the initiation of the photosynthesis will mainly depend on the driving force of photoreaction, the capacity of CO2 supply, and the activity of photosynthetic apparatus. Thus, energy demand, stomatal behavior, and induction of photosynthetic apparatus are the key limitations of photosynthesis under dim light conditions.



The High Energy Transfer Efficiency in Photochemical Systems of Plant Leaves

Plants have a large variety of light-harvesting strategies to adapt nearly everywhere sunlight can penetrate. The interaction of two photosynthetic pigments was synergistic on light harvesting and the absorbed light energy from plenty of antenna pigments focuses on one reaction center (RC) pigment. One typical RC and the surrounded about 250–300 pigment molecules comprise a functional photosynthetic unit (PSU) (Croce and Van Amerongen, 2014). The number of chloroplasts is kept in steady state among most of the plant species (Kura-Hotta et al., 1990; Ono et al., 1995), ranging from tens to hundreds, and thus the total surface areas of chloroplasts are greatly higher than a leaf area. The chloroplast is a typical spheroid with 5–10 μm long axis containing 109 chlorophyll molecules per chloroplast (Melis et al., 1998). Therefore, an enormous amount of pigment molecules produces effective energy conversion and transformation in plant leaves, resulting an efficient light harvesting.

The RC would be inactive without an antenna, the capacity of light-harvesting is crucial, especially in light-limited conditions (Croce and Van Amerongen, 2014). Thus in such conditions the antenna pigments transfer their excitation energy typically within 1 ps to Chl a, and the excitation energy transfer proceeds via Chl a. The arrival of excitation in the RC, typically within 10–10 s after initial photon capture by the antenna, leads to efficient electron transfer from a primary donor (P680 of PSII) to the primary acceptor. Upon excitation by light P680 in PSII causes charge separation and releases an electron, which initiates the linear electron transfer pathway, and P680 turns to an excited state (P680∗). The electron eventually leads to the reduction of the primary donor P700 of PSI, which is oxidized after it has donated an electron to Fd after light excitation through pheophytin (pheo, 3 ps), plastoquinone (QA and QB, 200 ps), cytochrome b6f complex (Cytb6f), quinine sink (PQ), and plastocyanin (PC, 100 to 1000 μs). The period of electron transfer from P680 to P700 takes less than 2 ms calculated from the most time-consuming process (QA to PC). The electron in P700∗ transfers via two electron acceptors (A0 and A1) and iron-sulfur cluster (Fx, FA, and FB) to ferredoxin (Fd), and finally delivers to oxidized nicotinamide adenine dinucleotide phosphate (NADP+). This process approximately takes 100 μs. P680+ is one of the products of charge separation, which can be reduced by a tyrosine residue (Yz) in 20–260 ns, and finally be reduced by manganese cluster in 30–1000 μs via state S1 to state S4 (Kok et al., 1970; Dismukes and Siderer, 1981). Haumann and Junge (1994) reported that the water oxidation was a millisecond reaction step on transition S4 to S0, which finally liberated dioxygen (Haumann and Junge, 1994). The half-rise times of four flashes induced the fast release proton were less than 100 μs at pH 7.4 and 6.3 (Haumann and Junge, 1994). The water oxidation takes less than 2 ms to evolve O2 on the thylakoid membranes (Mcevoy and Brudvig, 2006). Figure 1 showed that the whole process of light reaction would take 2–3 ms via the two reaction centers (Haumann and Junge, 1994; Mcevoy and Brudvig, 2006).


[image: image]

FIGURE 1. A diagram for linear electron transfer pathway, Rubisco activities and stomatal behavior of a vascular plant leaf in the dim light. The references were showed in the “Supplementary Material”. P680: reaction center pigment molecules of PSII, P680+: oxidation state of P680, P680∗: excited state of P680, pheo: pheophytin, QA and QB: plastoquinone, Cytb6f: cytocrom b6f complex, PQ: quinine sink, PC: plastocyanin, P700: reaction center pigment molecules of PSI, P700+: oxidation state of P700, P700∗: excited state of P700, A0: the primary electron acceptor of PSI, A1: the secondary electron acceptor of PSI, Fx(FA,FB): iron-sulfur cluster, Fd: ferredoxin, Yz: tyrosine residues of D1 protein, S0(S1, S2, S3, S4): redox state.


There is also a risk for efficient light harvesting in restricted time. The pigments cannot remain excited for a long period, and consequently the energy will be lost as heat, radiation, or in other ways. A delay time recently reported for the PSII antenna in plants is 2 ns (Belgio et al., 2012). Thus, to guarantee a fast enough rate and a high quantum yield, the PSII in plants is mainly organized in a supercomplex (Van Bezouwen et al., 2017; Kouřil et al., 2018). The quantum efficiency of the supercomplex is near 100%, and the delay time is around 0.15 ns (Caffarri et al., 2011). Fast and effective electron transfer prevents quenching and returning of the electron. It has been accepted that the Z scheme for photosynthesis proposed by Hill and Bendall (1960) revealed two photoreaction centers, and each required 4 photons to evolve one molecule of O2, and require 8 photons assuming the same energy distribution of two photosystems (Putnam-Evans and Barry, 2007). The energy of a single excited chlorophyll molecule cannot exceed 180 kJ mol–1, but the reduction of NADP+ (electron transfer from water to NADP+) needs the energy of 230 kJ⋅mol–1. Thus, there should be plenty of excited chlorophyll molecules to accomplish a certain “climbing step.” The energy needed in reducing CO2 into carbohydrate is 470 kJ mol–1 (Belgio et al., 2012), approximately equivalent to the energy of 8 photons assuming that the efficiency of multiphoton processes is up to 33%.

Experiments of isolated chloroplasts flashing by Joliot et al. (1969) showed that the dark-adapted chloroplasts fail to evolve O2 after two-millisecond flashings, but the most O2 could be detected in the third flashing and fourth flashing followed, and after that there was an O2-evoluting peak every four flashings (Joliot et al., 1969; Joliot, 2003). The O2-evoluting model presented by Kok reveals that the oxygen-evolving complex (OEC) can store one charge after flashing, and four stored charges can be used for water-splitting (Kok et al., 1970). Therefore, the electrons from charge separation can be stored, rather than quenching or shifting immediately.

Thus, a consequence of the dim light leads to the effective charge separation and recombination in plant leaves. This fast and effective electron transfer prevents quenching and returning of the electron, and the electrons for water splitting can be stored temporarily in the manganese clusters. These features provide feasible ATP and NADPH for photosynthesis. And the huge number of RC and antenna increases the probability of the above processes. Theoretically, the photosynthetic photoreaction in plant leaves can be driven by the energy of dim light.



Stomatal Behavior in the Dark or in Dim Light

Plants require sufficient CO2 to enter the leaf for photosynthesis. The stomata are formed from two specialized cells (guard cells) in the epidermis, which are morphologically distinct from general epidermal cells and are responsible for regulating stomatal aperture and gas exchange between plants and atmosphere (Blatt, 2000; Julian et al., 2001). Responses of stomata to light are one of the key factors influencing photosynthesis. Stomatal closure at a low light intensity or in darkness results in reduced water loss when the potential photosynthetic rate is low. The stomata of CAM (Crassulacean acid metabolism) species, such as Ananas comosus, Agave americana L, Opuntia Tourn. ex Mill, Cymbidium are closed in daytime but open in the nighttime to adapt to an arid environment (Lee, 2010), and in some C3 and C4 species, the night-open of stomata were also observed in dark or dim light (Meidner and Mansfield, 1965; Kaufmann, 1976; Grulke et al., 2004; Ogle et al., 2012). The length of the preceding dark period might be more important than light intensity in determining the stomatal opening, which is mainly a behavior of circadian rhythms (Meidner and Mansfield, 1965).

The change in the turgor pressure of the cell causes movement in guard cells, which has been regarded as the major mechanism of blue-light mediated response, whereas the change of the intercellular CO2 mediated movements of guard and mesophyll cells has been regarded as a major mechanism for regulation of stomatal aperture by photosynthesis (Kaufmann, 1976; Shimazaki et al., 2007; Wang et al., 2008; Lawson, 2009). It has been reported that the dim intensities of white light, down to 10 lux (the equivalent of about 0.81 μmol photons m–2 s–1), were found sufficient to induce the response of stomatal nighttime opening (Meidner and Mansfield, 1965; Yamori et al., 2020). The blue light mediated reaction to the stomatal opening can be driven by bioenergy transferred from as low as 3 μmol photons m–2 s–1 light intensity (Meidner and Mansfield, 1965; Shimazaki et al., 2007). A powerful proof by contradiction is if stomata close in the nighttime, how do they provide oxygen for mitochondrial respiration. Photosynthesis in dim light might be very low, and partial stomatal opening could make standard the CO2 demand for photosynthesis. The nocturnal stomatal conductance in C3 and C4 plants was reported in recent years, which contributes to water loss at night (Hoshika et al., 2018; Resco De Dios et al., 2019). The benefit of the stomatal opening thus remains a confusion for botanists. But from those reports it might suggest that the stoma remain open in dark, let alone generate photosynthesis in dim light (such as moonlight) (Mayoral et al., 2020). The simplest explanation is that plants lack stomatal control during the night, and the stomata remain leaky overnight (Resco De Dios et al., 2019). Thus, the stomata behavior in the dim light fails to present a significant obstacle to carbon assimilation.



Photosynthetic Induction in the Dark or in Dim Light

The photosynthetic apparatus require an induction after a long period in darkness, ranging from minutes to several hours (Osterhout and Haas, 1918). The induction involves the buildup of ribulose-1,5-bisphosphate (RuBP) in the Calvin cycle, the activation of Rubisco (Pearcy et al., 1985; Pearcy, 1988), and stomatal opening (Han et al., 1999; Schulte et al., 2003). Loss of quantum yield in the dark and dim light is one of the important reasons for induction. The period of low light (includes darkness) and intensity of actinic light has great effects on the period of photosynthetic induction (Kirschbaum et al., 2004). The activation level of Rubisco is determined by pH, intercellular CO2 concentration, and Mg2+ concentration, but the mechanisms of the activating reaction of Rubisco have not yet been completely understood (Carmo-Silva and Salvucci, 2013).

Despite this, there is still evidence that the Rubisco in leaves is still activated after a long period of darkness. A significant difference in photosynthetic efficiency was observed in street light pollution with the PAR less than 0.5 μmol photons m–2 s–1 (Meravi and Kumar Prajapati, 2020). The activity of in vitro Rubisco in Raphanus sativus L leaves in the dark was 30% before light induction (Caemmerer and Edmondson, 1986; Von Caemmerer, 2000). Salvucci et al. (1986) showed that Rubisco in Arabidopsis thaliana L. Heynh could remain active after a 60-min darkness, and the activity of Rubisco could quickly rise when exposed to low light (Salvucci et al., 1986). In addition, Carmo-Silva and Salvucci (2013) reported that the activity of Rubisco in Arabidopsis thaliana could remain a maximum of 30–50% in very low light intensity (<30 μmol photons m–2 s–1) (Carmo-Silva and Salvucci, 2013). Consequently, after the dark adaption, the Rubisco of leaves remain active, and dim light could partially activate the Rubisco in some species, hence, results in the partial induction of photosynthesis in the leaves of these species without light induction or with somewhat induction by dim light.



CONCLUSION AND FUTURE PERSPECTIVE

The PPFD of O2-evolving photolithotrophs on earth appears to be able to generate photosynthesis at 10 nmol photons m–2 s–1. Vascular plants have a similar photosynthetic process and equivalent energy demand. The numerous antenna pigments harvest photons and focus on one RC, and consequently generate the electronic potential for charge separation in vascular plant leaves. The fast and effective electron transfer prevents quenching and returning of the electron, which remains steady electron flux in the photosynthetic membrane. The electron can be accumulated for water-splitting through state S0 to S4, resulting in O2 evolving. Stomata, which may be different from photolithotrophs, cannot restraint gas exchange in the dim light, even if in darkness. The biochemical reaction Calvin cycle is also proved to be partially active in dim light. From the above, both reactions (dark reaction and light reaction) of photosynthesis can be conducted in dim light. Dim light occurs widely and lasts for a long time in natural and artificial environments, and this article showed that the photosynthesis of plant leaves could occur in this light condition. Thus, the increasing scenes of dim light might cause more contributions from the vascular plant to atmospheric carbon dioxide concentration on local or regional scales, which was closely related to plant development, crop yield, and climate change. In the future, the impact of dim light on plant photosynthesis should be investigated like normal light, and the models for estimation of crop yield and carbon budget should take dim light into consideration. The successful investigation to comprehend the utilization of dim light will require technological advancements to measure light characteristics and detecting methods to measure gas exchange at ecologically relevant levels in various field conditions, with theoretical foundations from this review. We hope that this article could provide some shreds of evidence for the research of carbon budget model, carbon sequestration, urban ecology, and understory ecology, etc.
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The Photomorphogenic Transcription Factor PpHY5 Regulates Anthocyanin Accumulation in Response to UVA and UVB Irradiation
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Red coloration contributes to fruit quality and is determined by anthocyanin content in peach (Prunus persica). Our previous study illustrated that anthocyanin accumulation is strongly regulated by light, and the effect of induction differs according to light quality. Here we showed that both ultraviolet-A (UVA) and ultraviolet-B (UVB) irradiation promoted anthocyanin biosynthesis in “Hujingmilu” peach fruit, and a combination of UVA and UVB had additional effects. The expression of anthocyanin biosynthesis and light signaling related genes, including transcription factor genes and light signaling elements, were induced following UV irradiation as early as 6 h post-treatment, earlier than apparent change in coloration which occurred at 72 h. To investigate the molecular mechanisms for UVA- and UVB-induced anthocyanin accumulation, the genes encoding ELONGATED HYPOCOTYL 5 (HY5), CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), Cryptochrome (CRY), and UV RESISTANCE LOCUS 8 (UVR8) in peach were isolated and characterized through functional complementation in corresponding Arabidopsis (Arabidopsis thaliana) mutants. PpHY5 and PpCOP1.1 restored hypocotyl length and anthocyanin content in Arabidopsis mutants under white light; while PpCRY1 and PpUVR8.1 restored AtHY5 expression in Arabidopsis mutants in response to UV irradiation. Arabidopsis PpHY5/hy5 transgenic lines accumulated higher amounts of anthocyanin under UV supplementation (compared with weak white light only), especially when UVA and UVB were applied together. These data indicated that PpHY5, acting as AtHY5 counterpart, was a vital regulator in UVA and UVB signaling pathway. In peach, the expression of PpHY5 was up-regulated by UVA and UVB, and PpHY5 positively regulated both its own transcription by interacting with an E-box in its own promoter, and the transcription of the downstream anthocyanin biosynthetic genes chalcone synthase 1 (PpCHS1), chalcone synthase 2 (PpCHS2), and dihydroflavonol 4-reductase (PpDFR1) as well as the transcription factor gene PpMYB10.1. In summary, functional evidence supports the role of PpHY5 in UVA and UVB light transduction pathway controlling anthocyanin biosynthesis. In peach this is via up-regulation of expression of genes encoding biosynthetic enzymes, as well as the transcription factor PpMYB10.1 and PpHY5 itself.
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INTRODUCTION

Anthocyanins, a group of secondary metabolites known as flavonoid compounds, are important water-soluble pigments widely distributed in plants where they perform a multitude of biological functions such as protecting against a variety of abiotic stresses [ultraviolet (UV) radiation, nutrient deficiency, low temperature, drought, etc.], attracting pollinators and seed dispersers, and defense against pathogens and herbivores (Schaefer et al., 2004; Gould et al., 2010). In addition, they are also recognized to have potential human health benefits in aspects such as prevention from cancer and heart disease (Tsuda, 2012; Zhang et al., 2015). Hence, anthocyanin is considered as an essential determinant for fruit quality.

The anthocyanin biosynthetic pathway has been extensively studied and found to be relatively conserved among plant species (Winkel-Shirley, 2001). Anthocyanins are biosynthesized via the phenylpropanoid pathway, which is catalyzed stepwise by a series of enzymes including phenylalanine ammonia lyase (PAL), cinnamic acid-4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), flavonoid 3’,5’-hydroxylase (F3’5’H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), and UDP-glucose: flavonoid 3-O-glucosyltransferase (UFGT; Jaakola, 2013; Zhang et al., 2014). The expression of the genes that encode these enzymes are transcriptionally regulated by MYB, basic Helix-Loop-Helix (bHLH), and WD40 repeat proteins, often in a form of trimeric protein complex of MYB-bHLH-WD40 (the MBW complex; Lin-Wang et al., 2010; BenSimhon et al., 2011; An et al., 2012; Chagné et al., 2013; Wang N. et al., 2018). In peach (Prunus persica), several relevant transcription factors (PpMYB10s, PpbHLH3, and PpWD40-1) have been functionally confirmed to control anthocyanin biosynthesis (Ravaglia et al., 2013; Rahim et al., 2014; Uematsu et al., 2014; Zhou et al., 2014, 2018; Tuan et al., 2015).

Anthocyanin biosynthesis is not only developmentally regulated but also influenced by various environmental and endogenous stimuli as well (Guo et al., 2008). As the primary energy source and an informational signal for regulating plant growth and development, light is one of the most critical environmental factors (Kami et al., 2010). Light profoundly influences complex signaling pathways such as photomorphogenesis, circadian rhythms and the regulation of secondary metabolism throughout the life of plants (Gelderen et al., 2018).

Previous research has revealed the significance of light on the induction of anthocyanin biosynthesis in fruits such as bilberry (Vaccinium myrtillus, Uleberg et al., 2012), Chinese bayberry (Myrica rubra, Niu et al., 2010), grapes (Vitis vinifera, Azuma et al., 2012), raspberry (Rubus idaeus, Wang et al., 2009) and cranberry (Vaccinium macrocarpon, Zhou and Singh, 2004), etc. The effects of light on anthocyanin accumulation vary with different light wavelengths, where UV light always presents a more profound effect on anthocyanin biosynthesis compared with white light (Zoratti et al., 2014). For instance, ultraviolet-B (UVB) irradiation significantly increased anthocyanin content in the peel of apple (Malus domestica) and pear (Pyrus pyrifolia) fruits (Hagen et al., 2007; Qian et al., 2013; Sun et al., 2014; Henry-Kirk et al., 2018). Tomato (Solanum lycopersicum) grown under ultraviolet-A (UVA) supplementation visibly accumulated more anthocyanin in a short time (Guo and Wang, 2010; Castagna et al., 2014). In strawberries (Fragaria ananassa), blue light and UVC irradiation stimulated anthocyanin accumulation and enhanced the antioxidant activities (Li et al., 2014; Xu et al., 2014). In peach, it has also been demonstrated that UV lights are stronger stimulants for anthocyanin accumulation (Zhao et al., 2017).

Higher plants have evolved extremely advanced systems to sense changes in ambient light conditions (Casal, 2013), by being equipped with specialized sensory photoreceptors for specific wavelengths of light, including red/far-red light receptor phytochromes (PHYA to PHYE) (Oh and Montgomery, 2017), blue/UVA light receptor cryptochromes (CRY1 and CRY2) or phototropins (PHOTs; Lin, 2002; Liu et al., 2011; Wang Q. et al., 2018), and UVB light receptor UV RESISTANCE LOCUS 8 (UVR8; Rizzini et al., 2011; Yin and Ulm, 2017; Liang et al., 2019). Photoreceptors are indispensable for light-induced anthocyanin biosynthesis (Yang et al., 2016), as in Arabidopsis (Arabidopsis thaliana), the photoreceptor deficient mutants uvr8 and cry1cry2 respectively have a weak response in UVB and blue light/UVA-induced photomorphogenesis like blocking the inhibition of hypocotyl elongation and the induction of anthocyanin biosynthesis (Wade et al., 2001; Morales et al., 2013; Wang Q. et al., 2018).

After perceiving light, this signal is transmitted from photoreceptors to downstream light signal transduction factors to regulate the process of light-induced anthocyanin biosynthesis both transcriptionally and post-translationally (Casal, 2013). ELONGATED HYPOCOTYL 5 (HY5), a basic leucine zipper (bZIP) transcription factor, is a master regulator in light signal transduction pathway that acts downstream of multiple photoreceptors to respond to photomorphogenesis (Holm et al., 2002; Gangappa and Botto, 2016). HY5 is considered as a positive regulator to participate in light-induced anthocyanin biosynthesis in Arabidopsis, apple, grape, and pear (Loyola et al., 2016; An et al., 2017; Nawkar et al., 2017; Tao et al., 2018). AtHY5 targets the anthocyanin biosynthetic genes (CHS, F3H) and MYB [PRODUCTION OF FLAVONOL GLYCO-SIDES 1 (PFG1)/MYB12, MYB75/PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1)] to activate their expression by direct binding to the promoters (Chattopadhyay et al., 1998; Lee et al., 2007; Stracke et al., 2010; Shin et al., 2013). In eggplant (Solanum melongena) under blue light, SmHY5 has also been revealed to accelerate anthocyanin accumulation by regulating the expression of downstream genes encoding enzymes of the anthocyanin biosynthetic pathway (Jiang et al., 2016). In apple, MdHY5 promoted the expression of MdMYB10 to regulate anthocyanin accumulation (An et al., 2017). CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), an E3 ubiquitin ligase, is a crucial repressor for photomorphogenesis and anthocyanin biosynthesis, targeting HY5 for proteasome-mediated degradation (Osterlund et al., 2000; Lau and Deng, 2012). In pear, PpyCOP1 indirectly interacted with PpyHY5 to mediate regulation of anthocyanin accumulation (Tao et al., 2018). Additionally, apple MdCOP1 was also found to be critical for the ubiquitination and degradation of MdMYB1, a positive regulator for anthocyanin biosynthesis, further leading to the negative regulation for the coloration in apple fruit (Li et al., 2012).

Anthocyanin accumulation is essential for the quality of peach fruit. Our previous study revealed that UV light enhances anthocyanin content in peach peel (Zhao et al., 2017). However, how photoreceptors and light signal transduction elements mediate UV light-induced anthocyanin accumulation has not been elucidated. In this study, the effect of UVA and UVB irradiation on the coloration of peach fruit was examined. We cloned and functionally characterized PpHY5 and provided molecular evidence that PpHY5 plays a vital role in anthocyanin biosynthesis in response to UVA and UVB. These results contributed to our understanding of the mechanism underlying UV light-induced anthocyanin biosynthesis in peach, as well as providing evidence for improving fruit pigmentation.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The peach cultivar (cv) “Hujingmilu” was used in this study. All fruit were bagged with commercial yellow paper bags at 42 days after full blossom and collected at just before turning stage. For UV irradiation treatment experiments, all collected fruit were transferred to a growth chamber at a constant 20°C and irradiated with continuous UVA (320–400 nm, 1,000 μw/cm2) or UVB (280–320 nm, 58 μw/cm2) or both together for 0, 6, 12, 24, 48, 72, and 144 h, respectively. The fruit kept in the dark served as the control. Peel tissue from 30 fruit of each treatment were separated simultaneously into three biological replicates (10 fruit for each replicate) at every sampling time, then immediately frozen in liquid nitrogen and stored at −80°C for subsequent experiments.

The Arabidopsis hy5 (SALK_056405), cop1 (SALK_022133), uvr8 (SALK_033468), and cry1 (SALK_069292) mutants with the Columbia genetic background were obtained from The Arabidopsis Information Resource (TAIR). For hypocotyl length and anthocyanin accumulation assays, seeds of wild type (WT), above-mentioned mutants as well as transgenic lines obtained in this study were sterilized and germinated on Murashige and Skoog plates supplemented with 0.6% agar and 1% sucrose, and subjected to a chilling treatment at 4°C for 2 days in the dark. Then these seedlings were transferred to a growth chamber at 24°C under the long-day condition (16 h photoperiod/8 h dark cycle) of white light in normal intensity (40 w/m2) for growth. For UV light treatment experiment, seedlings were grown under continuous weak white light (WWL, 40 μw/cm2) supplemented with UVA (40 μw/cm2) or UVB (10 μw/cm2) or both together at 24°C. And the seedlings kept under only WWL served as the control. After growth under different light conditions as indicated for 5 or 7 days, respectively, the hypocotyl length was measured and seedlings were sampled for subsequent experiments.



Color Measurement

Fruit surface color measurement was carried out using a reflectance spectrophotometer (Hunter Lab Mini Scan XE Plus colorimeter) at four evenly distributed equatorial positions of per fruit. The raw data as L∗ (lightness, from black to white), a∗ (the degree of green-red variation), b∗ (the degree of blue-yellow variation) values were recorded and the color index of red grapes (CIRG) was calculated according to the formula CIRG = (180 − H)/(L∗ + C), while H = arctan (b∗/a∗) and C = [(a∗)2+(b∗)2]0.5 (Carreño et al., 1995; Zhang et al., 2008).



Anthocyanin Extraction and Measurement

Anthocyanin was extracted from peach fruit peel and Arabidopsis seedlings by using the method as described in our previous study (Zhao et al., 2017). High-performance liquid chromatography (HPLC) analysis for quantification of anthocyanin was performed using an Agilent 1260 liquid chromatograph system (Agilent Technologies, CA, United States) equipped with a ZORBAX SB-C18 column following a previously reported protocol (Cheng et al., 2014). The UV-visible light detector wavelength was set at 520 nm. Cyanidin 3-O-glucoside chloride was employed as the authentic standard.



RNA Extraction and Reverse Transcription Quantitative PCR Analysis

Total RNA was isolated from peach tissue samples and Arabidopsis by using a modified cetyltrimethylammonium bromide (CTAB) method (Liu et al., 2015) and the TRIzol Reagent Kit (Ambion, Hopkinton, MA, United States), respectively. First-strand cDNA was synthesized with HiScript® II Q Select RT SuperMix (Vazyme) after removal of genomic DNA contamination by TURBO DNase (Ambion) following the manufacturer’s protocol. Reverse transcription quantitative PCR (RT-qPCR) was performed using the SsoFast EvaGreen Supermix kit (Bio-Rad, CA, United States) with the CFX96 instrument (Bio-Rad, CA, United States) according to the following program: 95°C for 3 min, followed by 45 cycles of 95°C for 10 s, 60°C for 30 s and then 95°C for 10 s followed by a continuous increase from 65°C to 95°C at the heating rate of 0.5°C/s for dissociation curve analysis (Zhao et al., 2017). The PpTEF2 (GenBank accession: No. JQ732180) and ATACT2 (GenBank accession: No. AT3G18780) genes were used as the internal reference genes to normalize expression values for peach and Arabidopsis, respectively (Tong et al., 2009; Zhou et al., 2013). The primer sequences for RT-qPCR were designed with Primer Premier 5 and listed in Supplementary Table 1.



RNA-Seq Analysis

RNA sequencing (RNA-Seq) of peach fruit samples (irradiated with different UV-light conditions for 0, 6, 12, 24, and 48 h) was conducted using the Xten platform by staff at Biomarker (Beijing, China) with three biological replicates for each sample. Data analysis was conducted as described in our previous work (Zhao et al., 2017). Transcript abundances were normalized by calculating FPKM (expected number of Fragments Per Kilobase of transcript sequence per Million base pairs sequenced).



Plasmid Construction

The full-length coding sequence of PpHY5 (Prupe.1G478400), PpHYH (Prupe.1G208500), PpCOP1.1 (Prupe.5G031300), PpUVR8.1 (Prupe.4G277200), PpCRY1 (Prupe.1G517600) was isolated and recombined into the pGreenII 0029 62-SK vector (PpHY5-SK, PpHYH-SK, PpCOP1.1-SK, PpUVR8.1-SK, PpCRY1-SK). The promoter sequence (1500 bp upstream of the initiation codon) of structural genes (PpCHS1, PpCHS2, PpCHI, PpF3H, PpF3’H, PpDFR, PpANS, and PpUFGT) and transcription factors (PpMYB10.1/2/3) were constructed into the pGreen II 0800-LUC vector (PpCHS1-LUC, PpCHS2-LUC, PpCHI-LUC, PpF3H-LUC, PpF3’H-LUC, PpDFR-LUC, PpANS-LUC, PpUFGT-LUC, and PpMYB10.1/2/3-LUC). In experiments for verifying the function of E-box motifs in PpHY5 promoter, mutations on the PpHY5 promoter were conducted using the Fast Mutagenesis System Kit (Transgene) and inserted into the pGreenII 0800-LUC vector, named PpHY5m1-LUC, PpHY5m2-LUC, PpHY5m3-LUC, and PpHY5m4-LUC, respectively. For subcellular localization analysis, the coding sequence of each gene without stop codon was fused with green fluorescent protein (GFP) and cloned into the pCAMBIA super 1300-eGFP vector (PpHY5-GFP, PpCOP1.1-GFP). All constructs were transformed into Agrobacterium tumefaciens strain GV3101 (MP90) by electroporation with GenePulser XcellTM Electroporation Systems (Bio-Rad, Hercules, CA, United States) for subsequent experiments. Primers used for plasmid construction were described as listed in Supplementary Table 2.



Dual-Luciferase Assay

The dual-luciferase assay was performed with Nicotiana benthamiana leaves by using a previously reported protocol (Zhao et al., 2020). Agrobacterium cultures containing recombinant pGreenII 0029 62-SK vectors harboring transcription factor genes and the cultures containing recombinant pGreen II 0800-LUC vector harboring target gene promoters were infiltrated into N. benthamiana leaves with a ratio of 10:1 (v/v). At three days following infiltration, the firefly luciferase (LUC) and renilla luciferase (REN) activities were measured using dual-Luciferase Reporter Assay System (Promega, MI, United States) with Modulus Luminometer. When the ratio of LUC/REN was over two and the difference was highly significant (P < 0.01) as compared with the control, the transcription factor was considered to be able to activate the promoter. For each transcription factor and promoter interaction, dual-luciferase assays were conducted with at least three independent experiments (six replicate reactions in each experiment).



Arabidopsis Transformation and Hypocotyl Length Measurement

The Arabidopsis transformation was performed by using the floral dip method (Zhang et al., 2006). SilwetL-77 (Real-Times, Beijing, China) was applied as a surfactant in Agrobacterium-based transformation of Arabidopsis. Transgenic seeds were sterilized and placed on Murashige and Skoog medium containing 50 mg/mL kanamycin for transgenic plant selection. For each target gene, at least three lines were characterized and three of them with highest expression levels of target gene were selected, and individuals of the T2 were used for further phenotype analysis. After growth for 5 or 7 days, the hypocotyl length measurement of at least 30 Arabidopsis seedlings was conducted for each replicate. All experiments were carried out with three independent biological replicates.



Subcellular Localization Analysis

The Agrobacterium strain carrying the 35S::PpHY5-GFP or 35S::PpCOP1.1-GFP recombinant vector was infiltrated into transgenic N. benthamiana plant with a red fluorescent nuclear marker (Nucleus-RFP) according to a previous report (Zhao et al., 2020), while 35S::GFP was used as a negative control. The GFP florescence of the transiently expressed leave was observed under a Zeiss LSM710NLO confocal laser scanning microscope.



Cis-regulatory Element Analysis

The predictions of conserved cis-regulatory elements in the promoter were analyzed using the PlantCARE database.1



Statistical Analysis

The statistical significance of differences was analyzed using SPSS statistical software (SPSS 19.0, SPSS Inc., Chicago, IL, United States) with Student’s t-test. Graphs were plotted using Origin 8.0 (Origin Lab Corporation, Northampton, MA, United States).



RESULTS


Time Course of Color Development and the Expression of Anthocyanin Biosynthetic Genes Under Continuous UV Treatments

To investigate the influence of different UV light treatments on anthocyanin biosynthesis in peach, the fruit were given either a continuous UVA or UVB or UVA + UVB treatment. The control fruit was kept in the dark and did not develop red color over time. Under UV irradiation, the peel color remained green within 24 h and a few red spots began to be slightly visible at 48 h. At 72 and 144 h following irradiation, the fruit turned deep red (Figure 1A). These observations matched well with the CIRG values (Figure 1B). Under dark condition, the concentration of anthocyanin in peel was very low and showed no significant increase over time (Figure 1B). In contrast, anthocyanin accumulated following irradiation with UVA or UVB or UVA + UVB, and the effects varied significantly among different UV lights conditions. The concentration of anthocyanin rose sharply to 3.12 mg/100gFW (15-fold higher than the control) under UVA exposure and 2.11 mg/100gFW (10-fold higher than the control) under UVB exposure at 144 h respectively. During the irradiation period, the highest anthocyanin content was detected in fruit under UVA + UVB treatment, reaching 3.47 mg/100gFW at 72 h (2–3 fold higher than UVA or UVB) and 11.59 mg/100gFW at 144 h (3-6 fold higher than UVA or UVB), respectively (Figure 1B), which was consistent with the visual appearance.
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FIGURE 1. Coloration (A) and the color index of red grapes (CIRG) values and anthocyanin content (B) in the peach peel after continuous UV irradiation or kept in dark. UVA, 1,000 μw/cm2; UVB, 58 μw/cm2. Scale bar indicated 5 cm. Data were presented as means (±SE) from three independent biological replicates. Values labeled with different letters indicated a significant difference at P < 0.05.


In order to further explore the molecular mechanisms for anthocyanin accumulation in response to UV lights, we analyzed the transcript levels of genes encoding anthocyanin biosynthetic enzymes (PpPAL, Pp4CL, PpCHS1, PpCHS2, PpCHI, PpF3H, PpDFR1, PpDFR2, PpANS, and PpUFGT), transport genes PpGST1 and regulatory genes (PpMYB10.1, PpMYB10.2, and PpMYB10.3) in peel during the early irradiation period (0, 6, 12, 24, and 48 h) before the appearance of red coloration. Under dark condition, the assayed genes exhibited low expression levels and for some genes such as PpCHS1, PpDFR1, and PpUFGT, the transcript levels showed little change over time (Figure 2). In comparison to the low expression levels at the initial point (0 h), the expression profiles of the biosynthetic genes were up-regulated to various degrees in peel of fruit when exposed to the UV treatments. The transcripts of all assayed biosynthetic genes under different UV light conditions were elevated than control (Figure 2). After exposure to UV light for 6 h, the expression levels of all analyzed biosynthetic genes sharply increased (Figure 2). For example, the transcript levels of PpCHS1 and PpUFGT in the UV light-exposed fruit were at least 6-fold and 9-fold higher than the control. However, after exposure to UV light for 12 h, the transcript levels of PpCHI, PpF3H, PpANS, and PpGST1 decreased slightly. Pp4CL and PpCHS1 showed the highest expression after 24 h of UV light irradiation. Although there was a slight decline in the transcript abundance of some genes after irradiation for 48 h, the expression was consistently higher than the control, for instance, the transcript levels of PpDFR1 were at least 7-fold higher, 14-fold higher and 28-fold higher in the UV light-exposed fruit than that in the dark, respectively. In particular, the expression of PpGST1 continuously remained very low in the fruit under dark condition, while was strongly stimulated by UV light, showing a 43-fold, 155-fold, and 332-fold elevation at 48 h in UVA, UVB, and UVA + UVB light exposed fruit, respectively.
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FIGURE 2. Time course of the transcript levels of anthocyanin biosynthesis related genes in peach peel in response to continuous UV lights. UVA, 1,000 μw/cm2; UVB, 58 μw/cm2. Data were presented as means (±SE) from three independent biological replicates.


The expression patterns of the regulatory transcription factor genes (PpMYB10.1, PpMYB10.2, and PpMYB10.3) showed elevation by UV, but with different profiles. The transcript level of PpMYB10.1 was strongly induced by UV light and then decreased after prolonged exposure. The expression of PpMYB10.2 and PpMYB10.3 presented little change under UVA irradiation and transcript abundance was lower compared with PpMYB10.1 (Figure 2). The transcript levels of most genes were generally highest in peel of fruit irradiated with UVA + UVB, followed by UVA and UVB, while the expression were almost undetectable or showed low levels in control. Even though there were slight declines in transcription level at some time points, most genes reached the maximum transcription levels when treated with UVA + UVB for 24 h, which ensured the high transcription abundance detected in fruit at later stages. The results suggested that the coloration of the peel was able to be induced by the irradiation of UVA or UVB, and there was a synergistic effect of UVA and UVB in stimulating anthocyanin biosynthesis.



Expression Analysis of PpHY5 and PpCOP1.1 after UV Light Treatment

In Arabidopsis, it has been demonstrated that HY5 and COP1 play vital roles in light signal transduction pathway (Lau and Deng, 2012; Gangappa and Botto, 2016). Previously, we identified potential homologous genes in peach (named PpHY5, PpHYH, PpCOP1.1, and PpCOP1.2) (Zhao et al., 2017). To clarify their functions in UV light induced anthocyanin biosynthesis in peach fruit, the expression levels following UV light exposure were monitored.

PpHY5 expression exhibited a strong response to UV light irradiation (Figure 3). The transcript level of PpHY5 was low at the beginning (0 h); with UV there was a sharp increase which peaked within the first 6 h, and showed the highest accumulation level under UVA + UVB (about 4-fold higher than the control); from this peak there was a gradual decrease but expression remained higher than control (Figure 3). In Arabidopsis, HY5 HOMOLOG (HYH) has multiple overlapping functions with HY5 (Holm et al., 2002). In our study, the transcript level of PpHYH was similar to those of PpHY5, which increased at the beginning of irradiation but eventually decreased with continuous UV light (Figure 3). By contrast, the expression of PpCOP1.1 decreased gradually following irradiation with UVA or UVB or UVA + UVB while slightly increased in the control (Figure 3). However, PpCOP1.2 remained at quite low levels of expression with no obvious variation during the entire irradiation period among all different treatments (Figure 3). Overall, expression of PpHY5 and PpHYH increased following UV treatment while that of PpCOP1.1 was reduced. The transcript levels of these genes also responded quickly, within 6 h after the start of the treatment.
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FIGURE 3. Time course of the transcript levels of PpHY5, PpHYH and PpCOP1.1, PpCOP1.2 in peach peel in response to continuous UV lights. UVA, 1,000 μw/cm2; UVB, 58 μw/cm2. Data were presented as means (±SE) from three independent biological replicates.




PpHY5 and PpCOP1.1 Restored Hypocotyl Length and Anthocyanin Content in Arabidopsis Mutants under White Light

To confirm the roles of PpHY5 and PpCOP1.1 as light signal transduction related genes, we conducted the functional complementation assays with the Arabidopsis hy5 mutant and cop1 mutant transformed with PpHY5 and PpCOP1.1, respectively. At least three independent transgenic lines of each background were generated and confirmed by RT-qPCR. The transgenic lines (PpHY5/hy5, PpCOP1.1/cop1) with high expression of PpHY5 or PpCOP1.1 were chosen to compare with WT and hy5 or cop1 mutant by measuring hypocotyl length and anthocyanin content under all conditions in 5-day-old seedlings.

For plants grown under white light for five days, hy5 exhibited the longest hypocotyl phenotype (11.47 mm), while cop1 exhibited the shortest hypocotyl phenotype (3.55 mm) (Figure 4A). The constitutive overexpression of PpHY5 or PpCOP1.1 in corresponding mutant background restored the hypocotyl length under white light (Figure 4A). The concentrations of anthocyanin in all lines also showed difference to some degrees (Figure 4B). Compared to WT, cop1 displayed significantly higher accumulation of anthocyanin, and a lower level was observed in hy5. The anthocyanin levels were restored and enhanced in PpHY5/hy5 transgenic lines, reaching a level that was about 4.1-fold higher than that in hy5 mutant background (Figure 4B). In comparison, the anthocyanin accumulation was inhibited in the PpCOP1.1-complemented lines and decreased by 32% than those in cop1 mutant background (Figure 4B). Likewise, the genes encoding enzymes of the anthocyanin biosynthetic pathway (PAL, CHS, CHI, F3H, DFR, ANS, and UFGT) exhibited similar transcript accumulation trends consistent with anthocyanin content (Figure 4C). All these structural genes were generally lowly expressed in hy5 and highly expressed in cop1 relative to WT. For instance, the expression levels of ANS and UFGT decreased significantly in hy5 and were about 50 and 75% lower, whereas at least 5-fold and 4-fold higher in cop1 than that measured in WT. No significant differences in transcript levels of anthocyanin biosynthetic structural genes were found between PpHY5/hy5 or PpCOP1.1/cop1 transgenic lines and WT.
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FIGURE 4. Hypocotyl length (A), anthocyanin content (B) and the relative expression levels of anthocyanin biosynthesis related genes (C) in 5-day-old seedlings of wild type (WT), mutant (hy5, cop1) and transgenic plants (PpHY5/hy5, PpCOP1.1/cop1) grown under long-day condition (16 h 40 w/m2 white light/8 h dark cycle). For Arabidopsis transgenic plants, three independent lines for each target gene were used. Data were presented as means (±SE) from three independent biological replicates with 30 or more Arabidopsis seedlings collected for each replicate. Values labeled with different letters indicated a significant difference at P < 0.05.


To visualize the subcellular localization of PpHY5 and PpCOP1.1, we performed the confocal microscopy assays of N. benthamiana leaves transiently transformed with PpHY5-GFP and PpCOP1.1-GFP. Our results showed that both PpHY5-GFP and PpCOP1.1-GFP displayed signal in the nucleus under white light (Supplementary Figure 1). This was in consistent with the subcellular localization of AtHY5 and AtCOP1 (Hardtke et al., 2000; Osterlund et al., 2000; Lau and Deng, 2012). These data suggested that PpHY5 and PpCOP1.1 were the functional orthologous of AtHY5 and AtCOP1 and were able to participate in white-light-related photomorphogenesis.



PpHY5 Participated in UVA- and UVB-Induced Anthocyanin Accumulation in a PpCRY1 and PpUVR8.1 Dependent Manner

In Arabidopsis, AtHY5 is a key factor in photomorphogenic responses and acts as a downstream signaling intermediate of AtCRY1 and AtUVR8 (Binkert et al., 2014; Marzi et al., 2020). To determine whether the peach counterpart of these genes function in the same signaling cascade in Arabidopsis, we generated the PpHY5/hy5, PpCRY1/cry1, and PpUVR8.1/uvr8 transgenic lines. Five-day-old seedlings of WT, cry1 mutant and PpCRY1/cry1 transgenic lines were exposed to WWL + UVA for periods of 0–24 h and the expression of AtHY5 was examined. Upon WWL + UVA exposure, the transcript levels of AtHY5 were up-regulated and reached the maximum at 4 h (the upregulation ratio of PpCRY1/cry1 was 13-fold, for cry1 mutant it was 3-fold, for WT it was 16-fold), then a decreased occurred with the increment of irradiation time (Figure 5A). In comparison, AtHY5 in PpCRY1-overexpression seedling in cry1 background exhibited a similar transcript accumulation pattern as WT which was consistently higher than cry1 mutant. With complementation of the cry1 mutant, it can be concluded that PpCRY1 was a functional counterpart of AtCRY1 and could regulate AtHY5 expression in response to UVA irradiation.
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FIGURE 5. The expression of AtHY5 in the wild type (WT), cry1 mutant and PpCRY1/cry1 transgenic plant with different durations of continuous weak white light (WWL, 40 μw/cm2) + UVA irradiation (40 μw/cm2) (A) or in the WT, uvr8 mutant and PpUVR8.1/uvr8 transgenic plant with different durations of continuous WWL (40 μw/cm2) + UVB irradiation (10 μw/cm2) (B). For Arabidopsis transgenic plants, three independent lines for each target gene were used. 5-day-old seedlings grown under constant WWL were subjected to WWL + UVA or WWL + UVB irradiation for the indicated time span. Data were presented as means (±SE) from three independent biological replicates with 30 or more Arabidopsis seedlings collected for each replicate.


Similarly, after five days growth under white light, WT, uvr8 mutant and PpUVR8.1/uvr8 transgenic lines were transferred to WWL + UVB condition for periods of 0-24 h. Before WWL + UVB irradiation (0 h), AtHY5 displayed relatively low transcription levels in all lines (Figure 5B). After exposure to WWL + UVB, a UV-induced elevation in AtHY5 transcription occurred in WT, while no increase was observed in uvr8. However, the overexpression of PpUVR8.1 in uvr8 restored the ability of UVB to increase AtHY5 transcription. The transcript levels of AtHY5 showed a similar pattern in seedlings of PpUVR8.1/uvr8 transgenic lines and WT during the irradiation period, decreasing gradually after a rapid peaking within 4 h. This suggested that the PpUVR8.1 was a functional counterpart of AtUVR8 and could regulate the expression of AtHY5 in response to UVB irradiation.

As described above, AtHY5 participates in both UVA and UVB signaling pathways in the PpCRY1 and PpUVR8.1 dependent manner respectively, leading to regulation of hypocotyl elongation and anthocyanin biosynthesis. The PpHY5/hy5 transgenic line was used for measuring hypocotyl length and anthocyanin content under WWL, WWL + UVA, WWL + UVB or WWL + UVA + UVB condition. Among hy5, WT and PpHY5/hy5 transgenic line under different light conditions, hy5 consistently showed the longest hypocotyl length and the lowest anthocyanin content relative to other plants (Figure 6). When overexpressing PpHY5 in hy5, the phenotypes of inhibition of hypocotyl elongation and anthocyanin accumulation were restored to levels in WT. Upon UV light exposure, the hypocotyl length was suppressed and anthocyanin increased in PpHY5/hy5 transgenic line and WT as compared with those under WWL, but such phenotypes of photomorphogenesis were compromised in hy5 (Figure 6). A more profound effect on photomorphogenesis was observed when irradiated with both UVA and UVB (Figure 6). The observation was consistent with the result in peach fruit under UV light treatments, indicating that PpHY5 played a similar role to AtHY5, which directly participated in UVA- and UVB-induced photomorphogenic responses and acted as a central positive regulator downstream of PpCRY1 and PpUVR8.1 photoreceptors.
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FIGURE 6. Effect of different light treatments on hypocotyl length (A) and anthocyanin content (B) of 7-day-old seedlings of wild type (WT), hy5 mutant and PpHY5/hy5 transgenic plant. Seedlings were grown under continuous weak white light (WWL, 40 μw/cm2) supplemented with/without UVA (40 μw/cm2) or UVB (10 μw/cm2) or both together for different UV light treatments. For Arabidopsis transgenic plant, three independent lines were used. Data were presented as means (±SE) from three independent biological replicates with 30 or more Arabidopsis seedlings collected for each replicate. Values labeled with different letters indicated a significant difference at P < 0.05.




PpHY5 Activated the Expression of Anthocyanin Biosynthetic Genes, PpMYB10.1, and Its Own Expression

Previous studies have demonstrated that Arabidopsis HY5 binds to the G-box (CACGTG) and ACE (ACGT containing element) motifs in the promoters of target genes in response to light (Lee et al., 2007). In Arabidopsis PpHY5/hy5 transgenic lines, it was found that PpHY5 promoted the expression of anthocyanin biosynthetic structural genes (Figure 4C). In order to elucidate the function of PpHY5 in the regulation of anthocyanin accumulation in peach, the promoter regions (1,500 bp length) of anthocyanin biosynthetic genes and PpMYB10s were isolated.

Analysis of promoter sequences revealed the presence of putative cis-regulatory elements related to light signaling. The HY5-binding motifs (G-box and/or ACE motifs) were distributed in the promoters of 11 genes (PpCHS1, PpCHS2, PpCHI, PpF3H, PpF3’H, PpDFR1, PpANS, PpUFGT, and PpMYB10.1/2/3), with the total number ranging from one to seven for each promoter (Figure 7A). For example, five G-box motifs were identified in the PpCHS1 promoter, four G-box motifs, and one ACE motif were identified in the PpMYB10.1 promoter, while only one G-box motif and one ACE motif were identified in the PpANS promoter (Figure 7A). To validate the effect of PpHY5 on the transcription of anthocyanin biosynthetic genes, the promoter sequences of 11 genes were isolated and the dual-luciferase assay was conducted. When co-infiltrated with PpHY5, the highest activity was observed in the promoter of PpCHS1 (5.3-fold) followed by PpMYB10.1 (4.9-fold), PpCHS2 (4.1-fold), and PpDFR1 (3.3-fold) (Figure 7B). However, no obvious enhancements in luciferase enzyme activities were detected for other genes. Similarly, infiltration of PpHYH was also able to activate the promoters of both PpCHS1 (2.9-fold) and PpDFR1 (2.6-fold), while no obvious change in activation was observed on the promoters of either PpCHS2 or PpMYB10.1 or other genes (Figure 7B). Compared with PpHY5, PpHYH showed a similar but weaker ability to activate the promoters of both PpCHS1 and PpDFR1. Taken together, these findings indicated that PpHY5 functioned as a positive transcriptional regulator for anthocyanin accumulation via activation of anthocyanin biosynthetic genes, possibly via binding directly to their promoters at G−box and ACE motifs.
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FIGURE 7. Activation/self-activation of anthocyanin biosynthesis related genes by PpHY5 or PpHYH. (A) Upstream sequences (1500 bp) of anthocyanin biosynthesis related genes with G-box and ACGT containing element (ACE) motifs presented as green circles and blue triangles in the promoters, respectively. (B) Effects of PpHY5 or PpHYH on the promoter activity of anthocyanin biosynthesis related genes in dual-luciferase assays. (C) Effects of PpHY5 or PpHYH on the promoter activity of PpHY5 in dual-luciferase assays. (D,E) Schematic diagrams of motif mutations for the PpHY5 promoter (D) and effects of PpHY5 on the activity of original and mutated promoters in dual-luciferase assays (E). The ratio of LUC/REN of the empty vector (SK) plus promoter was used as the calibrator (set as 1). LUC: firefly luciferase; REN: renilla luciferase; green circles: G-box; blue triangles: ACE motif; blue circles: E-box; red circles: mutated E-box. Data were presented as means (±SE) from six independent biological replicates and Student’s t-test was used for statistical analyses compared with corresponding control. Asterisks (∗∗) indicated a highly significant difference at P < 0.01.


We also analyzed the effects of PpHY5 and PpHYH on the promoter activity of PpHY5 itself. PpHY5 and PpHYH significantly stimulated PpHY5 promoter activity with the ratio of LUC to REN of 6.6 and 4.3 respectively (Figure 7C). To investigate the specificity of the interaction between PpHY5 and the PpHY5 promoter, we performed a combination of cis-regulatory element mutations and the dual-luciferase assays to compare the activation levels. Four predicted E-box motifs were found in the promoter of PpHY5 and designated as E-box-1, E-box-2, E-box-3 and E-box-4 respectively (Figure 7D). As shown in Figure 7E, when E-box-2 (CAAATG) within the PpHY5 promoter was mutated to ACAAGT, the trans-activation activity of PpHY5 on PpHY5-m2 promoter was attenuated by 74%. In contrast, PpHY5 still showed similar activation towards other mutated PpHY5 promoters (PpHY5-m1, PpHY5-m3 and PpHY5-m4) with the induction of 5.6-, 7-, and 6.4-fold, with no significant difference relative to the native PpHY5 promoter (Figure 7E). These results suggested that PpHY5 might recognize E-box-2 to specifically activate its own transcription.



DISCUSSION


UVA and UVB Increased Anthocyanin Accumulation in Peach by Up-Regulating the Expression of Anthocyanin-Related Genes

Peach is an economically important fruit crop cultivated worldwide. Fruit coloration is one of the critical traits of exterior quality and commercial value for the consideration in consumer choice. Anthocyanin is the predominant component responsible for red pigmentation in peach fruit (Cheng et al., 2014). Light is an essential environmental factor influencing the production of anthocyanin and fruit coloration in peach, indicating the light signaling pathway is involved in the process (Zoratti et al., 2014). In this study, we conducted the comprehensive analysis of the effects of different UV lights on anthocyanin accumulation in peach. The results showed that peach fruit accumulated anthocyanin under UVA or UVB treatment and the induction was strengthened by the irradiation of UVA and UVB together (Figure 1). The induction was due to enhanced expression of genes encoding enzymes of the anthocyanin biosynthetic pathway.

The effects of UV irradiation on anthocyanin accumulation were not apparent until after continuous UV light treatment for 72 and 144 h. However, the transcript levels of multiple genes were induced in a short time (Figure 2). The results were similar with the significant elevation in the transcripts of AtCHS, AtF3H, and AtDFR in Arabidopsis under blue light treatment for 1 h (Cominelli et al., 2008). Maximum transcriptional response was observed following irradiation with of UVA + UVB, which correlated with anthocyanin accumulation. The molecular evidence of the synergistic effect of UVA + UVB on the regulation of anthocyanin biosynthesis needs further study.



The Function of PpHY5 Is Conserved in Different Light Signaling Pathways for Anthocyanin Accumulation

HY5, a member of the bZIP family transcription factor, is an essential regulator in multifaceted developmental processes, such as photomorphogenesis, pigment accumulation, chloroplast development, nutrient assimilation, and carbon/nitrogen balance (Gangappa and Botto, 2016). HY5 has also been functionally characterized to be involved in the regulation of anthocyanin accumulation in response to light in a variety of plants (Shin et al., 2013; Jiang et al., 2016; An et al., 2017). After exposure to blue light, the transcript level of SlHY5 in tomato was induced sharply within 3 h, and the SlHY5 protein accumulated steadily and peaked at 48 h (Liu et al., 2018). In peach, PpHY5 had a strong response to both UVA and UVB at the transcription level, and the expression rapidly increased within 6 h. Expression of PpHYH, the closest homolog of PpHY5, was also induced by UVA and UVB treatments. Meanwhile, a decrease in the transcription level of PpCOP1.1 was observed.

In Arabidopsis under white light, the hy5 mutant exhibited skotomorphogenic phenotype with less anthocyanin content and longer hypocotyl length, conversely the cop1 mutant presented photomorphogenic phenotype with higher anthocyanin content and short hypocotyl length. Overexpression of PpHY5 in hy5 and PpCOP1.1 in cop1 restored wild type phenotypes under white light (Figure 4A). Moreover, the RT-qPCR analysis showed that anthocyanin biosynthetic structural genes, including AtPAL, AtCHS, AtCHI, AtF3H, AtDFR, AtANS, and AtUFGT, were significantly up-regulated in PpHY5/hy5 and down-regulated in PpCOP1.1/cop1 transgenic lines than those in the corresponding mutant (Figure 4C). The phenotypes in Arabidopsis transgenic lines and mutants implied that PpHY5 and PpCOP1.1 acted as counterparts. Under WWL, PpHY5 also directly participated in UVA- and UVB-induced anthocyanin accumulation which depended on PpCRY1 and PpUVR8.1 photoreceptors, indicating that PpHY5 exhibited a positive regulatory role in anthocyanin biosynthesis in response to various wavelengths of light environment.

We further investigated the role of PpHY5 in the regulation of anthocyanin accumulation using the dual-luciferase assay. PpHY5 positively activated the transcription of PpCHS1, PpDFR1, PpCHS2, and PpMYB10.1 (Figure 7B). This is similar to results seen in tomato, apple, and pear (An et al., 2017; Liu et al., 2018; Tao et al., 2018). We also found that PpHYH had a similar effect to PpHY5 in regulating anthocyanin accumulation (Figure 7B). In addition, PpHY5 could bind to the E-box to regulate its own transcription (Figure 7E). As hypothesized, UVA and UVB light signals for anthocyanin biosynthesis were via PpHY5 in peach (Figure 8). These findings suggested that PpHY5 had a conserved function across different species and various wavelengths of light in regulating anthocyanin accumulation.
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FIGURE 8. A possible model for UVA- and UVB-induced anthocyanin biosynthesis in peach fruit. The UV light receptors PpCRY1 and PpUVR8.1 respectively perceive UVA and UVB light signals and influences the expression of PpHY5, an essential regulator in UVA and UVB signaling pathway. PpHY5 positively induces its own transcription by interacting with an E-box in its own promoter and activates the expression of PpMYB10.1 to regulate anthocyanin accumulation. The transcription of anthocyanin biosynthetic structural genes is directly regulated by PpMYB10.1 and some of them were also regulated by PpHY5. The blue arrows indicate the pathways verified in the present work. The black arrows indicate the pathways that have been previously reported in peach.




PpCRY1 and PpUVR8.1 Contributed to UVA and UVB Signaling Pathways in Peach

Many studies have revealed that the photoreceptors are indispensable for anthocyanin biosynthesis. VviUVR1 and MpUVR8, the UVB receptors in grape and liverwort, played a predominant role in the UVB-induced flavonoid accumulation (Loyola et al., 2016; Clayton et al., 2018). The phenotypes of alleviated hypocotyl elongation inhibition and decreased anthocyanin accumulation were observed in the antisense Brassica napus CRY1 (BnCRY1) transgenic plant (Chatterjee et al., 2006). In apple, cryptochrome genes MdCRY1 and MdCRY2 have been identified to regulate anthocyanin accumulation and MdCRY2 also participated in the photoperiodic control of flowering (Li et al., 2013a,b). Overexpression of SlCRY1a led to higher anthocyanin accumulation in tomato (Liu et al., 2018) and SlUVR8 mediated the expression of SlCHS in response to the UVB environment (Li et al., 2018). We cloned the PpCRY1 and PpUVR8.1 from peach and characterized their functions as UVA and UVB receptors by complementation of Arabidopsis mutants. In our study, overexpressing PpUVR8.1 or PpCRY1 in the corresponding transgenic line promoted the expression of AtHY5 in response to UVA or UVB irradiation, respectively. The results provided evidences that PpCRY1 and PpUVR8.1 acted as the photoreceptors of UVA and UVB and were associated with eliciting the transcript accumulation of HY5.

In conclusion, our study showed that UVA and UVB accelerated anthocyanin biosynthesis in the peel of “Hujingmilu” peach. The functions of crucial genes and photoreceptors in UV light signaling transduction pathways from peach were clarified. The data suggested that PpHY5 was both involved in UVA- and UVB-induced anthocyanin accumulation via a relatively conserved signaling pathway in PpCRY1-dependent and PpUVR8.1-dependent manner, respectively (Figure 8). PpHY5 regulated anthocyanin accumulation by activating the expression of anthocyanin biosynthetic-related genes. However, the results were mainly based on transcriptional control, which still needs to be verified at the post-transcriptional level in future experiments. Additionally, it would be worthy to investigate whether a direct interaction or an indirect interaction containing other unknown factors exists between PpCRY1 or PpUVR8.1 and PpHY5.
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Photomorphogenesis in the Picocyanobacterium Cyanobium gracile Includes Increased Phycobilisome Abundance Under Blue Light, Phycobilisome Decoupling Under Near Far-Red Light, and Wavelength-Specific Photoprotective Strategies
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Photomorphogenesis is a process by which photosynthetic organisms perceive external light parameters, including light quality (color), and adjust cellular metabolism, growth rates and other parameters, in order to survive in a changing light environment. In this study we comprehensively explored the light color acclimation of Cyanobium gracile, a common cyanobacterium in turbid freshwater shallow lakes, using nine different monochromatic growth lights covering the whole visible spectrum from 435 to 687 nm. According to incident light wavelength, C. gracile cells performed great plasticity in terms of pigment composition, antenna size, and photosystem stoichiometry, to optimize their photosynthetic performance and to redox poise their intersystem electron transport chain. In spite of such compensatory strategies, C. gracile, like other cyanobacteria, uses blue and near far-red light less efficiently than orange or red light, which involves moderate growth rates, reduced cell volumes and lower electron transport rates. Unfavorable light conditions, where neither chlorophyll nor phycobilisomes absorb light sufficiently, are compensated by an enhanced antenna size. Increasing the wavelength of the growth light is accompanied by increasing photosystem II to photosystem I ratios, which involve better light utilization in the red spectral region. This is surprisingly accompanied by a partial excitonic antenna decoupling, which was the highest in the cells grown under 687 nm light. So far, a similar phenomenon is known to be induced only by strong light; here we demonstrate that under certain physiological conditions such decoupling is also possible to be induced by weak light. This suggests that suboptimal photosynthetic performance of the near far-red light grown C. gracile cells is due to a solid redox- and/or signal-imbalance, which leads to the activation of this short-term light acclimation process. Using a variety of photo-biophysical methods, we also demonstrate that under blue wavelengths, excessive light is quenched through orange carotenoid protein mediated non-photochemical quenching, whereas under orange/red wavelengths state transitions are involved in photoprotection.

Keywords: cyanobacteria, photosynthesis, light-quality acclimation, pigment composition, imbalance


INTRODUCTION

To be able to survive in ever-changing environments is a critical biological need, and survival/acclimation strategies rely on complex regulatory processes. Sunlight, which is the most important environmental factor for photoautotrophs, and the energy source for most life on Earth, changes continuously – seasonally, daily and also on more rapid time scales. Temporary and spatial changes in light intensities are often accompanied by spectral changes in the available light both in terrestrial and aquatic habitats. In aquatic environments, photosynthetic microorganisms at the surface of the water column are exposed to intense, red-enriched light, while the spectra of available light at moderate or high depth are dominated by green and blue light (or blue light alone). In optically complex environments, such as in shallow waters, the spectrum of available light is affected by the concentration of organic and/or inorganic particles and by the reflection from the lake/sea floor (Maritorena et al., 1994; Ackleson, 2003). Photosynthetic macro- and microorganisms have developed several molecular mechanisms to respond to changes in light quantity and quality to protect themselves from damage by excess light and to optimize their photochemical efficiency at sub-optimal light conditions.

The central features of oxygenic photosynthesis are two sequentially coupled photosystems, photosystem II (PSII) and photosystem I (PSI), located in the thylakoid membrane and connected by the intersystem electron transport chain. Photoautotrophs must regulate the number of light quanta reaching the reaction centers and also light energy distribution between the two photosystems. In the absence of such regulation, the electron transport chain can become under- or oversaturated; while the former involves sub-optimal photosynthetic performance, the latter promotes formation of triplet chlorophyll (Chl) (primarily triplet P680, primary donor of PSII) and, in turn, reactive oxygen species that cause severe damage to cellular components. Adjusting the light-harvesting antenna size and composition, and tuning PSII/PSI ratios according to incident light is a general phenomenon in long-term light acclimation (Fujita et al., 1994; Fujita, 1997; Dietzel et al., 2008).

Various algae and cyanobacteria are able to sense and respond to spectrally variable ambient light conditions (Fujita et al., 1985; Rockwell et al., 2014; Wiltbank and Kehoe, 2016). In cyanobacteria, specific photosensory proteins, cyanobacteriochromes (CBCRs) are employed to detect the spectral quality of irradiance (Fiedler et al., 2004; Ikeuchi and Ishizuka, 2008; Rockwell and Lagarias, 2010). CBCRs exhibit a broad range of wavelength sensitivities, covering the entire visible and near-UV spectrum. The main CBCR function is the regulation of cyanobacterial chromatic acclimation (CA), the mechanisms responding to changes of the ambient spectral light quality (Gutu and Kehoe, 2012; Montgomery, 2017).

Chromatic acclimation occurs in various freshwater and marine habitats and classified into six different types according to the changes in the pigment composition of the of the cyanobacterial light-harvesting antennae, the phycobilisomes (PBS) (Tandeau de Marsac, 1977; Gutu and Kehoe, 2012). In this classification the two distinct phycobiliproteins (PBPs) of the peripheral PBS rods, phycocyanin (PC) and phycoerythrin (PE) have a central role. Species belonging to Group I fail to exhibit change in either PC or PE content in response to changing light. Group II species can adjust PE levels only: they have high PE content under green and low PE content under red light. Species in Group III perform the most dramatic CA known as “complementary chromatic adaptation” that has been described more than a century ago (Engelmann, 1883). They vary PE levels in a similar way as in group II, but, in addition, adjust PC levels to reverse direction, i.e., increase it under red and decrease it under green light. The fourth type of CA responds to blue and green light (Palenik, 2001), and it is specific to deep marine environments (typical representatives are various Synechococcus strains). In CA4, similar to CA1, there are no significant changes in PE or PC levels; however, ratios of the two PE-bound chromophores, phycourobilin (blue light absorbing) and phycoerythrobilin (green light absorbing), do change (Everroad et al., 2006). CA5 and CA6 are involved in acclimation to far-red light and involve specific pigments such as chlorophyll d and chlorophyll f (Sanfilippo et al., 2019).

Although members of CA Group I, same as CA-incapable strains, do not alter their PC and/or PE levels in response to changing light colors, they do sense light color and perform photomorphogenesis (Fujita et al., 1985, 1987, 1994; Fujita and Murakami, 1987; Fujita, 1997; Fiedler et al., 2004; Bernstein et al., 2014). These studies revealed changes in growth rates, and abundance and stoichiometry of photosystems, cytochrome b6f, and PBSs in response to the color of growth light. However, most of these investigations are restricted only to a few (most often: two) selected growth lights (e.g., PBP and Chl a light), rather than covering the entire visible range. Very recently, Luimstra and her co-workers systematically investigated the paradox, why cyanobacteria utilize blue light much less efficiently than orange or red light (Luimstra et al., 2018) growing Synechocystis sp. PCC 6803 under blue (425 nm), orange (625 nm) or red (660 nm) light. They combined growth rate determinations, O2-yield measurements and UV-Vis, and fluorescence spectroscopy measurements and found an imbalance between PSII and PSI and a related energy deficiency at PSII in cultures grown under blue light.

In this work, we comprehensively study the photomorphogenesis of the unicellular cyanobacterium Cyanobium gracile (a strain without any previous record of CA) over the full visible light range from violet to far red light, using nine monochromatic growth lights. We characterize long-term acclimation strategies in terms of pigment composition, light harvesting and energy distribution, redox homeostasis, and cellular plasticity. C. gracile naturally occurs in turbid freshwater shallow lakes with an optically complex environment, like Lake Balaton (Felföldi et al., 2011). However, wavelength-specific acclimation strategies in this strain have not been studied up to date. We observed unusual fluorescence properties of C. gracile cells when cultivated under certain wavelengths, similar to those found in strong-light exposed Synechocystis with high PBS emission (Tamary et al., 2012). The phenomenon was the most pronounced in cells grown under 687 nm light. We interpreted these properties as a signature of substantial excitonic decoupling induced by continuous weak light under certain physiological conditions. This suggests that suboptimal photosynthetic performance of C. gracile cells grown under near far-red light is due to a solid redox- and/or signal-imbalance, which leads to the activation of this light acclimation process. In addition, we found wavelength-specific changes in cell morphology, pigment content, photoprotection, and photosynthetic efficiency, suggesting a high level of light utilization plasticity and previously unrecognized light acclimation strategies in C. gracile.



MATERIALS AND METHODS


Strain and Culture Conditions

The Cyanobium strain was isolated from Lake Fertő, Austria, and is being deposited as strain ACT 1026 at the Algal Collection Tihany, Hungary. Its 16S rRNA nucleotide sequence shows 100% similarity to that of Cyanobium gracile sp. PCC 6307 (Rippka and Cohen-Bazire, 1983; Felföldi et al., 2011). Cells were grown in Erlenmeyer flasks at 24°C in liquid BG11 medium (Stanier et al., 1971) as semi-continuous batch cultures, exposed to 25 μmol photons m–2 s–1 diffuse light, placed onto a home-built cultivation apparatus with monochromatic light emitting diodes (LEDs), using a 14:10 h light-dark regime. Nine different growth lights, from 435 to 687 nm, were applied, using the following power LEDs: FD-34UV-Y1 (peak wavelength: 435 nm), FD-3B-Y1 (465 nm), FD-32G-Y1 (495 nm), FD-3G-Y1 (520 nm), FD-3Y-Y1 (596 nm), FD-3A-Y1 (615 nm), FD-3R-Y1 (633 nm), FD-333R-Y1 (663 nm), FD-34R-Y1 (687 nm) (Shenzhen Fedy Technology Co., Ltd., Shenzhen, China). LED emission spectra, corrected by the photosynthetically usable radiation, PUR, accessible to the corresponding cultures, are shown in detail in Figure 1A. Cultures were shaken manually once a day. By considering the growth rates of the cultures at selected wavelengths (see section “Results”), cultures were diluted to an appropriate cell density in advance (usually 4 days before the measurements), resulting in OD750 = 0.2 at the day of the measurements (see the next section for further details). Such setup provided appropriate (long-term) light acclimation and secured keeping the cells in the exponential growth phase.
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FIGURE 1. (A) Emission spectra of the LEDs used for cultivation of C. gracile ACT 1026 (solid lines, left axis). The areas under the individual spectra correspond with photosynthetically usable radiation (PUR; dashed line and numbers on top, right axis) based on the UV-Vis spectra of the C. gracile cells grown under monochromatic lights (as detailed in Figure 2B). Growth rates (B), cellular volumes (C) and ETR parameters (D–F) were determined for C. gracile during semi-continuous cultivation under monochromatic lights as shown in panel (A). ETR (D), ETRmax (E) and α (F) were determined by SP analysis of the corresponding fluorescence induction curves [(D); see also Supplementary Figure 6] and rapid light curves (E,F) using 625 nm ML and AL. (For other ML’s and AL’s, see Supplementary Figure 1.) Values of three biological replicates were averaged; standard errors are indicated as error bars in panels (B–F). Dashed lines in panels (A–F) represent the trend lines.




OD Determination, Cell Counting and Determination of Growth Rates

Optical density of the cultures was determined at 750 nm using a U2900 Hitachi double beam spectrophotometer (Hitachi, Tokyo, Japan). Cells were counted and size-determined using a Cellometer Auto M10 (Nexcelom Bioscience, Lawrence, MA, United States) and an ImageStream MkII imaging flow cytometer (Amnis Corp., Seattle, WA, United States), respectively. Right after harvesting, cells were treated with 2% formaldehyde and incubated for 10 min at room temperature. The fixed cells were stored at –20°C until further use (up to 3 weeks). Prior to further analysis, samples were thawed slowly (during ∼1 h) at room temperature. To discriminate C. gracile cells from debris/bacterial contamination, 5 μL of SYBR Green I was added to each sample. During cytometric analysis, gating of the measured populations was applied to discriminate (i) focused objects (via combined use of RMS gradient and Threshold Mask features of the IDEAS instrumental software) and (ii) round objects (width/length ratio from 0.9 to 1.0). The imaging flow cytometer was calibrated using non-fluorescent microspheres (1–15 μm, Thermo Fisher Scientific, Waltham, MA, United States), and the results were validated with an Axio Imager 2 light microscope (Carl Zeiss, Oberkochen, Germany). During cytometric analysis, Chl a and PBS autofluorescence (excitation: 642 nm, detection: 642–745 nm) were also recorded to validate selection of the cells within all measured objects. Bright field images were used for cell size analysis; and mean cell volumes in the cultures were calculated assuming spherical cell shapes. At OD750 = 0.2 cell densities varied between 3.5 and 7.7 × 107 cells mL–1. Growth rates were determined by fitting the OD750 values by an exponential function.



Photosynthetic Activity Measurements

Photosynthetic performance of C. gracile under actinic light (AL) illumination was probed using a Multi-Color-PAM (MC-PAM; Walz, Effeltrich, Germany) by recording fluorescence induction, OJIP and rapid light curves. Photosynthetically relevant parameters [e.g., electron transport rates (ETR)] were determined using saturating pulse (SP) analysis under five different (default) AL and measuring light (ML) wavelengths of the instrument: 440, 480, 540, 590, and 625 nm. In all cases, AL and ML were set to the same color. Importantly, for all but one (Figure 2A) figures in the main text 625 nm AL and ML are used and additional data (when relevant) are provided in the Supplementary Material. Fluorescence induction curves with 5 min AL period were recorded after 20 min of dark acclimation; AL intensity at each wavelength was set to 100 μmol photons m–2 s–1, which (moderate) light intensity was sufficiently high to induce fluorescence transients. AL intensities during rapid light curve recordings stepwise increased from 0 to 1300–1700 μmol photons m–2 s–1 (depending on the AL used) through 20 individual steps of 30 s duration each, following default protocol settings defined by the manufacturer. Here, besides the first (dark) step, no extra dark acclimation was applied. Functional absorption cross-section of PSII, σII, was determined after 20 min of dark acclimation, using the default script “Sigma1000cyano.”
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FIGURE 2. (A) Functional absorption cross-section of PSII, σII, as a function of actinic light (AL) wavelength in C. gracile sp. ACT 1026 cells grown under monochromatic lights (as detailed in Figure 1A). Values of three biological replicates were averaged; standard errors are indicated as error bars. (B) Absorbance spectra of C. gracile grown under particular monochromatic lights. Spectra were baseline corrected and normalized to the 680 nm Chl a Q-band. Each spectrum represents the average of three biological replicates; error intervals are not shown for clarity. (C) A625/A680 ratios as a function of growth light. Averaged absorbance spectrum of cultures grown under 615 nm light is shown as a reference. The legends in panel (A,B) indicate the wavelengths of growth lights.


Fast fluorescence induction kinetics (OJIP) was recorded by Fast Kinetics MC-PAM feature after 360 s of dark acclimation, using FastKin_Def trigger settings and saturation pulses of five wavelengths (440, 480, 540, 590, and 625 nm) and of maximal intensity up to 20 000 μmol photons m–2 s–1.



Absorption (UV-Vis) Spectroscopy

Whole cell absorption spectra were recorded by Unicam UV 500 scanning spectrophotometer (Thermo Spectronic, Cambridge, United Kingdom) using a pair of 1-mm transparent quartz cuvettes placed into the outer cuvette holder of the instrument (with shorter optical path length, which is beneficial for recording absorption spectra of cell suspensions with substantial light scattering). In order to obtain a high signal-to-noise ratio, 120 nm/min scan speed and 2.0 nm bandwidth were applied.



Low Temperature Fluorescence Emission and Excitation Spectroscopy

A total of 10 mL of cell suspension was filtered through a 25 mm GF/B glass microfiber filter (Whatman, Maidstone, United Kingdom) under dim light. Moist, oval-shaped fragments (∼1 cm × 0.3 cm) were cut using a deformed cork drill stored at −80°C prior to use (up to 6 months). For measurements, the fragments were placed into the cavity of a copper finger of a home-made apparatus (Prášil et al., 2009) and were immersed into a transparent Dewar flask filled with liquid nitrogen. A total of 77 K fluorescence emission spectra were recorded using an SM-9000 spectrophotometer (Prášil et al., 2009; Photon System Instruments [PSI], Brno, Czechia) upon excitation with 457 or 534 nm light (20 nm bandwidths) for Chl and phycobilin excitation, respectively. Three individual spectra of three replicates (9 in total) were recorded, baseline-corrected and averaged.

Fluorescence excitation spectra were recorded similarly using an Aminco-Bowman AB2 Luminescence Spectrometer (SLM Spectronic Instruments, Rochester, NY, United States) with fluorescence emission recorded at either 655, 685, 728, 745, or 765 nm. Both the excitation and emission bandwidths were set to 4 nm. Three individual traces of each sample were averaged, and the raw data were divided by the signal from the reference photomultiplier tube to provide a first-order quantum correction.



Pigment Analysis

Phycobiliprotein content was estimated by semi-quantitative analysis of the whole-cell absorption spectra, based on the method of Bennett and Bogorad (1973), and followed by normalizing the phycobilisome content to the respective absorbance at 750 nm. Although the extinction coefficients determined by Bennett and Bogorad (1973) are specific for 1 cm optical path length, due to the linear dependence of the absorbance on path length, they can also be used for semi-quantitative determination e.g., in 1 mm cuvettes.

Chlorophyll and carotenoid contents of the samples were determined by high-performance liquid chromatography (HPLC). Cells from 10 mL cultures aliquots were harvested on a Whatman glass microfiber filter (GF/B; ∅ 25 mm) and were kept frozen at –80°C until extraction (for less than 2 weeks). Soluble pigments were extracted by adding 500 μL of pure acetone and concomitant shaking for 30 min at 1,000 rpm in the dark at 25°C. Insoluble constituents were span down at 11 500 × g at 4°C for 10 min, and the supernatant was passed through a polytetrafluoroethylene (PTFE) syringe filter with a pore size of 0.2 μm.

Carotenoid composition of the acetonic extracts was analyzed using a Shimadzu Prominence HPLC system (Shimadzu, Kyoto, Japan) consisting of two LC-20AD pumps, a DGU-14A degasser, a SIL-30A automatic sample injector, a column thermostat and a Nexera X2 1024-element photodiode-array detector. Chromatographic separations were carried out on a Phenomenex Synergi Hydro-RP 250 × 4.6 mm column with a particle size of 4 μm and a pore size of 80 Å. 20 μL aliquots of acetonic extract were injected to the column and the pigments were eluted by a linear gradient from solvent A (acetonitrile, water, trimethylamine; in a ratio of 9:1:0.01) to solvent B (ethyl acetate). The gradient from solvent A to solvent B was run from 0 to 25 min at a flow rate of 1 mL/min. The column temperature was set to 25°C. Eluates were monitored in a wavelength range of 260 to 750 nm. Pigments were identified according to their retention time and absorption spectrum and quantified by integrated chromatographic peak area recorded at the wavelength of maximum absorbance for each pigment using their corresponding absorption coefficient.



Confocal Microscopy

Confocal microscopy were performed using a Leica DMi8 confocal microscope (Leica, Wetzlar, Germany) equipped with a HC PL APO CS2 63×/1.4 oil objective and a TD 488/552/638 main beam splitter. Cells were immobilized on a thin (<1 mm) layer of solid BG11 agar and placed upside down onto a cover slide. Chl a and PBS autofluorescence were excited using the 488 and 638 nm lasers, respectively, and were detected over the 690–790 nm and 650–680 nm spectral windows with PMT detectors. The microscope provided a 2048 × 2048 pixel resolution with a 183.65 × 183.65 μm picture size (90 nm/pixel). Images were processed using the ImageJ (1.52c) open source Java image processing program (Schneider et al., 2012). In order to exclude low intensity background images, fluorescence channels were separated and images were converted into a 32 bit floating point format using a macro. The mean fluorescence intensity of the cells was calculated as an average intensity above the threshold. For statistical analysis, intensity profiles for both channels were evaluated along the cellular cross sections and fluorescence intensities of pixels positioned with identical distances from the geometrical center of cells were averaged. Ratios of the fluorescence intensities at centers of cells (first values of the folded datasets) and intensities of membrane regions (corresponding maxima) were calculated.



RESULTS


Growth Rates, Electron Transport Rates, and Overall Fitness of the Cell Cultures

Growth rates of C. gracile was found to be wavelength-dependent. Similarly to other cyanobacteria (Wyman and Fay, 1986; Luimstra et al., 2018), C. gracile grows slowly under violet, blue and green light, and relatively fast under red light. Plotting the growth rates against wavelength of growth light shows the lowest rates at around 465–495 nm (μ = 0.12–0.16 d−1), and a broad plateau of high growth rates (μ = 0.52–0.58 d−1) from 596 to 663 nm (Figure 1B). The observed slow growth at the blue-blue green spectral region was accompanied by low maximal culture densities (data not shown). Reaching the far-red region (687 nm) resulted in considerably slower growth rates again (Figure 1B). This pattern does not fit the changes in PUR (in fact, it was more or less the opposite; Figure 1A), hence, cannot be explained by changes in light quanta absorbed (see section “Discussion” for further details).

Interestingly, growth rates correlated considerably with cell volumes, i.e., the cells were smaller in most cultures grown under violet to green and under near far-red light, and larger in cultures grown under orange to red light (Figure 1C), albeit the relative difference in cell volumes was much smaller (up to 9%) than the corresponding difference in growth rates (up to 4.8-fold). Nevertheless, the insufficient microbial growth under sub-optimal light conditions was accompanied by smaller cell volumes. To elucidate such dramatic wavelength dependence of growth, we further probed how pigment levels, light capture and distribution, and other bio-energetically relevant parameters did also change (or did not change) with varying growth light.

In order to address the latter issue, steady-state and maximal PSII-mediated electron transport rates (ETR(II) and ETR(II)max, respectively) were determined by SP analysis of the corresponding fluorescence induction curves and rapid light curves (Figures 1D,E, respectively). Irrespective of the applied AL color, the light quality dependences of both parameters were similar to those of the growth rates (Figure 1B and Supplementary Figure 1), showing, not surprisingly, a tight correlation between photosynthetic performance and growth characteristics. Nevertheless, the relatively large variation in growth rates (4.8-fold, see above) was accompanied by a smaller variation in ETR values (2.1-fold), indicating a non-proportional (linear) relationship between ETR and growth rates. Noteworthy, steady-state ETR(II), apparently, exceeded ETR(II)max in some cases (compare Figures 1D,E), which, possibly, was due to the different approach applied at determining these parameters (see section “Materials and Methods”) and also state transitions occurred during rapid light curves (see section “Photosynthetic Performance” for details). Slopes of the ETR light curves in the initial, light-limited phase, α (Figure 1F) showed similar light quality dependence as the other, above mentioned parameters; however, performed a much smaller overall variability (i.e., photosynthetic performance in the light-limited phase did only weakly depend on growth light). The lowest α value (i.e., theoretical maximal ETR at any light intensity) belonged to the cultures acclimated to 687 nm light, showing an impaired electron transport in these cultures.



Light Absorption and Pigment Composition

The AL-color dependency of the functional absorption cross-section of PSII, σII, showed a similar pattern to that of Synechocystis sp. PCC 6803 (Schreiber et al., 2012): low σII values up to 540 nm, and a remarkable increase above this wavelength (Figure 2A). The AL-color dependency of σII was irrespective of the growth light with only one exception: the C. gracile cells grown under 687 nm showed significantly relatively smaller cross section of PSII as compared to other cultures when 625 nm (i.e., red) AL was applied (one-way ANOVA followed by Tukey’s HSD post hoc test; p < 0.05). This smaller functional antenna size may explain the lower α of these cultures (see previous paragraph).

The minimal growth rates of C. gracile at 465 and 495 nm (Figure 1B) can be explained by the combination of ineffective utilization of the blue-blue green light in cyanobacteria (see also Luimstra et al., 2018, and references therein) and the absorbance profile of the cells showing a remarkable drop in Chl absorption at the red side of the Soret band (Figure 2B). In general, the absorbance spectra of C. gracile were similar to that of other cyanobacteria (see e.g., Kopečna et al., 2012; Luimstra et al., 2018) with Chl a Soret band at 440 nm (together with two shoulders at 387 and 420 nm) and a Q-band at 680 nm, a carotenoid shoulder at 485 nm, and phycocyanobilin absorption peaked at 625 nm. The recorded spectra showed high variability, mainly due to alterations in phycobilin absorption, which displayed strong dependency on the wavelength of the growth light (Figure 2B). Plotting the A625/A680 ratios against growth wavelengths revealed high PBS to Chl ratios over the violet to blue-green region with the highest A625/A680 ratio at around 465–495 nm, as well as at 687 nm, and a low, stable PBS abundance between these wavelengths (Figure 2C). Semi-quantitative analysis of the cellular PBP content showed a similar trend with the same local maxima, however, with about 60% more PBS in the blue part of the spectra as compared to the near far-red region (Figure 3A). These results imply a low Chl content in the 687 nm grown cells, in agreement with direct determination of the Chl a levels by HPLC (Figure 3B). Unsurprisingly, normalization of the PBP content to the Chl concentration, revealed the same trend as of the A625/A680 ratios (Figure 2C and Supplementary Figure 2). Besides, the remarkably high absorbance and modified spectral shape of the 687 nm grown cultures in the blue spectral region suggests an elevated carotenoid level in these cells (as compared to Chl a), which is also supported by a more intense carotenoid shoulder at 485 nm (Figure 2B; Kopečna et al., 2012). This, again, is well supported by HPLC data (Figures 3C–F).
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FIGURE 3. Pigment contents in C. gracile sp. ACT 1026 cultures grown under monochromatic lights (as detailed in Figure 1A). Total phycobiliprotein content of the cultures (A) was determined based on the absorbance spectra shown in Figure 2B, while the levels of Chl a and carotenoids (B–F) were determined by HPLC. Pigment levels were normalized either to OD750 [(A), total phycobiliprotein; (B), Chl a; (C), total carotenoid] or to the corresponding Chl a concentration [(D), total carotenoid; (E), zeaxanthin; (F), β-carotene]. Phycobiliprotein to Chl a ratios are shown in Supplementary Figure 2. Data are expressed as mean ± standard error (n = 3). Dashed lines in panels (A–F) represent trend lines in both panels.


High-performance liquid chromatography chromatograms of C. gracile cells were dominated by three major bands with retention times of 13.7, 16.6, and 20.4 min, originating from zeaxanthin, Chl a, and β-carotene, respectively (Supplementary Figure 3; Komárek et al., 1999; note that β-carotene was misidentified as α-carotene that time). In cells grown under blue/blue-green light, Chl a allomers, to a certain extent, were also present (Supplementary Figure 3), showing an increased level of reactive oxygen substances, which concurs with a reduced plastoquinone (PQ) level in these cells (see section “Photosynthetic Performance” for details). Quantitative analysis of the pigment composition (Figures 3B–F) revealed remarkable changes in the Chl and total carotenoid level in the cultures grown under 687 nm light, in particular, lowered Chl a and enhanced carotenoid levels, respectively (Figures 3B,C). This negative correlation results in a very high ratio of total carotenoids to Chl a in these cells (Figure 3D). Lower, but still significant (one-way ANOVA followed by Tukey’s HSD post hoc test; p < 0.05) increase in total carotenoids to Chl a ratio was also found in C. gracile cells grown under violet light (435 nm, Figure 3D). In both cases, the enhanced total carotenoid to Chl a ratio originated dominantly from the increase of zeaxanthin (Figure 3E). As compared to zeaxanthin, the level of β-carotene showed weaker dependence on the growth light (Figure 3F). However, we found statistically significant decrease (one-way ANOVA followed by Tukey’s HSD post hoc test; p < 0.05) in β-carotene to Chl a ratio in the cells grown at 495 and 520 nm (Figure 3F), in correlation with the substantial level of allomeric substances in these cultures (see above).



Excitation of Photosynthetic Pigment-Protein Complexes

Spectral properties of C. gracile cells were further examined by low temperature (77 K) fluorescence spectroscopy. Fluorescence emission spectra with 455 nm (Chl a) excitation showed three major spectral features: a minor PBP emission at 655 nm; a double emission peak at 685–695 nm, originating from PSII (emitting at both wavelengths) with a variable contribution to the signal by the PBS terminal emitter (emitting at 685 nm only); and a robust PSI emission peaking at 728 nm (Figure 4A), indicating small PSII/PSI ratios over the whole visible range, regardless of the growth wavelength. Nevertheless, increasing the growth wavelength from 435 to 663 nm resulted in a remarkable increase in the PSII/PSI ratio (Figure 4A, main panel and inset). The proportional increase of the 685 and 695 nm emission suggests only a minor contribution of the PBS terminal emitter. Contrary to this, the cells grown under 687 nm light show an intense fluorescence emission at 685 nm and a distorted shape of the 685–695 nm double band, showing a considerable light emission from the PBS terminal emitter.
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FIGURE 4. Low temperature (77 K) fluorescence emission and excitation spectra of C. gracile sp. ACT 1026. (A,B) Fluorescence emission spectra of cells grown under monochromatic lights with 455 nm (Chl a) and 590 nm (PBS) excitation, respectively. Three individual spectra of three technical replicates (9 spectra in total for each light condition) were averaged and baseline corrected; error intervals are not shown for clarity. Spectra were normalized to the 685 nm emission. The inset on panel A zooms in the 625 nm – 719 nm spectral region. The gray arrows show the intensification of certain spectral peaks or shoulders with increasing growth wavelengths. (C) Fluorescence excitation spectra of the 687 nm grown cells, with various excitation wavelengths as indicated above each spectrum. Three individual spectra were averaged and reference corrected. Spectra were normalized to the maximal signal intensity and shifted vertically for clarity. Dashed lines represent the wavelengths of Chl a absorption maxima. The narrower spectra with 655, 685, and 728 nm excitation lights are due to the gap between excitation and emission wavelengths.


This feature is much better seen in Figure 4B where fluorescence emission spectra with direct PBS excitation at 590 nm are shown. This series of spectra revealed that PBS decoupling, to a certain extent, took place also at shorter growth wavelengths but it became dominant at 687 nm (Figure 4B). Enhancing fluorescence intensities of the 655 nm emission as compared to the PSI emission at 728 nm are in good accordance with the increasing PSII/PSI ratios (Figure 4A), and rather than showing increasing PBS levels (c.f. Figure 2), they indicate changes in the excitation energy transfer. Besides these, the spectra also show the intensification of two shoulders, at 745 and 765 nm, respectively, with unknown origin. As with increasing growth wavelengths they increase concomitantly with the intensity of the major emission peak of the terminal emitter at 685 nm (Figure 4B), they might have a related origin.

The interpretation of the fluorescence emission spectra of the 687 nm grown C. gracile cells is well supported by fluorescence excitation measurements. As expected, the 655 nm PBP fluorescence emission peak can exclusively be excited by photons absorbed by phycobilins (Figure 4C). The same is true for the 685 nm emission with mixed origin, which confirms our assumption that it originated dominantly from PBS in C. gracile grown at 687 nm. In contrast, the 728 nm (PSI) emission band can also effectively be excited by 440 nm blue or 680 nm red light, characteristic for Chl absorption (Figure 4C). The shoulders at 745 and 765 nm can also be excited by 440 and 680 nm light, however, to a smaller extent as compared to the 728 nm emission peak. This, again, suggests that both of these shoulders have a PBS-related origin.

We explored the unique fluorescence properties of C. gracile cells grown under 687 nm light also by confocal microscopy. Figure 5 shows multicolor confocal micrographs of the 687 nm grown cells (B) together with control cells grown under 615 nm light (A). Both types of cells are oval shaped with 1.80 ± 0.01 μm (615 nm) and 1.78 ± 0.01 μm (687 nm) mean diameter (see also Figure 1B). The control cells grown under 615 nm light showed a typical cellular pattern (Tamary et al., 2012) with intense, ring-shaped autofluorescence from the cell periphery, where thylakoid membranes are located (Figures 5A,C). As images were composed of PBS- (green) and Chl a (red) autofluorescence, the green-yellow color indicates that the majority of autofluorescence originated from colocalized Chl a- and PBS emitters. Quantitative analysis of the images revealed similar, 77.1 ± 14.2% and 80.6 ± 11.0% Chl a and PBS fluorescence intensities, respectively, in the central region of the cells grown at 615 nm as compared to the membrane region (Figure 5C). Contrary to this, the cells grown under 687 nm light showed fluorescence patterns to be more homogenous pattern across the cells and dominated by green color (Figure 5B). This latter indicates increased PBS/Chl a fluorescence ratios in these cells, in good agreement with the fluorescence spectroscopy data (Figure 4). Image analysis resulted in 1.27 ± 0.06 and 1.74 ± 0.11 PBS/Chl a relative autofluorescence ratios for the 615 nm grown and 687 nm grown cells, respectively. The more homogenous pattern suggests that PBS autofluorescence originated not only from the thylakoid membranes, but also from the cytoplasmic space, which is also supported by image analysis. Here, the spatial distribution of Chl a autofluorescence remained unchanged as compared to the 615 nm grown cells (77.6 ± 14.9% fluorescence intensities in the central region vs. the membrane region), while the PBS autofluorescence dispersed across the whole cell profile (94.0 ± 4.0% fluorescence intensities in the central region vs. the membrane region, Figure 5D).
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FIGURE 5. Confocal micrographs (A,B) and respective autofluorescence intensity profiles (C,D) of C. gracile sp. ACT 1026 cells grown under 615 nm (A,C) and 687 nm (B,D) light. Multicolor images in panels (A,B) were composed of PBS (green) and Chl a (red) autofluorescence; scale bar is indicated in white. For autofluorescence profiles, fluorescence intensities of 18 (A,C) + 10 (B,D) = 28 cells were normalized to the integrated intensities along the cross-sectional profile and averaged. Data in panels (C,D) are expressed as mean ± standard error; n = 36 (C) and 20 (D), note the central symmetry of the cells. Distances are expressed in pixel units (1 pixel = 90 nm); pixel Nr. 0 indicates the middle of the cells. The difference between PBS autofluorescence profiles is highlighted by green rectangles in panels (C,D).




Photosynthetic Performance

Besides ETR parameters (Figures 1D–F), PAM fluorometry allowed for monitoring other photosynthetic parameters. These parameters were either derived from fast OJIP transitions (Figure 6) or from traditional (slow) fluorescence induction curves (Figure 7 and Supplementary Figure 6). The shape of the OJIP curves, and especially the fluorescence intensities at the I-step (30 ms), strongly depend on the quality of the growth light (Figure 6A). The cells grown under 465 and 495 nm light showed the highest Chl a fluorescence at this step, while cells grown under 687 nm displayed the lowest (Figure 6A). The kinetics (slope) of the corresponding J–I transition showed the same trend (Figure 6B), indicating (i) a more reduced PQ pool in the cultures grown under blue/green light and (ii) an oxidized PQ pool in the 687 nm grown cells. Quantitative analysis of the OJIP kinetics revealed low efficiency of transfer of both PSII (δR0) and PQH2 trapped electrons (ψR0) to PSI acceptors in the blue/blue-green light grown cells and the opposite in the cells grown under 687 nm light (Figures 6C,D). No significant changes in the efficiency of electron transfer from QA– to PQ (ψE0) were found (Figure 6E; for definition of OJIP parameters, see Stirbet et al., 2018). These results suggest that the reduced PQ pool in C. gracile cells grown under blue/green light was due to a diminished PQH2 to PSI electron transfer, while there was no change in the corresponding efficiency of the QA– to QB– electron transfer. In other words, the efficiency of reoxidation of a reduced PQ pool by downstream carriers was lower in these cells.
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FIGURE 6. (A) OJIP curves of C. gracile sp. ACT 1026 cells grown under monochromatic lights (as detailed in Figure 1A) and derived parameters as a function of the wavelength of growth light (B–E). (B) Rate of the fluorescence rise during the J-I phase; (C) ψR0, efficiency with which a PSII trapped electron is transferred to final PSI acceptors; (D) δR0, efficiency with which an electron from PQH2 is transferred to final PSI acceptors; (E) ψE0, efficiency with which a PSII trapped electron is transferred from QA– to PQ; the parameters were derived according to Stirbet et al. (2018). Curves on panel (A) represent the mean of three biological replicates, normalized to the P level (error intervals are omitted for clarity), while on panels (B–E) standard errors and trendlines are indicated as error bars and dashed lines, respectively. In each case, 625 nm ML and saturating pulse was used. Yet, the traces of parameters in panels (B–E) were independent of the applied measuring light wavelength (for more details, see Supplementary Figure 4).
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FIGURE 7. Chl a fluorescence parameters of C. gracile sp. ACT 1026 cells grown under monochromatic lights (as detailed in Figure 1A) as a function of growth light wavelength. (A) Fo (open bars) and Ft (striped bars); (B) Fm (open bars) and Fm′ (striped bars); (C) Fv/Fm (open bars) and Y(II) (striped bars); (D) (Ft – Fo)/Fo; (E) (Fm′ – Fm)/Fm; (F) 1-(FV/Fm – Y(II))/(FV/Fm). In each case, 625 nm ML and AL was used. Values represent the average of three biological replicates; standard errors and trendlines are indicated as error bars and dashed lines, respectively.


The dependencies of the initial (Fo), steady-state (Ft) and maximal (Fm and Fm′) fluorescence yields on the wavelength of growth light showed similar patterns, with maximal and minimal values in the blue/green and red regions, respectively (Figures 7A,B). The observed high fluorescence yields in blue/green light grown cultures concur well with the high PBS levels in these cells (c.f. Figures 2C, 3A), while the relatively low Fo and Fm values were in apparent contradiction with the interpretation of fluorescence data (i.e., partial PBS decoupling) in section “Excitation of Photosynthetic Pigment-Protein Complexes” above (see e.g., Acuña et al., 2016; Remelli and Santabarbara, 2018; Santabarbara et al., 2019). However, this could be solved if Fo were normalized to the amount of absorbed light quanta and also to pigment content (Supplementary Figure 5). Normalization of Fo to the amount of absorbed light quanta (by 625 nm excitation) revealed high values for the 495 nm and, again, for the 687 nm grown cells, in line with the relatively high PBS content in these cultures (Figure 3A and Supplementary Figure 5A). Further, the Fo/PBP ratios were remarkably high in all cultures grown under orange-red lights, while the 687 nm grown cells showed an about two-fold higher Fo/Chl ratio as compared to the other cultures (Supplementary Figures 5B,C).

Due to the similar patterns of Fo and Fm, not surprisingly, the calculated Fv/Fm values also follow a similar trend, with a maximum at 465 nm (Figure 7C). On the contrary, the corresponding PSII effective quantum yields, Y(II), were the lowest in the blue spectral region and the highest in the red region (Figure 7C). This, again, indicates an easily reducible PQ pool in the red light grown cells.

To separate changes in the fluorescence yields caused by functional changes in the photosynthetic machinery from the influence of potential alterations in the PBS abundance, we calculated normalized differences of the corresponding fluorescence parameters, i.e., (Ft – Fo)/Fo, (Fm′ – Fm)/Fm, and 1-(Fv/Fm – Y(II))/(Fv/Fm) (Figures 7D–F). The analysis revealed high Ft levels (as compared to Fo) in the cultures grown under violet to green and also under near-far red light (Figure 7D), which suggests a considerable closure of the PSII reaction centers in these cultures upon AL illumination. The trend was the opposite for the Fm vs. Fm′ and Fv/Fm vs. Y(II) parameters, where the red light grown cells showed the highest relative increase upon (625 nm) AL illumination (Figures 7E,F and Supplementary Figure 6), showing, in turn, an effective State 2 to State 1 transition. Interestingly, the cells with a redox imbalance (Figure 6A) showed the highest non-photochemical quenching (NPQ) using 480 nm AL, whose wavelength is the most effective in inducing cyanobacterial NPQ (Supplementary Figure 7; Rakhimberdieva et al., 2004). This suggests an increased abundance of orange carotenoid protein (OCP) in these cultures (see Plohnke et al., 2015) and possibly also the complementary role of short-term light acclimation processes, namely state transitions and blue-light induced OCP quenching, in cyanobacteria (see also Discussion, Kaňa et al., 2012; Bernát et al., 2018).



DISCUSSION


Plasticity of the Photosynthetic Machinery

Photosynthetic organisms dynamically adjust the number of light quanta reaching the reaction centers and also the light energy distribution between PSII and PSI. In the absence of such adjustment, the electron transport chain would become under- or oversaturated; resulting in sub-optimal photosynthetic performance or damage of the photosynthetic machinery and other cellular components. During long-term light acclimation cells optimize their light-harvesting antenna size and composition, and PSII/PSI ratios according to incident light conditions to poise the redox state of the electron transport chain, and especially of the PQ pool that transports electrons from PSII to downstream carriers (Fujita et al., 1994; Fujita, 1997; Dietzel et al., 2008). Specific form of long-term light acclimation is cyanobacterial CA, in which CA-capable cyanobacteria adjust the pigment composition in their PBS according to light quality (Tandeau de Marsac, 1977; Sanfilippo et al., 2019; see also Introduction). However, according to literature and our data, CA-incapable cyanobacteria (including C. gracile according to current classification) are also able to sense and respond to changing light colors (Fujita et al., 1985, 1987, 1994; Fujita and Murakami, 1987; Fujita, 1997; Fiedler et al., 2004; Bernstein et al., 2014; this study).

In this work we comprehensively studied the light color acclimation of C. gracile, a common cyanobacterium living in turbid freshwater shallow lakes (like Lake Balaton or other Central-European lakes), using nine different monochromatic growth lights covering the spectral range from 435 to 687 nm. According to our data, C. gracile cells performed great plasticity in terms of their pigment composition, antenna size, and photosystem stoichiometry (Figures 2–4). Oxidation pressure on the intersystem chain via withdrawal of electrons from linear electron transport chain by PSI under orange or red illumination is partially balanced by increasing photosystem II to photosystem I ratios (Figure 4). On the other hand, unfavorable light conditions, where neither chlorophyll nor phycobilisomes absorb light sufficiently, are compensated by an enhanced antenna size and/or increased carotenoid levels (Figures 2, 3).



Redox Imbalance in C. gracile Grown Under Blue and Near Far-Red Light

In spite of the compensatory strategies described above, C. gracile, like other cyanobacteria, uses blue light less efficiently, which involves moderate growth rates, reduced cell volumes and low ETR (Figure 1). In the previous work of Luimstra and her co-workers, the less efficient use of blue light in (common) cyanobacteria was explained by a redox imbalance between PSII and PSI, an inherent consequence of PBS-possession of cyanobacteria that are evolutionarily adapted to red-enriched light (Luimstra et al., 2018). Conversely, they explained the fact, why PBS-less marine cyanobacteria, i.e., Prochlorococcus species are dominated in deep marine environments that can only be penetrated by blue and green light. We confirmed that hypothesis by PAM-fluorimetry, showing a largely reduced intersystem chain and ineffective photosynthesis in C. gracile cells grown under blue light (Figures 6, 7).

Further, we found strong bioenergetic imbalance not only in C. gracile cells grown under blue light, but also in cells grown under near far-red (687 nm) light, which is also effectively absorbed by PSI. Surprisingly, orange, red or near far-red growth light triggered a partial excitonic PBS decoupling from photosystems and even from thylakoid membranes, which was the most pronounced in the cells grown under 687 nm light (Figure 4). Although energetic decoupling of the PBS antenna from reaction centers occurs even under normal conditions (Chukhutsina et al., 2015), so far, similar phenomenon could have been induced only by strong light (Tamary et al., 2012). It is quite astonishing that under mild physiological conditions it is also possible to induce such permanent decoupling. This strongly suggests that suboptimal photosynthetic performance of near far-red light grown C. gracile cells (Figure 1) is a consequence of a solid redox-imbalance (PQ pool oxidation, which was opposite to PQ pool reduction in blue/green light grown cells). High levels of the photoprotective carotenoid zeaxanthin in cells grown under 687 nm light (Figures 2, 3) support this assumption. Also, despite the 687 grown cells having oxidized PQ pool upon dark acclimation (Figure 6), their intersystem chain turned over-reduced under AL (Figure 7, this result does not contradict results of OJIP measurements that were performed after dark acclimation). The permanent excitonic decoupling of PBS from PSII reaction centers (Figures 4, 5) under weak light suggest (i) a physiological role of such light acclimation process (ii) that might be triggered by a different (path)way, rather than via a local heat transient induced process as shown previously (Stoitchkova et al., 2007; Tamary et al., 2012; see also below).



Excitonic Decoupling as a Light Acclimation Process

The two major short-term light acclimation processes in cyanobacteria are state transitions and blue-light induced non-photochemical quenching. They occur in minutes and reflect short-term changes in light intensity. Similarly to long-term light acclimation, these processes also attempt to balance the PQ redox state. Regarding state transitions, it is generally assumed that in state 1 (PQ pool relatively oxidized) and state 2 (PQ pool relatively reduced) the photosynthetic machinery displays optimal quantum yields of photosynthesis in light that has a composition favoring its absorption by PSI or PSII, respectively. Different from higher plants and green algae, cyanobacteria are in state 1 upon illumination and in state 2 in the dark or in very low light due to the respiratory electron flow reducing the PQ pool (that is shared by both photosynthesis and respiration, Mullineaux and Allen, 1986). According to the data available, in cyanobacteria both relative energy transfer from PBS to photosystems and distribution of the absorbed light energy between photosystems are regulated by state transitions (Mullineaux and Emlyn-Jones, 2005), although the detailed molecular mechanism of these processes is still unknown.

Also different from higher plants, NPQ in cyanobacteria is pH-independent and can be exclusively induced by “blue” light. A specific carotenoid molecule was shown to play a central role in this process (Rakhimberdieva et al., 2004). This pigment was identified as a hydroxyechinenone or echinenone chromophore in the water soluble OCP (for current reviews see, Kirilovsky and Kerfeld, 2016; Kerfeld et al., 2017), which is bound to PBS and reversibly converted from the (dark-stable) orange form to the (active) red form upon illumination with strong blue light. The red form is essential for the induction of the photoprotective mechanism (Wilson et al., 2008). Experimental data suggest that the quenching center is formed at the level of the PBS core, most likely at allophycocyanin trimmers emitting light at 660 nm (Tian et al., 2011; Jallet et al., 2012).

Our results show that both state transitions and OCP-quenching can occur in C. gracile and their contribution to short-term light acclimation processes is largely dependent on the wavelength of growth light: the efficiency of the state transitions was the highest in the cells grown under red light (Figure 7), while OCP-induced NPQ was the maximal in the cultures long-term acclimated either to blue-green or 687 nm light and exhibiting solid redox-imbalance (Supplementary Figures 7,6A). This highlights the increased accumulation of OCP under oxidative stress (Plohnke et al., 2015), possibly in close relation to the essential role of OCP as a singlet oxygen quencher (Sedoud et al., 2014). Moreover, the complementary feature of state transitions and OCP quenching also emphasize the potential interplay between various short-term light acclimation processes (Kaňa et al., 2012; Bernát et al., 2018).

Recently, we have discovered a third type of short-term light acclimation process in cyanobacteria, in which excitonic decoupling of PBSs from PSII reaction centers upon strong illumination plays a central role (Tamary et al., 2012). It was assumed that the process was photon-dose dependent and the mechanism was directly triggered thermally via local heat transients (Stoitchkova et al., 2007; Tamary et al., 2012). In this work we provided evidence that under certain conditions even weak light (i.e., 25 μmol photons m–2 s–1) can induce such permanent excitonic decoupling in C. gracile. Hence, although the role of local heat transients cannot be neglected, excitonic decoupling from the PBS antenna from PSII can also be induced by a redox signal cascade in this cyanobacterium. PAM-fluorimetry data, showing a largely reduced intersystem chain in AL-illuminated C. gracile cells grown under near far-red light (Figure 7), supports this hypothesis. High cellular zeaxanthin level (Figure 3), which has a general photoprotective role in oxygenic photoautotrophs is also in line with this assumption. In this respect, PBS decoupling induced under weak near far-red light may imply a new type of light acclimation process.
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Plants in natural environments receive light through sunflecks, the duration and distribution of these being highly variable across the day. Consequently, plants need to adjust their photosynthetic processes to avoid photoinhibition and maximize yield. Changes in the composition of the photosynthetic apparatus in response to sustained changes in the environment are referred to as photosynthetic acclimation, a process that involves changes in protein content and composition. Considering this definition, acclimation differs from regulation, which involves processes that alter the activity of individual proteins over short-time periods, without changing the abundance of those proteins. The interconnection and overlapping of the short- and long-term photosynthetic responses, which can occur simultaneously or/and sequentially over time, make the study of long-term acclimation to fluctuating light in plants challenging. In this review we identify short-term responses of plants to fluctuating light that could act as sensors and signals for acclimation responses, with the aim of understanding how plants integrate environmental fluctuations over time and tailor their responses accordingly. Mathematical modeling has the potential to integrate physiological processes over different timescales and to help disentangle short-term regulatory responses from long-term acclimation responses. We review existing mathematical modeling techniques for studying photosynthetic responses to fluctuating light and propose new methods for addressing the topic from a holistic point of view.

Keywords: photosynthesis, fluctuating light, mathematical modeling, acclimation, metabolism


INTRODUCTION

Plants in natural environments are exposed to light and other environmental conditions that fluctuate on timescales ranging over orders of magnitude. The rate of photosynthesis under any given set of conditions will be a function of the light absorbed, the capacity for charge separation in each photosystem, and of the use of that energy to drive carbon assimilation and other metabolic processes. To maximize light capture efficiency at all times, plants need to ensure that the capacities of electron transport and metabolism exceed the maximum rate of light absorption across the full range of environmental conditions experienced. This, however, is unlikely to be the optimal solution overall, in terms of resource allocation between different processes.

Plants growing under different conditions may be limited by, for example, light and water availability, nitrogen and other nutrients, and other abiotic constraints. Plants exposed to low irradiance will tend to invest less in electron transport proteins and enzymes of carbon assimilation, and more in light capture (antenna proteins), aiming to achieve the best photosynthetic performance given the environmental conditions (Anderson et al., 1988; Stewart et al., 2015). Conversely, a drop in temperature will slow down enzymatic activities and diffusion limited processes but will not affect energy absorption or electron transfer. Thus, plants exposed to prolonged low temperature tend to invest more in enzymes, in order to restore the balance between light capture and carbon assimilation (Stitt and Hurry, 2002).

A response to a sustained change in growth conditions over multiple days which involves a change in gene expression is defined as acclimation. Two different types of acclimation can be distinguished: developmental and dynamic (Walters, 2005; Athanasiou et al., 2010). In both, plants adjust their physiology to suit the prevailing environmental conditions. Developmental acclimation includes morphological changes, occurring when tissues develop under different environmental conditions. Dynamic acclimation occurs in fully developed organs, with fixed morphology, and involves changes in protein content and composition, which in turn affects different metabolic fluxes and metabolite concentration. Such alterations ensure optimum resource use under the new condition, and give plants the necessary plasticity to withstand changes in their environment (such as seasonal temperature and moisture changes, light fluctuation, etc.). Following this definition, we can distinguish photosynthetic acclimation from regulation (Herrmann et al., 2019b), the latter encompassing processes that alter the activity of particular steps in photosynthesis over a time scale of seconds or/and minutes, without changing the abundance of the proteins involved. It is important to note that regulatory processes may be involved in pathways controlling acclimation and will in turn be affected by the acclimation response itself.

In natural environments and in crop fields, plants receive light energy in the canopy through sunflecks (Pearcy, 1990). The duration and distribution of these are highly variable, impacting the overall photosynthetic yield (Rascher and Nedbal, 2006; Foo et al., 2020). Due to the high frequency of high-low light cycles, responses that avoid photoinhibition and maximize photosynthetic yield are required. Short-term responses to fluctuating light involves almost immediate changes in the thylakoid membranes [e.g., induction of Non-Photochemical Quenching (NPQ), including high energy-state quenching (qE) and state transitions], alteration in the activation state of enzymes (e.g., Benson-Calvin Cycle) and changes in stomatal conductance (Tikkanen et al., 2006, 2010). Meanwhile, long-term acclimation responses might include, amongst others, an increase in the pool size of the xanthophyll cycle pigments and in the PSBS protein content (Wei et al., 2020), which in turn enhance its photoprotective capacity. The interconnection and overlapping of these processes, which can occur simultaneously or sequentially over time, challenge the study of the sensing and signaling pathways involved in long-term fluctuating light acclimation in plants. Thus, an holistic approach is required, to which mathematical modeling techniques can make important contributions.

Systems modeling applies various mathematical techniques to describe and conceptualize the structural and dynamic components of a system, such as a set of biochemical pathways. Mathematical modeling can be applied at different levels and over different time-scales, describing processes inside an organelle, across the whole cell or even multiple tissues (Dada and Mendes, 2011; Gomes de Oliveira Dal'Molin et al., 2015; Shaw and Cheung, 2018). This approach has been extensively applied in biology, including studies of photosynthetic acclimation and regulation of sugar metabolism in plants (Nägele and Weckwerth, 2014; Zakhartsev et al., 2016; Herrmann et al., 2019a, 2020). Mathematical modeling is restricted by the available biological knowledge, and by the assumptions under which that knowledge is synthesized in the model. However, if the model assumptions represent an accurate description of the biological system under study, in silico studies can provide insights into the underlying processes that yield experimentally useful information. Often, modeling techniques are employed to generate new hypotheses about a complex system in an efficient, targeted, and cost-effective manner (Kitano, 2002). Thus, mathematical modeling has the potential to disentangle the many observed biochemical changes in a plant's responses to fluctuating environmental conditions to help identify sensors, signals, or acclimation responses.

For the purpose of this review we will consider immediate changes that occur upon changes in light as the inputs of a plant system (i.e., the sensors), and the long-term responses that result from sustained changes in light regimes as the corresponding outputs (i.e., the long-term acclimation responses). Considering the different timescales in which light can effectively fluctuate in natural environments, we will discuss potential signal transduction pathways that could act as links between the inputs and outputs of the system, triggering acclimation. Overall, we aim to gain a deeper understanding on the following questions: How do plants integrate environmental fluctuations over time and how do they tailor their responses accordingly?



SYSTEM INPUTS: SHORT-TERM RESPONSES TO FLUCTUATING LIGHT

Fluctuations in irradiance are immediately reflected in the chloroplast and in the physiology of leaves, triggering different short-term responses aimed at maximizing photosynthesis, while protecting the photosynthetic apparatus from photo-oxidative damage (Standfuss et al., 2005; Yamori, 2016). These short-term responses can also be important in triggering long-term acclimation, which is determined not only by the intensity of the incident light, but also by the frequency of oscillations (Qiao et al., 2020). In this section, we will address the different regulatory processes that act as potential inputs for the long-term acclimation responses to fluctuating light in plants (Figure 1).


[image: Figure 1]
FIGURE 1. Short and long-term responses to fluctuating light. Schematic representation of the physiological processes defined as inputs and outputs of photosynthetic acclimation to fluctuating light in plants (see sections System Inputs: Short-Term Responses to Fluctuating Light and System Outputs: Long-Term Acclimation to Fluctuating Light). Colored gradient triangles depict accumulation of ROS or intensification of a process. LHCII, Light Harvesting Complex II; PSII, Photosystem II; PSI, Photosystem I; NPQ, Non-Photochemical Quenching; CET, Cyclic Electron Transport; Cyt b6f , Cytochrome b6f ; PQ, Plastoquinone; PQH2, Plastoquinol. Created with BioRender.com.



Photosynthetic Production of Reactive Oxygen Species (ROS) as a Short-Term Input to the System

Over-reduction of the electron transport chain, which occurs when light absorption exceeds the immediate capacity for CO2 fixation, can result in electrons “spilling over” to oxygen, leading to the production of Reactive Oxygen Species (ROS). Most directly, this includes singlet excited oxygen (1O2), superoxide ([image: image]), hydrogen peroxide (H2O2), and hydroxyl radicals (HO). ROS generation can be triggered in the chloroplast by many environmental factors, including high light, salinity, drought, pathogens, etc. Therefore, plants have evolved a plethora of ROS scavenging mechanisms to minimize the harmful effects of increased ROS levels (Pospíšil, 2012; Foyer, 2018). Although ROS are also generated in other cell compartments, such as mitochondria and peroxisomes, the main sites of ROS production in the chloroplast are photosystem I (PSI) and photosystem II (PSII; Tripathy and Oelmüller, 2012; Pospíšil, 2016).

Oxygen can be reduced to [image: image] by electrons derived from both photosystems (Zulfugarov et al., 2014; Pospíšil, 2016; Takagi et al., 2016). [image: image] can be converted to H2O2 and O2, a process that is catalyzed by the enzyme superoxide dismutase (SOD) in the chloroplast stroma (Pospíšil, 2012). H2O2 can subsequently be converted to water, in the so called water-water cycle, via a series of redox reactions (Awad et al., 2015). Although the scavenging of H2O2 can act as an alternative electron sink, the electron flux through this pathway is quickly saturated (Driever and Baker, 2011). Thus, excess H2O2 from the chloroplast can pass to the nucleus, where it modulates gene expression and triggers plant acclimation responses (Figure 1) (Exposito-Rodriguez et al., 2017).

1O2 is mainly produced via energy transfer from triplet excited chlorophylls (3Chl*) to oxygen in PSII (Krieger-Liszkay et al., 2008; Pospíšil, 2016). Unlike H2O2, 1O2 is believed not to diffuse to the nucleus, due to its short lifetime (~200 ns; Skovsen et al., 2005). However, 1O2 produced in PSII has been shown to directly react with carotenoids and thylakoid lipids, causing oxidative damage. Oxidative products of carotenoids have been shown to have a signaling role in stress responses (Hideg et al., 1998; Triantaphylidès and Havaux, 2009; Ramel et al., 2012).



Short-Term Photoprotective Responses

Arguably, the most important photo-protective processes in plants are collectively measured by the parameter Non-photochemical quenching (NPQ). This term includes different components that exhibit distinct activation and deactivation kinetics (Standfuss et al., 2005; Johnson and Ruban, 2009; Niyogi, 2009; Ruban et al., 2012; Derks et al., 2015). The major, and fastest, component of NPQ is high energy state quenching (qE). qE is activated by the formation of a pH gradient (ΔpH) between the thylakoid lumen and the chloroplast stroma, and involves protonation of PSII subunit S (PsbS) and the de-epoxidation of zeaxanthin from violaxanthin through the xanthophyll cycle (Pascal et al., 2005; Takizawa et al., 2007; Ruban et al., 2012).

An increase in light intensity results in more protons being transferred from the chloroplast stroma to the thylakoid lumen via photosynthetic electron flow and, as a result, the pH in the thylakoid lumen drops. Protonation of PsbS leads to conformational changes in LHCII, which in turn increase the amount of energy that is quenched as heat, preventing ROS overproduction and protecting PSII from photodamage (Henmi et al., 2004; Vass, 2012; Zavafer et al., 2015). Under fluctuating light conditions, changes in ΔpH are a transient signal for qE, forming and decaying within seconds. However, the interconversion of violaxanthin and zeaxanthin in response to changes in irradiance occurs over a longer timescale (minutes).

Cyclic electron transport (CET) is another regulatory process involved in photoprotection in plants (Finazzi and Johnson, 2016; Yamori et al., 2016; Yamamoto and Shikanai, 2019), which plays an important role in generating the ΔpH required to trigger qE (Suorsa et al., 2016; Nakano et al., 2019). In CET, electrons are transferred from ferredoxin back to the plastoquinone (PQ) pool, and subsequently to PSI through Cyt b6f and plastocyanin (PC). Thus, CET imports protons from the stroma to the lumen for ATP generation, but without net production of NADPH (Breyton et al., 2006; Joliot and Johnson, 2011). CET helps to balance the ATP:NADPH ratio under circumstances where the rate of consumption of reducing equivalents is reduced. In Arabidopsis, two main pathways for cyclic electron flow have been identified (Munekage et al., 2008; Shikanai, 2014). In the antimycin A-sensitive pathway, electrons are transferred from ferredoxin to PQ via a pathway involving the PGR5/PGRL1 complex (Munekage et al., 2002; DalCorso et al., 2008). In contrast, in the antimycin A-insensitive pathway, the electron transfer to the PQ pool is facilitated by NADH:plastoquinone oxidoreductase (NDH; Joliot and Johnson, 2011; Shikanai, 2014). For an extensive review of CET, see Nawrocki et al. (2019).

Of the two pathways of CET, the antimycin A-sensitive pathway has been particularly linked to PSI photoprotection under fluctuating conditions (Suorsa et al., 2012; Yamamoto and Shikanai, 2019). Studies in the pgr5 mutant of Arabidopsis show that PGR5 participates in photosynthetic control of Cyt b6f (Nandha et al., 2007), protecting PSI from photodamage under low/high light cycles (Suorsa et al., 2012, 2013; Yamamoto and Shikanai, 2019). In addition, PGR5 plays a role in the acceptor-side regulation of PSI. Accordingly, it was recently observed that over-expression of PGR5 in the C4 plant Flaveria bidentis, enhances the electron sink downstream of PSI, increasing photoprotection (Tazoe et al., 2020). The water-water cycle has also been suggested as a PSI photoprotective mechanism under fluctuating light conditions, although its activity is strongly species dependent (Huang et al., 2019b; Yang et al., 2020). In this cycle, stromal antioxidants enzymes catalyze ROS conversion into water (Asada, 1999), a process which was recently suggested to be more relevant for PSI photoprotection than CET in angiosperms (Sun et al., 2020).

In addition to qE, another important NPQ component in plants is qT, a form of quenching associated with state transitions (for a review see Minagawa, 2011). This process regulates the distribution of excitation energy between both photosystems, under conditions where the incident light favors the excitation of one over the other. To mitigate such changes, plants can adjust the energy excitation between PSII and PSI within minutes, by altering the distribution of light harvesting proteins between them. The imbalance in the excitation level of the photosystems is sensed through changes in the redox state of the PQ pool (Lemeille and Rochaix, 2010). In particular, reduction of the PQ pool and binding of PQH2 at the Qo site of the Cyt b6f , activates a specific kinase (STN7) that phosphorylates LHCII trimers (Wollman and Lemaire, 1988; Vener et al., 1995; Zito et al., 1999; Depège et al., 2003; Bellafiore et al., 2005). Phosphorylation induces LHCII detachment from PSII and partial (or total) attachment to PSI, triggering transition to State II (Kyle et al., 1983; Larsson et al., 1983). Meanwhile, when the PQ pool is oxidized, dephosphorylation of LHCII triggers the opposite phenomenon and transition to State I (Pribil et al., 2010; Shapiguzov et al., 2010). The signals produced from the redox state of the PQ pool are naturally transient, however, evidence shows a direct and rapid regulation of chloroplast gene expression in response to changes in PQ redox state (Pfannschmidt et al., 1999).

Although the classical view of state transitions has been associated with spectral changes in the quality of the incident light, thylakoid phosphorylation can also be triggered dynamically by changes in light intensity (Tikkanen et al., 2010; Grieco et al., 2012; Mekala et al., 2015). While under low white light intensity LHCII phosphorylation levels are maximal, under high light conditions LHCII phosphorylation is down-regulated and PSII core phosphorylation increases (Tikkanen et al., 2010). These opposite states do not change the relative excitation of PSII and PSI, but their regulatory function is related with the maintenance of an equal excitation pressure between both photosystems (Tikkanen et al., 2010). The main kinases and phosphatases involved in this phosphorylation pathway are STN7/STN8 and TAP38/PPH1, respectively; being their regulation particularly relevant under low light conditions (Tikkanen et al., 2010; Mekala et al., 2015). When light intensity increases, other regulatory mechanisms (such as NPQ) become more important for photoprotection (Tikkanen et al., 2010; Grieco et al., 2012). Under fluctuating light conditions, a role for STN7-dependent phosphorylation was also found in PSI photoprotection, through the maintenance of the redox stability of the electron transport chain (Grieco et al., 2012).

Both STN7 and STN8 are also capable of phosphorylating a range of proteins in the chloroplast (Schönberg et al., 2017), extending their involvement in the short-term response to fluctuating light onto further processes of acclimation. The regulatory pathways related with thylakoid protein phosphorylation have a key role in the photosynthetic responses to a changing environment, and their participation in the signals transduction pathway for acclimation needs further elucidation (reviewed by Grieco et al., 2016).



Changes in Chloroplast Ion Homeostasis

Ion homeostasis in the chloroplast is relevant to light sensing, not only due to its effect on enzymatic activity, but also due to its contribution to the regulation of the proton and electric potentials across the thylakoid membrane (Finazzi et al., 2015). Proton motive force (PMF), the driver of ATP synthesis, consists of two components: ΔΨ, the electrical potential gradient that is built due to ions moving in and out of the thylakoid lumen, and ΔpH. When proton concentration significantly increases in the thylakoid lumen, qE is activated, leading to the loss of energy as heat (Henmi et al., 2004; Vass, 2012; Zavafer et al., 2015). To maintain ATP production without promoting acidification of the lumen, which leads to NPQ activation, fluxes of counter ions (Cl− influx, Mg2+ and K+ efflux) regulate the ΔΨ component of the PMF (Carraretto et al., 2013; Armbruster et al., 2014; Herdean et al., 2016).

Finetuning ΔpH and ΔΨ to better suit different environmental conditions can facilitate fast modulation of photosynthetic activity under fluctuating light conditions. For instance, a transporter that has been linked to fast photosynthetic regulation in Arabidopsis is AtVCCN1, which transports Cl− ions into the chloroplast lumen (Herdean et al., 2016). Influx of Cl− ions into the lumen triggers an increase in the ΔpH/ΔΨ ratio, by decreasing H+ efflux from the thylakoid membranes, inducing a faster NPQ response under sudden increases in light intensities. By contrast, potassium influx to the lumen via the K+ antiport (KEA3), has been identified as an important factor in the transition from high to low light (Armbruster et al., 2014, 2016; Galvis et al., 2020). KEA3 transfers K+ into the lumen and H+ out to the chloroplast stroma, decreasing ΔpH but maintaining the ΔΨ necessary for ATP production. KEA3 activity accelerates NPQ relaxation during the transition to low light, leading to a fast recovery of CO2 assimilation (Armbruster et al., 2014).

Another K+ transporter, the two-pore K+ channel (TPK3), has been suggested to play a pivotal role in thylakoid ultrastructure organization and plant growth in Arabidopsis (Carraretto et al., 2013). TPK3 exports K+ and Ca+ ions, and is thought to modulate fast regulation of PMF to optimize photosynthetic activity under different light environments (Carraretto et al., 2013). However, recent results obtained by Höhner et al. (2019) showed that TPK3 is localized in the tonoplast and is not involved in photosynthetic regulation. These authors suggest the involvement of an as yet unknown additional K+ channel in photosynthetic acclimation to fluctuating light.



Thioredoxins as Signals for Light

The light-induced enzymatic activation of the Benson-Calvin cycle was first discovered by Buchanan and colleagues in the 1960s, showing that CO2 fixation was activated by light (reviewed by Buchanan et al., 2002; Michelet et al., 2013). This light activation pathway, called the ferredoxin/thioredoxin (Fd/TRX) system, regulates carbon metabolic pathways through post-translational redox modifications (reviewed by Ruelland and Miginiac-Maslow, 1999; Lemaire et al., 2007; Michelet et al., 2013; Nikkanen et al., 2017). Thioredoxins (TRX) in the chloroplast are reduced mainly by ferredoxin (Fd, the PSI electron acceptor), via an enzyme called Ferredoxin-Thioredoxin reductase (FTR). Once reduced, TRX can reduce disulfide bonds in different stromal target proteins, placing the Fd/TRX at the crossroads between the “light” and “dark” reactions of photosynthesis (Ruelland and Miginiac-Maslow, 1999; Lemaire et al., 2007).

Activation of the Fd/TRX system will directly depend on the redox state of the chloroplast, meaning that changes in the photosynthetic electron flow will activate/deactivate different target enzymes under changing light regimes. This on/off switch acts as a significant regulatory process, leading to the adjustment of the carbon metabolism under different conditions. However, most studies on the regulatory role of Fd/TRX have been conducted under continuous light conditions, and research on their involvement in fluctuating light responses is limited (Collin et al., 2004; Nikkanen and Rintamäki, 2014; Geigenberger et al., 2017).

A study performed on the Arabidopsis knockout mutants trxm1/m2 showed the role of thioredoxins in the short-term responses to fluctuating light (Thormählen et al., 2017). Mutant plants showed alterations in the light activation of the enzyme malate dehydrogenase (MDH) and the malate/oxaloacetate (Mal/OAA) shuttle, a higher NPQ and a lower PSII quantum efficiency. This phenotype was only evident under fluctuating light conditions, with these alterations being more pronounced with increasing numbers of high-low light cycles. By contrast, no phenotypic differences were seen between the mutants and the WT plants under constant light.



Impact of Fluctuating Light on CO2 Availability and Photorespiration

Stomatal responses play a critical role in the availability of CO2 for carbon fixation, and it has been shown that stomatal dynamics limit photosynthesis under fluctuating light (Qu et al., 2016; Papanatsiou et al., 2019; De Souza et al., 2020; Kimura et al., 2020). Since stomatal responses are slower than photochemical and biochemical regulatory changes, a sudden change in light intensity could cause chloroplast CO2 concentration to decrease (Huang et al., 2015; Vialet-Chabrand et al., 2017). A decrease in CO2 concentration (and thus carbon fixation) implies that fewer electrons are being directed to the Benson-Calvin cycle, favoring the over-reduction of the electron transport chain and triggering ROS generation. At the same time, a decrease in CO2 availability also increases O2 binding to Rubisco, its oxygenase activity and photorespiration (Huang et al., 2015). Interestingly, it was recently shown that stomatal opening and closure dynamics can acclimate to different growth light regimes, anticipating future variations in light, and adjusting CO2 availability to the prevailing light condition (Matthews et al., 2018).

Photorespiration is a metabolic pathway that recycles 2-phosphoglycolate (2PG), a toxic product of the oxygenase activity of Rubisco, into 3-phospholycerate (3PGA; reviewed by Foyer et al., 2009; Bauwe et al., 2010; Eisenhut et al., 2019). This recycling requires several enzymatic steps that are distributed across three different organelles: the chloroplast, the peroxisome, and the mitochondrion. Although the photorespiratory pathway can represent a substantial loss of CO2 fixation, its involvement in photoprotection, nitrogen assimilation, and abiotic stress responses make it a crucial process for plants (reviewed by Foyer et al., 2009; Bauwe et al., 2010; Timm and Bauwe, 2013; Voss et al., 2013; Eisenhut et al., 2019). Nevertheless, its participation under fluctuating light conditions has not been extensively studied (Huang et al., 2015; Schneider et al., 2019). Huang et al. (2015) showed that, under fluctuating light conditions, a strong activation of the photorespiratory pathway allows the consumption of reducing equivalents, decreasing the reduction pressure of the electron transport chain and avoiding ROS generation. In addition, RuBP regeneration is also accelerated, favoring carbon fixation under these circumstances.




SYSTEM OUTPUTS: LONG-TERM ACCLIMATION TO FLUCTUATING LIGHT

Acclimation to environmental fluctuations involves changes in gene expression and protein abundance, which result in the modification of the structure and composition of tissues. In particular, dynamic acclimation occurs in developed tissues, constrained by the existing structures, and involves processes or responses that take several days to be achieved. These responses might depend on the plant species and on the intensity and duration of the environmental fluctuation (Yin and Johnson, 2000). The processes involved in dynamic acclimation are not necessarily irreversible, and they will persist as long as the prevailing environmental condition is maintained. In the following sections, we will focus on the changes involved in the dynamic acclimation of photosynthesis under fluctuating light conditions (Figure 1).


Acclimation of Carbon Metabolism

When plants are grown at higher irradiances, they typically develop leaves with a high capacity for photosynthesis (see Walters, 2005). Fully developed leaves transferred from low to high light can also increase their photosynthetic capacity, typically over a period of a week (Athanasiou et al., 2010; Dyson et al., 2015). This acclimation response involves extensive changes across the whole of the leaf proteome, with marked increases in the concentration of Rubisco and other enzymes involved in the Benson-Calvin cycle, as well as down-stream enzymes involved in carbon assimilation (Miller et al., 2017).

Schneider et al. (2019) observed an upregulation of some Benson-Calvin cycle enzyme genes, such as fructose-1,6-bisphosphate aldolase 1 (FBA1) and sedoheptulose-1,7-bisphosphatase (SBSPASE), in Arabidopsis plants subjected to fluctuating light for 3 days. These enzymes were previously shown to participate in the regulation of the metabolic flux of carbon in plants (Lefebvre et al., 2005; Uematsu et al., 2012; Simkin et al., 2015, 2017). In addition, SBSPASE and FBA1 were also found to be regulated by the Fd/TRX system (Breazeale et al., 1978; Sahrawy et al., 1997; Dunford et al., 1998), suggesting a fine-tuning regulation of this long-term acclimation by a short-term mechanism. However, despite the increased activity and/or concentration of their Benson-Calvin enzymes, when compared to constant light conditions, plants under fluctuating light do not necessarily show an enhancement of their CO2 fixation capacity (Watling et al., 1997; Vialet-Chabrand et al., 2017; Schneider et al., 2019). Studies show that proteomic and transcriptomic changes in response to fluctuating light do not always align, suggesting a role of post-transcriptional regulations in the modulation of long-term acclimation responses (Athanasiou et al., 2010; Dyson et al., 2015; Miller et al., 2017; Schneider et al., 2019; Niedermaier et al., 2020).

Furthermore, as part of the acclimation response of carbon metabolism to fluctuating light, an increase in the expression of photorespiratory genes, and their corresponding protein content, was also observed in Arabidopsis (Schneider et al., 2019; Niedermaier et al., 2020). This metabolic response was shown to be particularly significant under high light fluctuation periods (Huang et al., 2015). Under low light fluctuating regimes, an increase in the photorespiratory pathway was deemed insignificant (Kono et al., 2014), possibly due to a lower accumulation of reducing equivalents.



Thylakoid Membrane Changes During Long-Term Acclimation

In addition to metabolic alterations, changes in the thylakoid membrane protein composition play an important role in light acclimation (reviewed by Walters, 2005; Anderson et al., 2012; Kaiser et al., 2018; Johnson and Wientjes, 2020). For instance, plants grown under high light have been observed to have a lower PSII/PSI ratio, but higher concentrations of Cyt b6f and ATPase (reviewed by Evans, 1988; Eskins et al., 1991; Walters and Horton, 1994; Bailey et al., 2001; Walters, 2005). Furthermore, high light may also reduce the amount of LHCII and increase the chlorophyll a/b ratio, which is related with changes in light harvesting complexes concentration and photosystems ratio (Leong and Anderson, 1984; Yang et al., 1998; Bailey et al., 2001). By contrast, LHCII concentration increases when light exposure is limiting for plant growth, although under these conditions, a compensating decrease in PSII levels is also observed (Evans, 1988; Bailey et al., 2001). Some, but not necessarily all, of these responses are seen when plants are exposed to step changes in irradiance. In Arabidopsis, transfer from low to moderately high light resulted in an increase in Cyt b6f and ATPase, without measurable changes in chlorophyll content or the total amount of LHC proteins (Athanasiou et al., 2010; Miller et al., 2017).

In addition to acclimation to overall light intensity, when plants are exposed to different light qualities, the protein composition of the thylakoid membranes may also change (reviewed by Anderson et al., 1988). Long-term acclimation responses include changes in LHCII concentration, and Chl a/b and PSII/PSI ratio (Chow et al., 1990; Kim et al., 1993; Walters and Horton, 1995; Murchie and Horton, 1998). Such changes, occurring within days; help balance the electron transport rate under situations where either photosystem is preferentially excited by light. Importantly, these alterations differ from state transitions, which occur in seconds to minutes and do not include changes in thylakoid membrane composition, only re-distribution of LHCII and photosystem macro-organization.

Overall, when light intensity or quality change, plant acclimation responses tend to balance light absorption and assimilation (Rott et al., 2011; Yamori et al., 2011). Nevertheless, understanding the effect of fluctuating light in natural environments is far more complex. Sunflecks will have a direct impact on light intensity, but natural shade cast by vegetation will also affect the incident light quality. Thus, natural light fluctuations in the ecosystems result in complex inputs, which might induce contradictory output responses. For instance, the PSII/PSI ratio will change in opposite directions with a decrease in light intensity or with exposure to a high far-red/red ratio, conditions that can be imposed by vegetative shading (Murchie and Horton, 1998; Bailey et al., 2001). Consequently, predicting a thylakoid membrane specific response to fluctuating light in natural environments is not an easy task. Furthermore, many of these responses are species-dependent (Murchie and Horton, 1998; Yin and Johnson, 2000).



Enhancement of the Photoprotective Mechanisms as a Long-Term Acclimation Response

Similar to what happens following sudden increases in light intensity, frequent exposure to oscillating periods of high light induces over-reduction of the electron transport chain, triggering an increase in ROS production and photoinhibition (Shimakawa and Miyake, 2018; Huang et al., 2019a). Thus, long-term acclimation to fluctuating light can also involve an enhancement of photoprotective mechanisms. For instance, Schneider et al. (2019) observed an up-regulation of H2O2 scavenging enzymes, such as glutathione peroxidase (GPX7) and catalase (CAT2), in Arabidopsis leaves exposed to 3 days of fluctuating light. In agreement, these plants also increased their ascorbate pool size, indicating an improvement in ROS scavenging and antioxidant response (Schneider et al., 2019).

Fluctuating light can increase PSBS content and the concentration of pigments of the xanthophyll cycle, leading to a strengthening of the photoprotective capacity of NPQ (Barker et al., 1997; Niinemets et al., 1998; Alter et al., 2012; Caliandro et al., 2013). This acclimation response was demonstrated to be, at least partially, regulated at the transcriptional level (Schneider et al., 2019). The relevance of NPQ as a long-term acclimation response to fluctuating light was recently shown using tobacco transgenic lines overexpressing PSBS and zeaxanthin epoxidase (ZEP) and violaxanthin de-epoxidase (VDE), the key enzymes in the xanthophyll cycle (Kromdijk et al., 2016). These plants showed a higher CO2 assimilation compared to the WT, leading to a higher dry mass accumulation under field conditions.

In addition to NPQ, genes related to CET were also upregulated in response to fluctuating light (Schneider et al., 2019). Proteomic results obtained under the same conditions, and by the same authors, suggest a specific role of the NDH-like complex in this long-term acclimation mechanism (Niedermaier et al., 2020). Nevertheless, mutants lacking PGR5 were shown to suffer strong PSI photoinhibition under fluctuating light (Suorsa et al., 2012; Kono and Terashima, 2016), meaning that the involvement of the antimycin A-sensitive CET pathway in this acclimation process cannot be ruled out. It is worth mentioning that a higher CET flux will contribute to a higher ΔpH, facilitating NPQ generation under photoinhibitory conditions (Munekage et al., 2002). Thus, the involvement of CET in this long-term acclimation response will not only avoid PSI photoinhibition, but also increase thermal dissipation. Consequently, short-term responses to sudden increases in light intensity are also being improved by this long-term response.




SIGNALS TRANSDUCTION PATHWAYS FOR LONG-TERM ACCLIMATION TO FLUCTUATING LIGHT

Short-term input responses, such as redox changes in the photosynthetic apparatus, occur on very rapid timescales (μsec-min), close to those of the natural fluctuations of the light environment. These inputs may trigger cellular changes, such as protein phosphorylation or thiol reductions, which respond more slowly to the changing conditions (minutes). Nevertheless, all these inputs are transient, and so, their putative role in signaling for long-term plant acclimation, which occurs over days, is not obvious. The concentrations of metabolites can also change on rapid timescales, in direct response to changing light conditions; but in some cases their accumulation provides the potential to generate signals which average out the short-term fluctuations in the environment. In the following section, we will address some of the most discussed pathways participating in photosynthetic acclimation to fluctuating light in plants (Figure 2).


[image: Figure 2]
FIGURE 2. Signals transduction pathways of long-term acclimation to fluctuating light. Schematic representation of the different putative signaling pathways involved in photosynthetic acclimation to fluctuating light, as described in section Signals Transduction Pathways for Long-Term Acclimation to Fluctuating Light. Colored gradient triangles depict accumulation of a metabolite or enzyme. LHCII, Light Harvesting Complex II; PSII, Photosystem II; PSI, Photosystem I; Fd, Ferredoxin; PQ, Plastoquinone; PQH2, Plastoquinol; STN7, STN7 kinase; CSK, Chloroplast Sensor Kinase; SnRK1, SNF1-related kinase 1 β-CC, β-cyclocitral; PAP, 3′-phosphoadenosine 5′-phosphate; MEcPP, methylerythritol cyclodiphosphate; TPT, Triose-phosphate transporter; GTP2, glucose 6-phosphate/phosphate translocator; G6P, glucose-6-phosphate; T6P, trehalose-6-phosphate; F6P, fructose-6-phosphate; S6P, sucrose-6-phosphate; F1,6BP, fructose-1,6-biphosphate; TPS, Trehalose phosphate synthase; HXK, Hexokinase; Dea/Act, Deactivation/Activation. Created with BioRender.com.



ROS and the Redox State of the Chloroplast

Retrograde signals originating from photosynthesis have been studied extensively, aiming to describe chloroplast-nucleus communication and regulation of gene expression (Pfannschmidt et al., 1999; Fey et al., 2005b; Wilson et al., 2006; Foyer et al., 2012; Karpiński et al., 2013; Gollan et al., 2015; Matsubara et al., 2016; Leister, 2019). Within these signaling pathways, the participation of ROS originating from photosynthetic electron flow, has been widely discussed (Pfannschmidt et al., 2009; Ramel et al., 2012; Szechyńska-Hebda and Karpiński, 2013; Kim, 2020). For instance, H2O2 can diffuse from the chloroplast, creating a signal cascade ultimately affecting nuclear gene expression (Maruta et al., 2012). Meanwhile, oxidation of β-carotene by 1O2 has been shown to lead to the formation of the volatile compound β-cyclocitral (β-CC), which triggers changes in nuclear gene expression under stress conditions (Ramel et al., 2012; Havaux, 2014; Tian, 2015). Nevertheless, the specific factors participating in this ROS-related signal transduction pathways are still far from being completely elucidated (reviewed by Leister, 2019; Kim, 2020).

In addition, we can think the chloroplast as an environmental sensor for plants, with the redox state of the electron transport chain being a key gear for sensing fluctuations in the environment. Amongst the components of the electron transport chain, the involvement of the PQ pool in retrograde signaling has been suggested, facilitating a rapid physiological response to changing light conditions (El Bissati and Kirilovsky, 2001; Fey et al., 2005a; Bräutigam et al., 2009). Different proteins have been shown to be regulated by the redox state of PQ, and in a ROS-independent manner (Adamska and Kloppstech, 1991; Kimura et al., 2003; Yabuta et al., 2004), and a link between the redox state of the PQ pool and photosystem gene expression has even been observed (Pfannschmidt et al., 1999; El Bissati and Kirilovsky, 2001).

Although it is clear that ROS retrograde signaling and chloroplast redox changes participate in light acclimation, it is still not yet understood how these signals are integrated under fluctuating light. The short lifetime of these chloroplast redox changes imply that other factors might be integrating the redox variations over time. Puthiyaveetil et al. (2008) suggested that a key protein participating in retrograde signaling is the Chloroplast Sensor Kinase (CSK) (Figure 2; Puthiyaveetil et al., 2008). This protein is widely seen in photosynthetic organisms and has been shown to bind an iron-sulfur cluster, which can sense changes in the chloroplast redox state (Ibrahim et al., 2020). The activation/deactivation of the kinase regulates the expression of different photosynthetic genes (Puthiyaveetil et al., 2008; Ibrahim et al., 2020), supporting its participation in the adjustment of the stoichiometry of photosynthetic complexes under different light conditions. Interestingly, CSK gene expression was found to be upregulated under fluctuating light in Arabidopsis (Schneider et al., 2019).



STN7 Kinase as a Mediator Between the Chloroplast-Nucleus Communications

The STN7 kinase phosphorylates LHCII and some PSII subunits upon changes in light conditions, triggering state transitions and regulating PSII turnover (Bellafiore et al., 2005; Tikkanen et al., 2006, 2010; Wagner et al., 2008; Pietrzykowska et al., 2014). Although STN7 involvement in short-term regulatory responses to fluctuating light has been well-described, it was also shown that stn7 mutants are unable to undergo forms of long-term acclimation under changing light regimes (Bonardi et al., 2005; Pesaresi et al., 2009). When stn7 mutants were grown under fluctuating light they exhibited reduced growth and a lower seed yield and were incapable of adjusting their thylakoid composition to the conditions experienced. In agreement, STN7 gene expression was increased after 3 days of fluctuating light in Arabidopsis (Schneider et al., 2019), again highlighting its potential involvement in long-term acclimation. Thus, STN7 seems to play a critical role in both short- and long-term responses to fluctuating light regimes in plants, either directly or indirectly (Bonardi et al., 2005; Wagner et al., 2008; Bräutigam et al., 2009; Leister, 2019).

Although it is still unknown which proteins participate downstream of STN7 in the long-term acclimation response, one of the putative proteins is TSP9. TSP9 is a plant specific nuclear-encoded protein, found in the thylakoid membranes, which is phosphorylated by STN7 upon illumination (Carlberg et al., 2003; Zer and Ohad, 2003). The phosphorylated form dissociates from the thylakoid membrane and has been proposed to act as a signaling molecule regulating gene expression under changing light conditions (Carlberg et al., 2003; Zer and Ohad, 2003; Fristedt et al., 2009). Nevertheless, downregulation of TSP9 in Arabidopsis plants did not affect the long-term response to light changes (Pesaresi et al., 2009), but its mutation was shown to affect state transitions and NPQ (Fristedt et al., 2009). These results suggest the involvement of TSP9 in the short-term responses to fluctuating light, but not in long-term acclimation. The downstream factors involved in the STN7 long-term acclimation signaling pathway, are still elusive (Leister, 2019).



Metabolites Accumulation as Putative Integrative Factors of the Long-Term Acclimation Response to Fluctuating Light
 
ROS-Related Metabolites

A putative role for signal integration was suggested for the volatile compound β-cyclocitral (β-CC; Ramel et al., 2012; Havaux, 2014; Tian, 2015); the accumulation of 3′-phosphoadenosine 5′-phosphate (PAP) and its regulation by the SAL1 phosphatase (Estavillo et al., 2011; Chan et al., 2016); and the isopropanoid precursor methylerythritol cyclodiphosphate (MEcPP; Xiao et al., 2012). The accumulation of chloroplast tetrapyrrole biosynthesis intermediates was also suggested to be involved in retrograde signaling (reviewed by Nott et al., 2006; Tabrizi et al., 2016), although this model has been questioned (Mochizuki et al., 2008; Moulin et al., 2008).

The accumulation of these metabolites is directly connected to an increase in ROS production and/or redox changes in the chloroplast (Figure 2), and its involvement in the acclimation response to different stress conditions has been described (Estavillo et al., 2011; Ramel et al., 2012; Xiao et al., 2012; Chan et al., 2016). Thus, it is feasible to think that a putative increase in their accumulation over a certain threshold might also trigger an acclimation response to fluctuating light, allowing the integration of different signals over time. This hypothesis is an interesting starting point to close the gap between the short and long-term responses to this environmental condition.



Carbon-Related Metabolites
 
Sucrose and the Availability of Inorganic Phosphate

The significance of carbon metabolites as signals for acclimation relies on the fact that photosynthate partitioning varies with changes in irradiance and photoperiod (Mengin et al., 2017). Furthermore, different studies support a role for the accumulation of some of these carbon sinks in the plant's response to several environmental conditions. For instance, sucrose shows a significant role in cold acclimation, triggering changes in gene expression and anthocyanin biosynthetic pathways (Solfanelli et al., 2006; Rekarte-Cowie et al., 2008). In addition, evidence supports a sucrose signaling role in many developmental processes in the plant's life cycle (reviewed by Horacio and Martinez-Noel, 2013).

Sucrose concentrations in plant tissues correlate with light intensity, and their synthesizing enzymes fluctuate over the photoperiod (Cheikh and Brenner, 1992; Horacio and Martinez-Noel, 2013). In addition, sucrose downregulates CO2 fixation through alteration of gene expression (Pamplin and Chapman, 1975; Sheen, 1990; Rook et al., 1998; Wiese et al., 2004), and through a negative feedback regulation due to inorganic phosphate (Pi) availability (Hurry et al., 2000; Ensminger et al., 2006). Sucrose synthesis and degradation participate in Pi cycling between the chloroplast and the cytosol (Hurry et al., 2000). Alterations in sucrose synthesis in the cytosol may decrease Pi availability in the chloroplast, inhibiting ATP synthesis and, as a consequence, RuBP regeneration and carbon fixation (Hurry et al., 2000; Ensminger et al., 2006).

Due to its constitutive presence in the cytosol of plant cells (Figure 2), a role for sucrose as a signaling molecule in photosynthetic acclimation may imply that its accumulation needs to exceed a certain threshold (Horacio and Martinez-Noel, 2013). Alter et al. (2012) analyzed the concentration of soluble sugars (glucose, fructose, and sucrose) in Arabidopsis plants under constant and fluctuating light conditions, without observing any differences in total soluble sugar concentration between treatments. Nevertheless, the individual concentration of each sugar was not independently assessed, and changes in sugar ratios under fluctuating light cannot be ruled out.



Glucose-6-Phosphate, Trehalose-6-Phosphate and Hexokinases, Key Molecules in the Starch and Sucrose Synthesis Regulation

Photosynthesis, through the Benson-Calvin cycle, produces glycerate-3-phosphate, which is reduced to triose-phosphate (triose-P) in successive reactions that consume NADPH and ATP. Triose-P can be used to regenerate ribulose-1,5-bisphosphate (RuBP) in the Benson-Calvin cycle, or, when in excess, can be transformed to end products such as sucrose or/and starch (Figure 2; reviewed by Ensminger et al., 2006). Sucrose is synthesized in the cytosol, for which triose-P is exported from the chloroplast through the triose-phosphate translocator (TPT; Figure 2). When the rate of triose-P export is lower than its rate of synthesis, starch is synthesized in the chloroplast (Zeeman et al., 2004). Carbon flux to starch is also an important strategy to avoid carbon sink limitations under photoinhibitory conditions (Ensminger et al., 2006).

Fixed carbon may also be imported back from the cytosol in the form of glucose-6-phosphate (G6P), through the glucose 6-phosphate/phosphate translocator GPT2 (Figure 2; Niewiadomski et al., 2005; Dyson et al., 2015). GTP2 expression is known to be associated with alterations in carbon metabolism and high light responses, leading to photosynthetic acclimation (Athanasiou et al., 2010; Kunz et al., 2010; Dyson et al., 2015). GTP2 might directly affect the relative concentrations of G6P between cell compartments, affecting the metabolic signals triggering photosynthetic responses to different environmental stimulus. For instance, G6P positively regulates sucrose synthesis, by activating SPS and inhibiting sucrose synthase (SUS- an enzyme participating in sucrose catabolism). This inhibition in sucrose degradation is through inhibition of SNF1-related kinase 1 (SnRK1), which participates in the regulation of carbon metabolism, ABA signaling, stress responses and development (Jossier et al., 2009; Zhang et al., 2009; Cho et al., 2012). Thus, regulating the G6P concentration in the cytosol might have a direct impact on metabolism, growth and acclimation under different environmental conditions.

In a similar way to G6P, trehalose-6-phosphate (T6P) has been described as having an important role in the regulation of carbon assimilation and sugar status in plants (reviewed by Ponnu et al., 2011). T6P is an intermediate in trehalose biosynthesis, synthesized from UDP-Glucose and G6P in the cytosol, by the enzyme trehalose phosphate synthase (TPS; Figure 2; Häusler et al., 2014). T6P is a signal of sucrose availability, alters the rate of starch biosynthesis in the chloroplast and participates in the cross-talk of metabolic regulations through inhibition of SnRK1 (Lunn et al., 2006; Zhang et al., 2009; Yadav et al., 2014). In particular, T6P was also shown to down-regulate genes related to the photosynthetic process, which are normally up-regulated by SnRK1 (Zhang et al., 2009).

Other proposed sugar sensing molecules are the hexokinases (HXKs), which catalyze the phosphorylation of glucose and fructose and have been defined as evolutionarily conserved glucose sensors (Figure 2; reviewed by Granot et al., 2014). HXKs are able to down-regulate the expression of photosynthetic genes, reduce chlorophyll levels and photosynthetic rates (Jang et al., 1997; Dai et al., 1999; Xiao et al., 2000). As a consequence, HXKs are capable of modulating photosynthesis in a glucose dependent-manner, integrating short-term changes in the environment with their corresponding photosynthetic responses (Moore et al., 2003). In agreement, within guard cells, HXK also regulates stomatal closure, supporting a negative coordinated regulation of photosynthesis by hexose availability (Kelly et al., 2013; Granot et al., 2014).






METABOLIC MODELING IN UNRAVELING THE PHOTOSYNTHETIC ACCLIMATION TO FLUCTUATING LIGHT IN PLANTS

Our review of the literature shows that experimental studies that link rapid responses to sustained long-term changes are rare, as they are laborious and often technically infeasible. Mathematical modeling, however, has the potential to overcome some of these limitations, helping to identify mechanisms by which plants integrate short-term responses to the environment over time. A holistic understanding of fluctuating light acclimation is a challenge, involving many timescales. The following section covers a range of mathematical modeling techniques that have previously been applied to study photosynthesis (Table 1), and further proposes new modeling techniques that could be employed to deepen our understanding of photosynthetic acclimation to fluctuating light in plants.


Table 1. A brief overview of the primary types of models applied to study photosynthetic responses to fluctuating light.

[image: Table 1]


Empirical vs. Mechanistic Modeling Techniques to Study Photosynthesis

Mathematical modeling within biology is ruled by two paradigms: empirical modeling and mechanistic modeling. Empirical modeling, also known as statistical modeling, fits a model to the data without considering the underlying biological processes (Table 1). Through the observation of a repeated pattern, it is assumed that future events of the same type will result in the same pattern. A straightforward example of an empirical model is the non-rectangular hyperbola of net carbon gas exchange fitted to light response curves (Johnson and Murchie, 2011). While the fit of this model has stood the validation test of time, possible underlying biological mechanisms have only recently been discussed (Retkute et al., 2015; Herrmann et al., 2020). Stegemann et al. (1999) constructed an empirical model relating fluctuating diurnal changes in light intensity to net photosynthesis. By fitting their model parameters to data obtained from two different tree species, they successfully estimated carbon uptake without explaining the mechanisms behind their photosynthetic responses to light.

Empirical models are a powerful tool when the underlying processes are not known and form the premise of machine learning algorithms (Kotsiantis et al., 2007; Angelov and Gu, 2019). The reliability of empirical models improves vastly with the amount of input data available (Kotsiantis et al., 2007), a limitation that is becoming less hindering in the current ‘omics era. Nonetheless, extrapolation of empirical models is difficult and, typically, good predictions cannot be made outside of the range of previously measured values. For example, an empirical model of photosynthesis with parameters fitted to a specific light and temperature regime is unlikely to be transferable to another light and temperature regime, and, instead, the model parameters must be estimated anew (Herrmann et al., 2020).

By contrast, mechanistic models, albeit harder to construct, have several advantages over empirical models (Table 1). Mechanistic models break down a system into smaller components, and the processes by which these components interact with one another are then captured by mathematical equations. Mechanistic models require an in-depth understanding of the system components and their interactions in space and time. However, once a mechanistic model is constructed and its parameters are successfully estimated, few input data are required for outcome prediction. Furthermore, if the same mechanisms apply under different conditions, or outside the range of the initial input values, the model can be applied beyond the range of the initial training data (Geritz and Kisdi, 2012; Ratti, 2018).

Kinetic models of metabolic pathways are examples of mechanistic models: a pathway is broken down into its metabolites and the way in which these metabolites interact with one another can, for example, be described by mass action law or Michaelis-Menten kinetics (Schallau and Junker, 2010). Many successful kinetic models of photosynthesis have been built, and their ability to capture fluctuating light conditions is discussed in the next section. Kinetic models, as with all others mechanistic models, are limited by our knowledge of the system under study.



Dynamic Modeling to Study Time-Dependent Photosynthetic Responses Under Fluctuating Light

Dynamic models generally encompass time-dependent-models that capture changes over time (Table 1). These models employ a set of ordinary differential equations, or partial differential equations, considering one or more independent variables. Dynamic models can be empirical or mechanistic; however, in biochemistry, dynamic models appear most commonly in the form of kinetic models. Kinetic models of biochemical pathways are mechanistic, dynamic models, as they consider changes in metabolite concentrations over time. Due to a combinatorial explosion of the parameter estimation, dynamic models are generally limited to a handful of equations.

Multiple dynamic models of photosynthesis and the Benson-Calvin cycle reactions exist (Farquhar et al., 1980, 2001; Harley and Tenhunen, 1991; Poolman et al., 2000); however, most of them have not been applied to study fluctuating light acclimation. Kirschbaum et al. (1997) and Pearcy et al. (1997) are among the few to have extended the original Farquhar et al. (1980) model to study fluctuating light regimes over a time frame of seconds to hours. Mott and Woodrow (2000), however, addressed the question of nitrogen resource allocation under fluctuating light regimes by using a much simpler model of rubisco and rubisco activase. In addition, Porcar-Castell et al. (2006) incorporated both regulatory and feedback mechanisms in their dynamic model of PSII, and were able to validate experimentally obtained photochemical and non-photochemical quantum yields under fluctuating light. However, none of these models consider a long-term acclimation of plants to changing light regimes, as they have been parametrized for a much shorter timescale.

Retkute et al. (2015) employed a semi-empirical dynamic model to describe carbon uptake over time as a function of light availability and a constant maximum photosynthetic capacity (Pmax). Pmax is calculated to give the maximum possible carbon uptake over the time-weighted average of a light pattern, representing the acclimation state of the plant. How plants shift from one acclimation state to another, and alter their Pmax accordingly, was discussed by Herrmann et al. (2020) using a time- and temperature-dependent model. However, the sensors and signals that trigger a new photosynthetic acclimated state remain elusive.

As discussed in section Signals Transduction Pathways for Long-Term Acclimation to Fluctuating Light, and highlighted in our previous studies (Dyson et al., 2015; Herrmann et al., 2020), carbon fluxes between the cytosol and the chloroplast seem to be important factors in the photosynthetic acclimation responses of plants. In particular, the resulting changes in sugar vs. starch production have been shown to be crucial for acclimation to different light regimes (Dyson et al., 2015). Modeling the changes in carbon metabolism under fluctuating light could be useful to identify key signals leading to acclimation responses in plants. For instance, using a simple kinetic model and a sensitivity analysis of the model parameters, Nägele and Weckwerth (2014) analyzed the control of sugar homeostasis in plants, and suggested that allosteric effectors alone can account for a considerable readjustment of metabolic homeostasis.

Metabolic control analysis (MCA) quantifies the extent to which fluxes, or concentrations, depend on the model parameters. Thus, when applied to kinetic models, MCA provides a valuable tool for identifying parameters, and thus enzymes, that exert the greatest metabolic control over the fluxes (or species concentrations) in a defined model (ap Rees and Hill, 1994; Poolman et al., 2000). The fact that detailed regulatory information can be included in these dynamic kinetic models represents one of their greater advantages; although at the same time limits the size and complexity over which they can be feasibly solved. Often, a trade-off between the level of mechanistic detail and the feasibility to solve the model is required (Harley and Tenhunen, 1991).



Steady-State Modeling as a Mechanistic Approach to Study Photosynthetic Acclimation to Fluctuating Light

Photosynthetic acclimation to a sustained change in light regime typically occurs over multiple days. As Athanasiou et al. (2010) observed, a new photosynthetic state is reached only 1 week after a change in exposure from low to high light. Acclimation responses to changes in light regimes are typically not represented by kinetic models, which tend to be parametrized over a timescale of seconds to hours. Instead, genome-scale steady-state models which tend to operate over multiple days and weeks can be used to study photosynthetic acclimation (Table 1; Herrmann et al., 2019a).

Genome-scale, steady-state, metabolic models, employ what are known as constraint-based modeling (CBM) techniques (Lewis et al., 2012), and operate under the assumption that internal metabolite concentrations are constant over time. This approximation is generally valid over longer time-frames, because the changes in metabolic flux leading to new equilibrium states are usually faster when compared to acclimation responses. Whilst these types of models are able to capture the final acclimated steady-state of plant metabolism, they fail to incorporate the mechanisms that initiate and lead to that new steady-state.

More recent variations of CBM techniques aim to overcome these limitations by employing dynamic CBM techniques (Mahadevan et al., 2002; Grafahrend-Belau et al., 2013). Shaw and Cheung (2018), for example, built a dynamic multi-tissue model by using the output of one steady-state model as the input of another steady-state model. By defining a steady-state model at each time point, they were able to effectively analyse resource allocation in plants over days and weeks. The model by Shaw and Cheung (2018) is based on the diel model first published by Cheung et al. (2014), which combined both a day-time (light-dependent) steady-state model and a night-time (light-independent) steady-state model. Dynamic models constructed of steady-state models are thus able to incorporate time-dependent changes, but typically consider changes over a timescale of multiple days.

Different ‘omics datasets can be used to incorporate enzyme regulatory mechanisms into genome-scale stoichiometric models, making it, for instance, possible to study redox changes at a resolution of second to hours with longer process steady-state models (Jamshidi and Palsson, 2010). This kind of analysis, however, has yet to be applied to plants exposed to fluctuating light.



The Challenges and Opportunities of Using a Holistic Approach to Address Photosynthetic Acclimation to Fluctuating Light

Incorporating data measured over different timescales, and both discrete (e.g., state switching) and continuous scales (e.g., sink metabolite accumulation), poses an immense challenge for the study of photosynthetic acclimation under fluctuating light conditions. In order to incorporate models describing different processes over different periods of times, dimensionality reduction techniques will be necessary. These techniques are designed to reduce model complexity by discarding components that have little effect on the overall outcome of interest (Hummer and Szabo, 2015; Snowden et al., 2017). Successful dimensionality reduction should lead to the identification of essential model components required for predictive power; each fine-tuned according to the timescale over which it must operate, and the magnitude for which can shows significant effects on the system itself.

Purvis et al. (2009) use dimensionality reduction to combine multiple small-scale kinetic models in the human platelet P2Y1 signaling system, and convert it into a single holistic model. Employing known dimensionality reduction techniques (Hummer and Szabo, 2015; Ali Eshtewy and Scholz, 2020) on fast existing kinetic models of photosynthesis, may pave the way for their incorporation into slower process models (such as the genetic changes involved in light acclimation). Unfortunately, neither dimensionality reduction nor model validation techniques are frequently employed in plant sciences. Model validation, both at the experimental and theoretical level (Hasdemir et al., 2014), will need to be done before a model is deemed suitable to be integrated holistically.

Hybrid models, which incorporate both discrete and continuous information, are starting to gain attention in other disciplines (Henzinger, 2000; Bortolussi and Policriti, 2008). A simple analogy for such a hybrid automaton is a thermostat, whereby the law of thermodynamics are described by ordinary differential equations (continuous) but the state of the heater is either on or off (discrete). Thus, we can imagine multiple metabolite concentrations changing on a continuous scale in response to environmental fluctuations, which could emerge in an on/off output response (such as the ones described in sections Signals Transduction Pathways for Long-Term Acclimation to Fluctuating Light and System Outputs: Long-Term Acclimation to Fluctuating Light of the present review, respectively). However, such a system has yet to be identified in plant acclimation to fluctuating light.

The alternative to the mechanistic approaches described above, would be to take an empirical modeling approach. With an ever-increasing and overwhelming amount of multi-omic data available, there are numerous supervised learning algorithms that could be applied to identify “biomarkers” of a given acclimation stage (Mjolsness and DeCoste, 2001; Saeys et al., 2007). While the identification of molecular predictors is promising, these approaches typically do not reveal any information about the mechanisms by which the identified molecules trigger the final acclimated state of the plant. This empirical approach, however, does hold the potential for validating existing hypotheses or generating new hypotheses for experimental validation. For example, if both STN7 and TSP9 were identified as predictors for light acclimation, this would support the idea that TSP9 acts downstream of STN7 in promoting a long-term acclimation response.

Finally, stochastic models can account for random variations in inputs and result in a probability distribution of potential outcomes (Table 1; Guerriero et al., 2014; Retkute et al., 2018). The application of stochastic models to photosynthesis remains limited as of today but holds a great potential for identifying potential thresholds for acclimation. For instance, one could imagine a metabolite concentration that fluctuates in response to environmental changes triggering an acclimation process only once a given threshold concentration is passed. This could be the case of the proposed ROS and carbon-related metabolites discussed above (see section Signals Transduction Pathways for Long-Term Acclimation to Fluctuating Light).

To facilitate the integration of different modeling techniques, rigorously standardized tools are required. For instance, the open platform www.e-photosynthesis.org hosts a collection of dynamic plant models, translated to the Systems Biology Mark-up Language (SBML), and provides a good starting point for any modeler interested in photosynthetic acclimation. Currently, the project consists largely of model parametrized over short timescale, but hopefully it will be extended to longer-time physiological processes in the future, such that an effective integration of the two will be possible.




CONCLUDING REMARKS

As this review has shown, there is a gap between studies that consider short-term responses to changes in light conditions, and those that consider long-term acclimation processes. This gap is evident from both an experimental and a theoretical viewpoint, and is likely the result of the difficulties associated with studying interconnected processes that occur over different timescales. The photosynthetic apparatus is highly complex; thus, understanding the regulatory networks of fluctuating light responses over time will require a deeper understanding of the system itself. This situation is even more complex if we consider that many experimental studies focus on well-defined, non-random changes in irradiance that do not necessarily reflect realistic field conditions (Annunziata et al., 2017).

It is also worth mentioning that, in the present review, we mainly describe how changes in light regimes affects processes at a single-cell level. Under field conditions, as captured in canopy level models, fluctuating light often result in heterogeneous light absorbance across leaves and cells. How these differences at the cellular level are integrated within and across tissues remains an important topic for further consideration in the future, given that this heterogeneity may result in emergent properties that cannot be captured by single-cell models. Emergent properties are those which arise from an interaction of model components, and which cannot be described by either of the components on their own (Bhalla and Iyengar, 1999; Peak et al., 2004; Aderem, 2005). Emergent properties are the reason why it is often difficult to explain the mechanistic basis of empirical models, and are why both approaches are needed to enhance our understanding of photosynthetic acclimation to fluctuating light conditions.

It is well-established that realistic models of complex biological signals will require regulation, feedback signals and non-linear dynamic components (Csete and Doyle, 2002). Identifying potential emergent properties of such systems will require the integration and careful dimensionality reduction of multiple processes (Rascher and Nedbal, 2006). Models will need to be specific enough to capture the individual processes that together lead to emergent system properties but, at the same time, need to be general enough to differentiate noise from signal (Gillespie, 2000; Mélykúti et al., 2010). As a conclusion, a combination of existing and emerging modeling techniques will be required to capture the emergent properties and signaling pathways related to photosynthetic acclimation to fluctuating light in plants.
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Leaf senescence in source leaves leads to the active degradation of chloroplast components [photosystems, chlorophylls, ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)] and plays a key role in the efficient remobilization of nutrients toward sink tissues. However, the progression of leaf senescence can differentially modify the photosynthetic properties of source leaves depending on plant species. In this study, the photosynthetic and respiratory properties of four leaf ranks of oilseed rape describing leaf phenological stages having different sink-source activities were analyzed. To achieve this, photosynthetic pigments, total soluble proteins, Rubisco amounts, and the light response of chlorophyll fluorescence parameters coupled to leaf gas exchanges and leaf water content were measured. Photosynthetic CO2 assimilation and electron transfer rates, Rubisco and chlorophyll levels per leaf area were gradually decreased between young, mature and senescent leaves but they remained highly correlated at saturating light intensities. However, senescent leaves of oilseed rape had a lower intrinsic water use efficiency compared to young and mature leaves at saturating light intensities that was mainly due to higher stomatal conductance and transpiration rate with respect to stomatal density and net CO2 assimilation. The results are in favor of a concerted degradation of chloroplast components but a contrasted regulation of water status between leaves of different phenological stages of winter oilseed rape.

Keywords: Brassica napus, senescence (leaf), source sink relationship, water use efficiency, chlorophyll fluorescence, photosynthesis–respiration imbalance, oilseed rape


INTRODUCTION

Resource allocation within plant organs, driven by source-sink relationships, is a critical factor determining plant growth capacities and overall productivity for crop species (Smith et al., 2018). Source-sink relationships represent an interesting target for yield improvement and they have undergone a revival of interest recently (Sonnewald and Fernie, 2018). From a functional point of view, a plant can be divided into source organs, corresponding to photosynthetically active tissues exporting photoassimilates (leaves), and sink organs, i.e., parts of the plant where imported photoassimilates are stored or used (seeds and roots for example) (Fernie et al., 2020). Source organs essentially export carbon and nitrogen resources to sink organs through the phloem in the form of sucrose and nitrogen-rich compounds (glutamine, asparagine, ureides, and peptides) (Julius et al., 2017; Tegeder and Masclaux-Daubresse, 2018). However, depending on the phenological stage and the growth conditions, leaves can have both a source and a sink status (import and export of organic carbon and nitrogen) (Chang et al., 2017). This duality concept is mainly inherent to leaf development and aging, in which senescence represents a major nutrient recycling process ultimately leading to cell death and regulated at multiple levels, notably by leaf age, plant life cycle, and environmental conditions (Woo et al., 2019).

Leaf senescence is characterized by the progressive degradation of chloroplasts through the autophagy machinery (chlorophagy), while mitochondria remain active until the final stages of leaf senescence to support ATP production required for carbon and nitrogen export (Keech et al., 2007; Avila-Ospina et al., 2014). Indeed, during the progression of leaf senescence, the active degradation of major components of chloroplasts (chlorophylls, proteins, and lipids) produces metabolic precursors (amino acids, sugars, and fatty acids) that can be either translocated or used as alternative respiratory substrates for mitochondrial metabolism (Chrobok et al., 2016; Barros et al., 2020). Therefore, leaf senescence can strongly influence plant net CO2 assimilation, since photosynthesis is progressively inhibited while mitochondrial respiration and associated decarboxylations are strongly stimulated. In parallel, the initiation of leaf senescence induces the degradation of major complexes of the chloroplast electron transfer chain (CETC), notably the reaction centers of photosystems (PS) II and I and their associated antenna (Schottler and Toth, 2014). Such degradations severely reduce linear electron flow through the CETC thus compromising an efficient use of light for the production of ATP and reducing power. Consequently, the activation of photoprotective mechanisms can occur leading to non-photochemical quenching (NPQ), cyclic electron flow and chlororespiration that limit the production of reactive oxygen species (Krieger-Liszkay et al., 2019). However, these mechanisms are dependent of CETC complex ratios that appear to be degraded differentially depending on plant species (Krupinska et al., 2012; Nath et al., 2013; Schottler et al., 2017). Therefore, leaf senescence can also influence the relationship between chloroplastic electron transfer rate and photosynthetic CO2 assimilation.

Winter oilseed rape (Brassica napus L.) is an oleaginous crop of major importance due to the production of seeds being naturally rich in triglycerides and proteins. Unfortunately, while oilseed rape has a high nitrogen uptake efficiency at the vegetative stage, the crop requires large mineral nitrogen (N) inputs (150–250 kg N/ha) compared with other crops, due to a low N remobilization efficiency at both vegetative and reproductive stages (Malagoli et al., 2005; Bouchet et al., 2016). Therefore, the engineering of source-sink relationships of oilseed rape represents a promising target for maintaining crop seed yield and quality with reduced N inputs by targeting either N remobilization efficiency or sink establishment (Stahl et al., 2019; Dellero, 2020). To date, research on source-sink relationships in oilseed rape have been essentially focused on the analysis of proteolysis mechanisms and water status in either well-watered or stress conditions (Albert et al., 2012; Musse et al., 2013; Gironde et al., 2015; Poret et al., 2016). Notably, young leaves of oilseed rape accumulate protease inhibitors to protect them for protein degradation while old leaves of oilseed rape show enhanced protease activities (aspartic, cysteine, and chloroplastic) (Avice and Etienne, 2014). However, at the metabolic level, other mechanisms could also play an important role in nutrient remobilization from source-to-sink tissues such as the fine regulation of leaf primary metabolism (Dellero et al., 2020a,b). Notably, the regulation of photosynthetic and mitochondrial activities during the progression of leaf senescence in oilseed rape represents an interesting area that has yet to be explored.

In this study, the impact of leaf phenological stages and their inherent sink-source activities for nitrogen metabolism on the photosynthetic and respiratory properties of oilseed rape have been evaluated by characterizing four leaf ranks representing leaf phenological stages with contrasted sink/source balances (L15, L11, L7, and L3). Levels of photosynthetic pigments, proteins and Rubisco and chlorophyll fluorescence parameters coupled to leaf gas exchanges during light-response experiments have been measured. Correlation analysis between net CO2 assimilation, photosynthetic pigment contents, Rubisco levels, stomatal conductance and transpiration rate by using different leaf phenological stages showed interesting results.



MATERIALS AND METHODS


Plant Material and Growth Conditions

All experiments were performed on B. napus genotype Aviso [“Bracysol” biological resource center (IGEPP)]. Seeds were first incubated for 3 days on soaked blotting paper to allow seed germination and then transferred in 4 L pots filled with a non-fertilized commercial substrate (Falienor, reference 922016F3). Plant growth was achieved in a 6 m3 growth chamber with the following climatic conditions: 14 h of light at 22°C and 10 h of dark at 18°C, an ambient air with around 410 μmol CO2·mol−1 air and a relative humidity of 65–80%, a photosynthetic photon flux density (PPFD) ranging between 100 and 120 μmol photons.m−2.s−1 following the position of the leaf within the canopy. Plants were irrigated twice a week with a commercial fertilized solution (Liquoplant Bleu, 2.5% N, 5% P, 2.5% K). All experiments were performed on plants grown for 60 days after sowing, possessing 13 leaf ranks (BBCH-19), annotated from the bottom to the top (L3–L15). The two oldest leaves (L1 and L2) had already fallen off after yellowing, confirming that the remobilization processes between sink and source leaves were operating. A first experiment was performed on three different plants to evaluate and select appropriate leaf ranks for further studies (measurement of fresh weight, leaf area and chlorophyll content in SPAD units using limbs and petioles). A second experiment was performed on three different plants to measure specific limb fresh and dry weights and water, photosynthetic pigment, soluble protein, and Rubisco contents. A third experiment was performed on three different plants to measure leaf gas-exchange and PSII fluorescence parameters. The chlorophyll content in SPAD units was also measured for each leaf of each experiment to ensure that the leaves selected for the analyses were at similar stages across all experiments. Some of the data obtained in this study were very similar to other works performed on leaves of the same genotype grown in similar conditions and using analogous split experimental setups (Dellero et al., 2020a,b).



Leaf Area and Photosynthetic Pigment Contents

Leaves (L15–L3) were harvested by cutting at the base of their mid-vein and used for the measurements of fresh weight and leaf area in the first experiment. Leaf area was measured with the LI-3100C Area Meter (LiCOR, Lincoln, NE, USA). Chlorophyll levels were first approximated in SPAD units using a non-destructive chlorophyll SPAD-502 meter (Minolta) on leaf limbs (10 measurements per leaf). For photosynthetic pigment determinations, five leaf disks (0.8 cm2) were punched with a cork-borer in both lamina sides of the leaves and immediately frozen in liquid nitrogen and stored at −80°C. Frozen samples were ground to a fine powder and photosynthetic pigments were extracted in the dark with 400 μL of pure ice-cold acetone. After a 5 min centrifugation step at 12 000 g and 4°C, the supernatant was collected and stored at 4°C in the dark. These steps were repeated three to four times on the pellet with 80% ice-cold acetone until all pigments were extracted (as judged by a fully white pellet). Supernatants were mixed together and 50 μL were diluted in 80% acetone for photosynthetic pigment quantification by spectrophotometry. Chlorophyll a (chl a), chlorophyll b (chl b), carotenoid (carot), and xanthophyll (xant) contents were quantified in μg.mL−1 from the measurements of A663, A646, and A470 nm at 25°C as previously described (Lichtenthaler, 1987): chl a = 12.25 A663-2.79A646; chl b = 21.50 A646-5.10A663; carot+xant = 5.05A470-0.0091chla−0.429chlb.



Water, Soluble Protein, and Rubisco Contents

Ten leaf disks (0.8 cm2) were punched with a cork-borer from both lamina sides of the leaves, frozen in liquid nitrogen and freeze-dried for 72 h. Water content (WC) was calculated from the measurement of the fresh weight (FW, measured directly after harvesting) and the dry weight (DW, measured after freeze-drying) as follow: WC = (FW-DW)/FW. Specific limb fresh and dry weights were calculated from these samples. Freeze-dried samples were ground to a fine powder and soluble proteins were extracted in a buffer containing 20 mM citrate, 160 mM Na2HPO4 (pH 6.8), a pinch of polyvinylpolypyrrolidone (PVPP) and a tablet of a protease inhibitor mixture (Complete Mini, EDTA-free, Roche) for 50 mL. After a 15 min incubation with orbital shaking at 1500 rpm, samples were centrifuged for 30 min at 12 000 g and 4°C then soluble proteins in the supernatant were quantified using the Bradford reagent and bovine serum albumin as a protein standard. For relative quantification of Rubisco content, 20 μg of soluble proteins were separated by SDS-PAGE (10% acrylamide) and stained with Coomassie Brilliant Blue (Laemmli, 1970). Rubisco large subunit (LSU) content was evaluated with ImageJ using the “Gel analyser” on 8-bit images, as previously described (Dellero et al., 2015).



Gas Exchange and Chlorophyll Fluorescence Measurements

For these experiments, an entire working day (8–10 h) was required per plant to achieve all measurements on the four leaf ranks considered in this study. Prior to measurements, each plant was transferred to the laboratory bench 1 h after the beginning of the photoperiod. To accommodate any potential side-effects due to different moisture conditions throughout the day, the order of the leaves used for the light response measurements of An and gsw were modified as follows: L15, L11, L7, L3 for day 1; L3, L7, L15, L11 for day 2 and L11, L3, L15, L7 for day 3. For measurements, each leaf was placed in a gas-exchange chamber (LCF 6400-40, LiCOR, Lincoln, NE, USA) connected to a portable photosynthesis system (LI 6400XT, LiCOR, Lincoln, Nebraska, USA). The following conditions were maintained in the chamber: a leaf temperature of 20–21°C, a 60–70% relative humidity (VPD leaf approximately equal to 0.8), a CO2 concentration of 400 μmol CO2.mol−1 air and an air flow rate of 300 μmol.s−1. Chlorophyll fluorescence parameters were measured using default parameters of the leaf fluorescence chamber and calculated as follows (Maxwell and Johnson, 2000): Fv = Fm-Fo, Fv' = Fm'–F0', Non Photochemical Quenching (NPQ) = [(Fm-Fm')/Fm'], PSII electron transport rate (JPSII) = φPSII×0.5×PPFD×αleaf, with φPSII corresponding to the quantum yield of PSII [=(Fm'-Ft)/Fm'], PPFD corresponding to the photosynthetic photon flux density in μmol photons.m−2.s−1 and αleaf to the light absorption coefficient of a leaf [α leaf = 0.85 (Peterson and Havir, 2001)]. Prior to the measurement of F0 and Fm levels, plants were dark-adapted for 30 min. For light-response curves, plants were adapted 10 min to each PPFD level and infrared gas analysers were “matched” together before each measurement. PPFD levels were successively 0, 25, 50, 100, 200, 300, 400, 500, 750, 1000, 1250, 1500, 1500, 1750, and 2000 μmol photons.m−2.s−1. Net CO2 assimilation rate (An, expressed in μmol CO2.m−2.s−1), stomatal conductance to water vapor (gsw, expressed in mol H2O.m−2.s−1), transpiration (Tr, expressed in mmol H2O.m−2.s−1), and intercellular CO2 concentration (Ci, expressed in μmol CO2.mol−1 air) were calculated from CO2 and H2O gas exchanges using standard equations described in the LI 6400XT_v6.2 user manual (Part I: The basics/1. System description/Equation summary). The intrinsic water use efficiency (iWUE) was calculated as An/gsw using PPFD values > 0.



Stomatal Density

Leaves (L15–L3) were harvested by cutting at the base of their mid-vein and three sections of their limbs were randomly selected. The abaxial epidermis of each section was peeled with a fine clamp at the level of secondary veins. Each epidermis was mounted on a glass slide with water and stomatal density of 0.05 mm2 sections was measured using a light microscope (Axioskop 2 plus, Zeiss) at x40 magnification. The mean value obtained from the three sections of a leaf was used as a biological replicate.



Statistical Analysis

Means of different leaf ranks were first compared together with a one-way ANOVA followed by a post-hoc Tukey's HSD test for multiple pairwise comparisons. Linear correlations between A2000, gsw 2000, Tr2000, Ci 2000, photosynthetic pigments, protein levels per leaf area and stomatal density were tested with an F-statistic. For each test, a p-value < 0.05 was applied. All statistical analyses were carried out using R base v3.5.1 (R Core Team, 2018).




RESULTS

In order to evaluate the photosynthetic efficiencies of B. napus leaves according to their phenological stage, plants were grown for 2 months at the vegetative stage in growth chambers to reach a 15-leaf stage. At this stage, the two oldest leaves had already fallen off after yellowing, thus confirming the operation of remobilization processes between young, mature and old leaves. Analysis of fresh weight, leaf area and chlorophyll content in SPAD units (Figures 1A–C) allowed to distinguish four leaf ranks representing clearly physiologically differentiated phenological stages. Leaf 15 (L15) corresponded to a young growing leaf, with the highest chlorophyll content and a low leaf area and fresh weight. Leaf 11 (L11) and leaf 7 (L7) corresponded, respectively to fully-expanded mature leaves, with the highest leaf areas and fresh weights but with different levels of chlorophylls. Leaf 3 (L3), with the lowest chlorophyll content, corresponded to an old and senescent leaf which can actively remobilise nutrients to younger leaves (L15 notably), as previously described (Dellero et al., 2020a). Since L11, L7, and L3 leaves showed a gradual decrease of their chlorophyll content in SPAD units compared to L15 that may affect the functioning of their CETC, it was decided to measure the content of various photosynthetic pigments and the maximal quantum yield of PSII (Fv/Fm) (Figures 1D–F). All photosynthetic pigment contents (chlorophyll a, chlorophyll b, carotenoids and xanthophylls) were progressively decreased from L15 to L3. Chl a/chl b and (chl a + chl b)/(xanthophylls and carotenoids) ratios were not significantly different between the leaf ranks, with values of around 2.5 and 5, respectively, although the L3 chl a/chl b ratio was slightly lower when compared to the other leaf ranks. Consistently, the maximal quantum yield of PSII (Fv/Fm) remained stable between L15, L11, and L7 (values of around 0.835) whereas L3 showed a significantly lower value of around 0.804. Therefore, although chlorophyll content was altered between young, mature and senescent leaves of oilseed rape, the integrity of PSII and the CETC seemed to remain highly conserved.
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FIGURE 1. Leaf phenological stages of oilseed rape show a relatively conserved PSII integrity. (A) Fresh weight, (B) leaf area, and (C) chlorophyll content (SPAD units) of oilseed rape leaf ranks. (D) Photosynthetic pigment contents and (E) ratios and (F) PSII maximum quantum yield (Fv/Fm) of four leaf ranks as examples of specific leaf phenological stages (L15: young leaf; L11: pre-mature leaf; L7: post-mature leaf; L3: senescent leaf). Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean values that are significantly different between the different leaf ranks (ANOVA-Tukey HSD, p-value < 0.05).


Next, it was decided to evaluate further the functioning of the CETC and the photosynthetic CO2 assimilation capacity of young, mature and senescent leaves of oilseed rape by performing gas exchange and chlorophyll fluorescence measurements in response to light intensity. We also evaluated dark respiration (Rdark) as an indicator of mitochondrial respiration. Interestingly, Rdark was significantly decreased in L7 and L3 leaf ranks compared to L15 (Figure 2A). Net CO2 assimilation rate (An) increased with increasing PPFD for all leaf ranks but it reached a nearly pseudo steady-state level at different PPFD values depending on leaf rank (Figure 2B). Indeed, An remained relatively stable from 1000 to 2000 PPFD for L11, L7, and L3 and from 1500 to 2000 PPFD for L15. Maximal net CO2 assimilation rates at saturating light intensities were significantly different between the different leaf ranks (26.96 μmol CO2.m−2.s−1 for L15, 17.83 for L11, 13.60 for L7 and 6.83 for L3 at 2000 PPFD). Analysis of PSII electron transfer rate (JPSII) revealed similar patterns, although it started to reach a pseudo steady-state at an earlier PPFD (Figure 2C). Indeed, JPSII was saturated at around 200 PPFD for L3, 500 PPFD for L7, 750 PPFD for L11, and 1000 PPFD for L15. As was seen with An, maximal JPSII was also significantly different along the different leaf ranks (139.95 μmol e−.m−2.s−1 for L15, 87.24 for L11, 70.90 for L7, and 36.79 for L3 at 2000 PPFD). Since young, mature and old leaves of oilseed rape had relatively conserved ratios of photosynthetic pigments but showed different PPFD thresholds for An and JPSII saturation, it was decided to measure non-photochemical quenching (NPQ) (Figure 2D). This parameter is an indicator of an activation of photoprotective mechanism allowing the dissipation of excess excitation energy as heat when light energy absorption exceeds light energy utilization (JPSII saturation) and involves the enzymatic conversion of violaxanthin to zeaxanthin (xanthophyll cycle) (Muller et al., 2001). As perhaps expected, there was a significant increase in NPQ at low PPFD levels for senescent L3 ranked leaves that mirrored JPSII saturation compared to young leaves that were not saturated for JPSII (statistically significant at 200 and 500 PPFD). However, between 1000 and 2000 PPFD, NPQ remained similar for all leaf ranks, except for L3 where NPQ became significantly higher at 2000 PPFD compared to L15 and L11 leaves. Overall, these results show a diminution of both photosynthetic CO2 assimilation and PSII electron transfer rates from L15 to L3 leaf ranks. Since photosynthetic activity is highly dependent on Rubisco amounts, soluble protein, and Rubisco contents in the young, mature and old leaves of oilseed rape were determined. It was found that soluble protein contents per leaf area gradually decreased from L15 to L3 leaf rank (Figure 3A). Using coomassie blue-stained Rubisco large subunit amounts on SDS-PAGE as a proxy (Figures 3B,C), it could be seen that relative Rubisco amounts per leaf protein content remained rather stable between the leaf ranks, except for L3, which showed a significant decrease of 25% compared to L15 and L11. Overall, soluble protein contents per leaf area seemed to represent a good proxy for Rubisco amounts per leaf area between the different leaf ranks.


[image: Figure 2]
FIGURE 2. Light-response of net CO2 assimilation and chlorophyll fluorescence parameters of oilseed rape leaves at different phenological stages. (A) Dark respiration (Rdark), (B) net CO2 assimilation rate (An), (C) PSII electron transfer rate (JPSII), and (D) non-photochemical quenching (NPQ). Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean values that are significantly different between the different leaf ranks (ANOVA-Tukey HSD, p-value < 0.05) at a given photosynthetic photon flux density (PPFD). L15: young leaf; L11: pre-mature leaf; L7: post-mature leaf; L3: senescent leaf.
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FIGURE 3. Correlation analysis between the amounts of Rubisco, photosynthetic pigments, JPSII, and net CO2 assimilation of oilseed rape leaves at different phenological stages and high light intensities. (A) Soluble protein contents, (B) coomassie blue-stained SDS-PAGE gel showing Rubisco large subunit (LSU), and (C) the relative quantification of Rubisco LSU. Correlation analysis at 2000 PPFD between An and (D) photosynthetic pigments, (E) JPSII, and (F) soluble protein contents. Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean values that are significantly different between the different leaf ranks (ANOVA-Tukey HSD, p-value < 0.05). L15: young leaf; L11: pre-mature leaf; L7: post-mature leaf; L3: senescent leaf.


Next, a correlation analysis was performed between An at 2000 PPFD (A2000) and either JPSII at 2000 PPFD (J2000), photosynthetic pigments or soluble protein content per leaf area using data obtained from the examined leaf ranks (Figures 3D–F). Interestingly, A2000 was highly correlated to J2000 (R2 = 0.99), and also to photosynthetic pigments (R2 = 0.94) and to soluble protein content (R2 = 0.94). Since CO2 availability to chloroplasts may also participate to the limitation of An between young, mature and senescent leaves of oilseed rape, the light-response of stomatal conductance to water vapor (gsw) and transpiration (Tr) was also examined (Figures 4A,B). Stomatal conductance to water vapor (gsw) was constantly increased with increased PPFD but leaf ranks showed significantly different values. L15 showed the highest stomatal conductance, followed by L11 and then L7 and L3. Surprisingly, L7 and L3 leaves exhibited similar stomatal conductance values. The light-response of transpiration (Tr) followed a similar pattern to gsw for the different leaf ranks. Both Tr and gsw did not reach a pseudo steady-state at high light intensities (1500–2000 PPFD) contrary to An and JPSII and this was observed for all leaf ranks. Consequently, the intrinsic water use efficiency (iWUE, calculated as An/gsw) was the highest at low light intensities (around 200 PPFD) and decreased gradually with increasing PPFD levels for all leaf ranks (Figure 4C). However, iWUE was significantly decreased in L3 leaves by up to 50% compared to L15, L11 or L7 leaves at high PPFD values (around 20 vs. 40 μmol CO2/mol H2O at 1500 and 2000 PPFD). The analysis of stomatal density on the abaxial epidermis revealed that L15 showed the highest stomatal density followed by L11, then L7 and finally L3 (Figure 4D). A correlation analysis between stomatal density, gsw, An at 2000 PPFD showed that there was a certain degree of correlation between stomatal conductance (gsw2000) and either stomatal density or photosynthesis (A2000) but only for L15, L11, and L7 leaves (R2 of 0.90 and 0.72, respectively) (Figures 5A,B). Interestingly, senescent leaves (L3) had a higher stomatal conductance compared to their stomatal density thereby suggesting a higher stomatal aperture. However, this was not translated into a higher photosynthetic rate compared to the other leaf ranks (Figure 5B). Since changes in stomatal aperture can affect the diffusion of CO2 within intercellular spaces and subsequently photosynthesis, we also analyzed the intercellular CO2 concentration at 2000 PPFD (Ci 2000) (Figure 5C). Ci 2000 values were gradually increased from L15 to L3 leaves but Ci 2000 was negatively correlated with A2000 for all leaf ranks (R2 = 0.88). Considering leaf transpiration rate, we found a high correlation with stomatal conductance between all leaf ranks (R2 = 0.97) and a higher value in the senescent L3 leaves compared to their photosynthetic activity (Figures 5D,E). Finally, we analyzed the specific limb dry and fresh weights of young, mature and senescent leaves of oilseed rape. We found that limb water content increased significantly from L15 to L3, and this was associated with a decrease of dry weight per leaf area, while fresh weight per leaf area remained unchanged (Figures 5F–H).
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FIGURE 4. Light-response of stomatal conductance, transpiration, and intrinsic water use efficiency of oilseed rape leaves at different phenological stages. (A) Stomatal conductance to water vapor (gsw), (B) transpiration rate, (C) intrinsic water use efficiency (iWUE), and (D) stomatal density (abaxial epidermis). iWUE was calculated as An/gsw. Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean values that are significantly different between the different leaf ranks for a given PPFD (ANOVA-Tukey HSD, p-value < 0.05) at 200, 500, 1000, 1500, and 2000 PPFD. L15: young leaf; L11: pre-mature leaf; L7: post-mature leaf; L3: senescent leaf.
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FIGURE 5. Relationships between stomata and water and CO2 exchanges of oilseed rape leaves at different phenological stages and high light intensities. Correlation analysis at 2000 PPFD between: stomatal conductance to water vapor (gsw) and (A) stomatal density and (B) photosynthesis (An); (C) photosynthesis (An) and intracellular CO2 concentration (Ci); transpiration and (D) stomatal conductance to water vapor (gsw) and (E) photosynthesis (An). (F) Specific limb fresh weight, (G) Specific limb dry weight, and (H) limb water content. Values are means ± SD of three independent biological replicates. Different letters indicate groups of mean values that are significantly different between the different leaf ranks (ANOVA-Tukey HSD, p-value < 0.05). L15: young leaf; L11: pre-mature leaf; L7: post-mature leaf; L3: senescent leaf.




DISCUSSION

Source-to-sink remobilization of nutrients is a major process determining plant growth and productivity. Leaf senescence, which leads to the active degradation of chloroplast components (chlorophylls, photosystems, Rubisco) in source leaves while maintaining mitochondrial energy production, plays a key role for the efficient reallocation of carbon and nitrogen to sink tissues. However, the timing of leaf senescence and the kinetics of chloroplast component degradation will modify the photosynthetic properties of source leaves and their net CO2 assimilation rates (balance between photosynthesis, photorespiration, and mitochondrial respiration). In oilseed rape, source-to-sink nutrient remobilization processes can operate between different leaf phenological stages, when plants are grown at the vegetative stage notably (Clement et al., 2018; Dellero et al., 2020a). Therefore, we took advantage of this to study the impact of leaf phenological stages and their inherent sink-source activities on the photosynthetic and respiratory properties of oilseed rape.

In this study, we found that PSII functioning remained relatively stable between young, mature and senescent leaves, while a gradual decrease of soluble proteins (including Rubisco) and chlorophyll levels was observed. These phenological stages also showed conserved ratios for photosynthetic pigments and PSII fluorescence properties (similar Fv/Fm values and an activation of NPQ at light intensities saturating JPSII) (Figures 1, 3). Since the light intensity used for plant growth in our study (100–120 μmol photons.m−2.s−1) is low when compared to natural daylight (up to 2000 μmol photons.m−2.s−1), it is possible that our growth conditions may have prevented an increase of photoinhibition in senescent leaves that could occur under natural daylight conditions. However, in Arabidopsis plants grown under light intensities similar to those used in our work (100–120 μmol photons.m−2.s−1), the analysis of leaf phenological stages revealed that chlorophyll levels decreased faster than protein levels during natural senescence and this was associated with a decrease of chl a/chl b ratio and PSII maximal quantum yield efficiency (Nath et al., 2013; Tamary et al., 2019). Interestingly, the PSII reaction centers (D1 protein) were rapidly degraded while antennas from PSII and PSI and PSI reaction centers remained conserved (Nath et al., 2013). Since PSII and PSI reaction centers only harbor chl a while PSII and PSI antennas harbor both chl a and chl b (Caffarri et al., 2014), our results suggest that contrary to Arabidopsis, the sequential dismantling of chloroplast antennas and reaction centers in oilseed rape may proceed through a concerted manner. This hypothesis was also supported by the activation of NPQ mechanisms at light intensities saturating JPSII in young, mature and senescent leaves (Figures 2C,D). Indeed, NPQ is triggered by the ΔpH across the thylakoid membrane and it mainly occurs within LHCII and PSII core and requires a functional PsbS protein and the xanthophyll-zeaxanthin cycle (Nicol et al., 2019). Therefore, the activation of NPQ in all of the studied phenological stages suggests a conservation of LHCII and PSII core proteins during chloroplast degradation.

Our results showed that young, mature and senescent leaves of oilseed rape share a similar maximal photosynthetic activity with respect to their photosynthetic capacities (chlorophyll, Rubisco, CETC) at high light intensities (Figure 3). Considering the leaf phenological stages studied and their different metabolic states (balance between growth and nutrient remobilization), a conserved correlation between net CO2 assimilation, chlorophyll levels and Rubisco content was not necessarily expected. Indeed, net CO2 assimilation rates have been modeled previously as a trade-off between photosynthesis (Rubisco carboxylation steps), photorespiration (CO2 released by the glycine decarboxylase complex and controlled by Rubisco oxygenation steps) and mitochondrial respiration (CO2 released by the tricarboxylic acid cycle) (Farquhar et al., 1980). Previous studies reported the central role of mitochondrial metabolism during senescence processes in Arabidopsis (Keech et al., 2007; Chrobok et al., 2016). Particularly, the catabolism of many amino acids is activated to supply the tricarboxylic acid cycle for mitochondrial energy production until late stages of senescence (Hildebrandt et al., 2015; Dellero, 2020). In addition, day mitochondrial ATP production in source leaves can be up to four times higher at high light intensities (1500 PPFD) compared to low light intensities (200 PPFD) (Shameer et al., 2019). Therefore, an increase of mitochondrial respiration at high light unbalancing net CO2 assimilation with respect to chlorophyll and/or protein content could have been expected in mature and senescent leaves. However, whether amino acid catabolism represents a major flux for mitochondrial respiration in mature and senescent leaves of oilseed rape is still a matter for debate (Dellero et al., 2020a,b). Moreover, boosting mitochondrial respiration may in return have a positive effect on photosynthesis. Indeed, CO2 released by pyruvate dehydrogenase, isocitrate dehydrogenase and the GABA shunt can significantly diffuse toward chloroplasts and subsequently increase chloroplastic CO2 concentration (Tcherkez et al., 2017). In addition, we have shown that dark respiration (essentially reflecting mitochondrial respiration) was significantly reduced in mature and senescent leaves of oilseed rape (Figure 2A). Although dark respiration still represents 1.3 μmol CO2.m−2.s−1 in L3 leaves (almost 20% of their net CO2 assimilation), the inhibition of glycolysis and mitochondrial metabolism in the light would lower its overall impact on net CO2 assimilation rate (Tcherkez et al., 2009). Nevertheless, the ratio for light/dark inhibition of mitochondrial respiration during senescence remains to be investigated in plants.

We found that senescent leaves of oilseed rape had a lower iWUE compared to the other leaf phenological stages, which was mainly due to a higher transpiration rate (Tr) and stomatal aperture (stomatal density/gsw) with respect to the net CO2 assimilation levels (Figures 4, 5). Previous studies on winter oilseed rape using low-field proton nuclear magnetic resonance demonstrated that leaf senescence re-orchestrated limb structures and intracellular water flux (Musse et al., 2013; Sorin et al., 2015). Interestingly, the size and the vacuolar volume of cells of the palisade parenchyma increased significantly in mature and senescent leaves while cells of the spongy parenchyma remained weakly affected. These morphological changes were also associated with a gradual increase of the leaf water content and a gradual decrease of leaf dry weight between young, mature and senescent leaves. In our study, we found similar results for leaf water content (Figures 5F–H) but the differences of iWUE between L3 and L15/L11/L7 were not specifically correlated with the gradual increase of leaf water content, thereby suggesting that the lower iWUE at saturating PPFD in L3 leaves was not specifically associated to the regulation of leaf water status. Whether this water influx within mature and senescent leaves of oilseed rape has an important role for the adjustment of leaf osmotic potential or the export of nutrients from source-to-sink tissues remains an open question (Musse et al., 2013; Sorin et al., 2015). Another hypothesis for the increase of stomatal conductance with respect to photosynthesis in senescent leaves involves the regulation of chloroplastic CO2 concentration (Cc) by mesophyll conductance. Our results have shown that net CO2 assimilation was negatively correlated with intracellular CO2 concentration (Ci) between young, mature and senescent leaves of oilseed rape (Figure 5C), thereby suggesting that CO2 accumulates within intercellular spaces of the leaf when it is not assimilated by Rubisco. However, the Rubisco activity is mainly driven by chloroplastic CO2 concentration which depends essentially on stomatal aperture and the capacity of intercellular CO2 to diffuse through cell walls, plasma membranes and chloroplast envelopes (mesophyll conductance) (Gago et al., 2020). In Arabidopsis and oilseed rape, leaf senescence is accompanied by a reduction of cell wall thickness, which should facilitate CO2 diffusion to chloroplasts (Forouzesh et al., 2013; Musse et al., 2013). On the other hand, leaf senescence also increases palisade parenchyma cell size while reducing the volume of chloroplasts (Musse et al., 2013; Chrobok et al., 2016; Tamary et al., 2019). Thus, a longer path within a liquid phase for CO2 should affect its diffusion to the chloroplast. Recent studies reported that mesophyll conductance was strongly limited by the cytoplasm in mature leaves of oilseed rape compared to young leaves and significantly contributed to the limitation of net CO2 assimilation (Lu et al., 2019; Hu et al., 2020). Therefore, the increase of stomatal aperture in senescent leaves of oilseed rape could be seen as an adaptive strategy to support photosynthesis with respect to senescence-driven changes of leaf anatomy and Rubisco amounts by boosting CO2 diffusion toward chloroplasts (Figure 6).


[image: Figure 6]
FIGURE 6. Proposed model for the regulation of intrinsic water use efficiency (iWUE) by senescence in winter oilseed rape leaves at high light intensities. Leaf senescence in winter oilseed rape leads to an increase of the vacuolar volume of cells of the palisade parenchyma, which can limit photosynthesis by decreasing mesophyll conductance of CO2 (Musse et al., 2013; Sorin et al., 2015; Lu et al., 2019; Hu et al., 2020). In this model, senescent leaves of oilseed rape increase their stomatal aperture compared to young/mature leaves to increase the diffusion of CO2 toward chloroplasts for photosynthesis. Ci, intercellular CO2 concentration; Tr, Transpiration; gm, mesophyll conductance; gsw, stomatal conductance to water vapor.


In conclusion, leaf phenological stages of winter oilseed rape (Brassica napus L.) have different levels for photosynthetic pigments, Rubisco, maximal PSII electron transfer rate and maximal net CO2 assimilation rates under ambient air but the relative ratios between these components remained strongly conserved per unit of leaf area (photosynthetic efficiency), including an efficient NPQ mechanism. Since these photosynthetic efficiencies remained conserved between the different leaf ranks with respect to their photosynthetic capacities, the results are in favor of a concerted degradation of chloroplast components in winter oilseed rape. Besides this, senescent leaves of oilseed rape have a lower intrinsic WUE at high PPFD compared to young and mature leaves, which seems to be an adaptive strategy to regulate photosynthesis with respect to changes of leaf anatomy (Figure 6). An intriguing result that deserves more attention is the gradual decrease of dark respiration between young, mature and senescent leaves. Future work should be focused on the regulation of mitochondrial respiration by the light/dark cycle in young, mature and senescent leaves of oilseed rape at both physiological and metabolic levels to evaluate its contribution to nutrient remobilization processes.
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The Japanese knotweed (Reynoutria japonica Houtt.) is considered as one of the most aggressive and highly successful invasive plants with a negative impact on invaded habitats. Its uncontrolled expansion became a significant threat to the native species throughout Europe. Due to its extensive rhizome system, rapid growth, and allelopathic activity, it usually forms monocultures that negatively affect the nearby vegetation. The efficient regulation of partitioning and utilization of energy in photosynthesis enables invasive plants to adapt rapidly a variety of environmental conditions. Therefore, we aimed to determine the influence of light conditions on photosynthetic reactions in the Japanese knotweed. Plants were grown under two different light regimes, namely, constant low light (CLL, 40 μmol/m2/s) and fluctuating light (FL, 0–1,250 μmol/m2/s). To evaluate the photosynthetic performance, the direct and modulated chlorophyll a fluorescence was measured. Plants grown at a CLL served as control. The photosynthetic measurements revealed better photosystem II (PSII) stability and functional oxygen-evolving center of plants grown in FL. They also exhibited more efficient conversion of excitation energy to electron transport and an efficient electron transport beyond the primary electron acceptor QA, all the way to PSI. The enhanced photochemical activity of PSI suggested the formation of a successful adaptive mechanism by regulating the distribution of excitation energy between PSII and PSI to minimize photooxidative damage. A faster oxidation at the PSI side most probably resulted in the generation of the cyclic electron flow around PSI. Besides, the short-term exposure of FL-grown knotweeds to high light intensity increased the yield induced by downregulatory processes, suggesting that the generation of the cyclic electron flow protected PSI from photoinhibition.

Keywords: Japanese knotweed, invasive species, modulated 820 nm reflectance, JIP-test, total driving forces, non-photochemical quenching


INTRODUCTION

In the natural environment, plants are exposed to fluctuations of quantity and quality of the incident light. They can adjust the physiological and biochemical processes to sudden changes in light conditions. However, in the experimental conditions, plants are often grown at the continuous light regime. At low-light conditions, they have to adjust the functioning to use the available light efficiently for the optimal photosynthesis, while at high-light conditions, they have to protect themselves from photoinhibition damage. Often, such adjustments include structural changes at different levels, including, thylakoid, photosystem (PS), pigment, and/or protein (Keren et al., 1997; Lichtenthaler et al., 2007; Kouřil et al., 2013). Contrary to the short-term adaptation to low–light conditions, the long-term strategies involved different structural changes, such as increased leaf mass and thickness, increased amount of thylakoids, or/and higher chlorophyll content (Lichtenthaler and Burkart, 1999; Lichtenthaler et al., 2007). Low light was shown to induce alterations in the photosynthetic apparatus in beech and barley, which resulted in the limitation of the electron transport due to the lower amount of electron carriers and due to a lower connectivity of PSII units in shaded leaves (Desotgiu et al., 2012; Živčak et al., 2014). However, the response to the fluctuating-light (FL) conditions depends on the environmental and experimental conditions, as well as on the species, developmental stage, and physiological factors of the plants (Yin and Johnson, 2000; Kaiser et al., 2018), and usually includes the reprogramming of gene expression connected to the photosynthetic processes (Armbruster et al., 2017; Schneider et al., 2019) and stomatal acclimation (Matthews et al., 2018; Yamori et al., 2020). When plants grow in natural, FL, they have to develop the long-term acclimation responses that differ from those found in plants growing at constant high-light or constant low-light (CLL) conditions (Schneider et al., 2019). Although, recently, the technology and availability of illumination systems are more acceptable and they could simulate natural light conditions, sudden changes in light intensity, clouds, or even wind in nature could occur in less than a second. Therefore, to understand how plants behave in such environments, it is desirable to study the photosynthetic processes under natural environmental conditions.

The Japanese knotweed (Reynoutria japonica Houtt.) is one of the most widespread invasive species in Croatia (Boršić et al., 2008; CABI, 2019; FCD, 2020). It is a fast-growing and perennial shrub, very invasive due to its rapid spread in various ecosystems, and very difficult to remove. It is characterized by the ability of the exceptional reproduction and the rapid physiological adaptation to the conditions in the new environment (Spiering, 2011). The Japanese knotweed can also be potentially beneficial to the human society. Its high resistance and efficient accumulation of heavy metals from the environment make it an ideal candidate for soil phytoremediation. It has proven to be an acceptable source of food for humans, domestic animals, and bees, and its metabolism creates compounds that are of potential importance for the herbicide medicine and industry (Beerling et al., 1994; Barney et al., 2006).

One of the most important mechanisms that allows invasive plants to achieve success in a variety of environmental conditions is attributed to the higher photosynthetic rate compared with the native plants (Li and Xiao, 2012; Bajwa et al., 2016). An important aspect of the monitoring and detection of plant responses and their survival under natural conditions is the estimation of their physiological status. Recently, the chlorophyll a fluorescence has been extensively used as a non-invasive, very sensitive, and fast method for the estimation of the photosynthetic performance that can provide a reliable source of information on plant conditions (Goltsev et al., 2016; Bussotti and Pollastrini, 2017; Mlinarić et al., 2017; Pollastrini et al., 2017; Kalaji et al., 2018b; Begović et al., 2020).

Since the Japanese knotweed is a heliophilic species, it is adapted to grow under the conditions of increased light intensity. Due to its fast-spreading nature and by creating monocultures, it has become a serious threat to the biodiversity. It is easily cultivated, can grow in various types of soils, and can adapt to a large scale of environmental factors (Beerling et al., 1994; Barney et al., 2006). As an invasive species, it is capable of developing certain adaptations to less favorable conditions. However, one of the major environmental factors that can control its performance is the availability of light. It affects the above- and below-ground biomass of knotweed directly by reducing its performance and, consequently, its invasiveness (Dommanget et al., 2013; Dommanget et al., 2019). Specifically, the below-ground system of the knotweeds presents the majority of its biomass. Plants grown in high-light conditions, in comparison with those grown in low-light conditions, allow the allocation of more resources to the below-ground system, indicating a strong effect of light, hence, enabling colonization and competitiveness of the Japanese knotweed (Price et al., 2002). The most recent study revealed that the Japanese knotweed adopts differential strategies of growth and space occupancy when grown in full sunlight and in shaded habitats (Martin et al., 2020). Therefore, we hypothesized that plants grown at different light regimes, e.g., CLL and fluctuating natural light, would develop certain adaptations to such conditions in photosynthetic reactions. An efficient photosynthesis was recognized to be one of the most important mechanisms that allow invasive plants to achieve success in various environmental conditions (Bajwa et al., 2016). Thus, the main objective of this study was to determine the influence of different illumination regimes on the efficiency of the photosynthetic apparatus and to gain detailed insight into its functioning in the invasive Japanese knotweed by using mainly non-destructive methods, simultaneous measurements of prompt fluorescence, modulated 820 nm reflection (MR), and saturating pulse method, as well as by the determination of the content of the photosynthetic pigment. To our knowledge, the obtained results in this investigation will reveal the most detailed insight into the light-driven reactions in the invasive Japanese knotweed and the adaptations of the photosynthetic apparatus to CLL and FL conditions. Therefore, our investigation results could contribute to a better understanding of mechanisms that play a role in the success of this invasive species.



MATERIALS AND METHODS


Experimental Setup

Rhizomes of the Japanese knotweed (R. japonica Houtt.) were planted in a mixture of commercial soil and sand (3:1) in six plastic containers (50 cm × 19 cm × 16.5 cm). The soil used was natural peat (pH = 5.5–7) with the addition of the fertilizer (Supplementary Table 2). Three of them were placed in the room near the window facing south, exposed directly to sunlight. The light intensity (Quantitherm QRT1 light meter, Hansatech, United Kingdom) varied from 30 to 1,250 μmol/m2/s. The photoperiod changed from 11 to 16 h of FL, while the temperature was 23°C ± 1°C. A detailed information on the distribution of the light throughout the day, the changes in photoperiod, light intensity, and zenith angle that occurred for 110 days is shown in Supplementary Table 1. The other three containers were placed in the growth chamber with the day/night photoperiod of 16/8 h (day/night), CLL intensity (i.e., 40 μmol/m2/s), and a constant temperature of 23°C ± 1°C. The combination of warm white light (i.e., 3,000 K), cool white light (i.e., 4,000 K), and cool daylight (i.e., 6,500 K) from fluorescent tubes (Osram, Munich, Germany) provided a range of visible-light spectra within the visible range between 300 and 700 nm, with maximum peaks at blue, green, and red parts of the spectra (Supplementary Figure 1). The plants grown in CLL were used as the control group. They were watered regularly. They started to emerge at 2 weeks after the planting. In each container, at least five plants were growing from one rhizome. The measurements were carried out 110 days after planting on the fully grown leaves (third leaf from the top of the plant).



Simultaneous Measurements of the Prompt Fluorescence and Modulated 820 nm Reflection

The prompt chlorophyll a fluorescence (PF) and MR were simultaneously recorded in vivo on five plants in each container (n = 15) using Multichannel Plant Efficiency Analyser, M-PEA (Hansatech Instruments, Norfolk, United Kingdom). All measurements were performed on attached, fully dark-adapted leaves (for 30 min). During the measurements, the leaves were exposed to a pulse of high intensity red light-emitting diode (LED) at 625 nm and intensity of up to 5,000 μmol photons/m2/s to ensure an effective light saturation of exposed leaf surface (i.e., 4-mm diameter). Recorded PF data were analyzed using the JIP-test that represents the translation of the original data to biophysical parameters that quantify the energy fluxes through PSII (Strasser et al., 2000; Strasser et al., 2004). The OJIP transients are presented as mean values of 15 measurements for each group of plants. To evaluate the condition of the photosynthetic apparatus in CLL- and FL-grown Japanese knotweed plants, the selected structural and functional parameters calculated from the JIP-test were chosen. The description of the calculated OJIP test parameters is given in Table 1. To compare the recorded OJIP transients for specific events in the OP, OK, OJ, JP, and IP phases, the difference in the relative variable fluorescence (ΔVt) was calculated and presented as a difference ΔVOP, ΔVOK, ΔVOJ, ΔVJP, and ΔVIP normalized to the control (CLL-grown plants) (Yusuf et al., 2010; Da̧browski et al., 2019). The total driving force (DFtotal) of the total photosynthetic electron transport, shown as log PItotal, was summed up by the corresponding partial DFs: log γRC/(1-γRC), log φP0/(1-φP0), log ψE0/(1-ψE0), and log δR0/(1-δR0) (van Heerden et al., 2007). The MR measurements for high-quality P700 reflectance were performed by using modulated 820-nm LED. From the MR signal of the reflected beam, the MR/MR0 ratio was calculated. The first reliable MR measurement (MR0) value was taken at 0.7 ms (Strasser et al., 2010; Oukarroum et al., 2013; Salvatori et al., 2014; Salvatori et al., 2015). The parameters and formulas used are listed in Table 1.


TABLE 1. Description of used JIP-test parameters.
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Double-Pulse Method

For the calculation of QB-reducing and non-QB-reducing centers, the double-hit measurement protocol was used. The protocol was set up at M-PEA, and it was measured simultaneously with PF and MF. After the first pulse that was used to measure PF followed a second pulse after the dark period of 500 ms. The relative fraction of QB-reducing and non-QB-reducing centers was calculated as described in the studies of Mathur et al. (2011) and Tomar et al. (2015).



Saturation Pulse Method

The effect of light intensity on the PSII activity was determined by measuring chlorophyll a fluorescence in vivo on two randomly selected leaves per container using amplitude-modulated fluorometer MiniPAM (Walz, Effeltrich, Germany). The minimal (F0) and maximal (Fm) fluorescence yields were measured in the dark-adapted leaves (30 min). Same parameters (F′) and (Fm′) were measured at the photosynthetically active photon flux density (PPFD) at 100, 250, 500, 1,000, and 2,000 μmol photons/m2/s. The following parameters were calculated: maximum quantum yield of PSII, effective quantum yield of PSII [Y(PSII)], the relative rate of the electron transport (relETR; Genty et al., 1989), non-photochemical quenching (NPQ; Bilger and Björkman, 1990), quantum yield induced by downregulatory processes in PSII [Y(NPQ)], and quantum yield of non-regulated energy dissipated in PSII [Y(NO)] (Kramer et al., 2004).



Determination of the Photosynthetic Pigments

After the measurements of PF and MR, the same leaves were used for the determination of the concentration of photosynthetic pigments. The leaves were powdered using liquid nitrogen, and the photosynthetic pigments were extracted using cold acetone. The concentrations of chlorophylls (Chl a and Chl b) and carotenoids (Car) were determined spectrophotometrically (Specord 40, Analytik Jena, Germany) at 470, 661.6, and 644.8 nm. The total chlorophyll (Chl a + b) concentration, as well as the chlorophyll a and b ratio (Chl a/b) and the Chl a + b to Car ratio (Chl a + b/Car), was calculated (Lichtenthaler, 1987).



Data Analysis

The Student’s t-test was used to analyze the statistical differences between the leaves exposed to CLL and FL conditions. The asterisk (∗) indicates a significant difference between the compared parameters. For simultaneous DF and MR, as well as for double-pulse measurements, five leaves per container were used (n = 15). For the photosynthetic pigment concentration, same leaves were collected into composite sample and six (n = 6) replicates were measured per treatment. For modulated fluorescence measurements, two leaves per container were measured (n = 6). The difference between the parameters measured in CLL and FL plants, as well as between the parameters at different PPFD, was analyzed by one-way analysis of variance (ANOVA), followed by the Fisher’s least significant difference (LSD) post hoc test. The results were expressed as means ± standard deviation (SD), and the differences were considered significant at p < 0.05. For all statistical analyses, Statistica 13.4.0.14 software (TIBCO Software Inc., Palo Alto, CA, USA) was used.



RESULTS


Analysis of Prompt Chlorophyll a Fluorescence Transients and Parameters of the JIP-Test

Prompt chlorophyll a fluorescence and MR were measured in knotweed plants grown at CLL and FL conditions. The curve normalized between O and P steps (Figure 1A) showed higher values in FL-grown plants compared with CLL–grown plants. The ΔVt (Figures 1A–E) was calculated as the difference between FL-grown and CLL–grown plants, which was used as a reference for data normalization. Our results revealed negative ΔL (Figure 1B), ΔK (Figure 1C), and ΔH (Figure 1D) bands, while the ΔG band (Figure 1E) showed a negative amplitude followed by a slight positive inflection in FL-grown knotweeds. The VIP ≥ 1, plotted in the 30–300 ms range (Figure 1E, insert), showed a higher amplitude in FL-grown plants.
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FIGURE 1. Variations in the shape of the transient curves of the chlorophyll a fluorescence measured in the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue lines) and fluctuating light (gray lines). Each curve represents the average kinetics of 15 measurements (n = 15) per treatment. Average fluorescence data were normalized between OP (A), OK (B), OJ (C) JP (D), and IP (E) steps and plotted as difference kinetics ΔVt in a different time range. Average values measured in constant low light were used as referent values. The relative variable fluorescence transient, Vt (A), shows typical O-J-I-P steps, while in difference kinetics, ΔVOP, specific bands O-L-K-J-I-H-G-P can be distinguished.


The fluorescence intensity at 20 s (F0) (Table 2) showed significantly lower values in FL-grown plants compared with CLL-grown plants, while the Fm showed no difference between the two plant groups. The total complementary area between the curves of fluorescence induction and Fm (Area) revealed almost two times higher values in FL-grown plants compared with CLL-grown plants. The time to reach the maximal fluorescence intensity (tFm) as well as the M0, the initial slope of relative variable fluorescence, was low in FL-grown plants when compared with CLL-grown plants. The parameters including Sm, that provides an amount of the energy that is needed to close all reaction centers, Sm/tFm, that describes the average fraction of open reaction centers during the time needed to complete their closure, N, the turnover number, and the fraction of oxygen-evolving complex (OEC) revealed significantly higher values in FL-grown plants than in CLL–grown plants. The density of active reaction centers (RC) per cross-section, RC/CS0, the fraction of QB and non-QB reducing centers and an overall grouping probability, P2G, showed no significant difference between two differentially grown plant groups. However, the variable fluorescence measured at all chosen time points, VL, VK, VI, and VJ, showed significantly lower values in FL-grown plants compared with CLL–grown plants.


TABLE 2. Selected parameters of the chlorophyll a fluorescence, characterizing PSII functioning gained from measurements of the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low and fluctuating light.

[image: Table 2]The spider plot (Figure 2) represents the normalized curves of the calculated biophysical parameters derived from the JIP-test which characterize the functioning of PSII. Results are represented as the difference between FL-grown plants and CLL-grown plants that were used as control. The performance index (PIABS) showed significantly higher values of FL-grown plants compared with CLL-grown plants. The quantum yields and probabilities (φP0, ψE0, φE0, δR0, and φR0) were significantly higher in FL-grown plants when compared with CLL-grown plants. The specific energy fluxes per reducing PSII RCs, absorption (ABS/RC), and dissipation (DI0/RC) were significantly lower in FL-grown plants; trapping (TR0/RC) and electron flux reducing end electron acceptors at the PSI acceptor side (RE0/RC) showed significantly higher values, while the electron transport further than QA– (ET0/RC) showed no significant difference compared with CLL-grown plants.
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FIGURE 2. Spider plots display the normalized values of selected parameters of chlorophyll a fluorescence characterizing PSII functioning: performance index (PIABS), quantum yields (φP0, ψE0, φE0, δR0, and φR0), and specific energy fluxes per QA– reducing PSII RC (ABS/RC, DI0/RC, TR0/RC, ET0/RC, and RE0/RC) of Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to fluctuating light (gray line). The values for plants grown in fluctuating light were shown as the difference compared with low-light-grown plants (control = 1). The curve represents the mean values of 15 replicates. The asterisk (*) represents a significant difference at p ≤ 0.05 (using the Student’s t-test) compared with control.




Total Driving Forces

The performance index for the energy conservation from the exciton to the reduction of PSI end acceptors (PItotal) showed three times higher values in FL-grown plants than in CLL-grown plants (Figure 3A). DFtotal (Figure 3B) for photosynthesis in the observed system are presented as corresponding partial DFs: log γRC/(1-γRC), log φP0/(1-φP0), log ψE0/(1-ψE0), and log δR0/(1-δR0). All calculated partial DFs showed a significant difference between FL-grown and CLL-grown plants. The PItotal (Figure 3A) in FL–grown plants increased due to an increase in log γRC/(1-γRC) and log ψE0/(1-ψE0), as well as less negative values of log δR0/(1-δR0).
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FIGURE 3. Difference of the performance index for energy conservation from exciton to the reduction of the PSI end acceptors [PItotal (A)] was measured in the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue bar) and fluctuating light (gray bar). Variation in the total driving forces [DFtotal (B)] for each group of plants was calculated by summing up their partial driving forces: log γRC/(1–γRC) (white), log φP0/(1–φP0) (light gray), log ψE0/(1–ψE0) (dark gray), and log δR0/(1-δR0) (black). Represented values are the mean of 15 replicates per treatment. The asterisk (*) represents a significant difference at p ≤ 0.05 (using the Student’s t-test); error bars represent ± SD.




Analysis of Modulated 820 nm Reflection Transients

Modulated 820 nm reflection signals (Figure 4A) were presented as MR/MR0 ratio. The differences in kinetics at 820 nm reveal the redox states of P700 and PC. The typical MR transient comprises of fast decreasing phase from MR0 to MRmin (at ∼0.7–7 ms, respectively) and a slow increasing phase from MRmin to MRmax (at ∼300 ms). Our results showed a similar slope for the fast part of the transient, while the slow part of the transient revealed an obvious difference between CLL-grown and FL-grown plants. CLL-grown plants showed a substantial slowdown in the slow phase of transient compared with FL-grown plants. Two additional parameters that can be derived from MR820 signals, Vox and Vred (Figure 4B), represent the oxidation rate of PC and P700 and the re-reduction rate of PC+ and P700+, respectively. FL-grown plants showed a significantly higher Vox value, while the Vred was significantly lower compared with CLL-grown plants.
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FIGURE 4. The kinetics of modulated 820 nm reflection (MR) normalized to MR0 (A), values of the oxidation rate of PC and P700 [Vox (B)], and re-reduction rate of PC+ and P700+ [Vred (C)] were measured in the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue) and fluctuating light (gray). The represented values are the mean of 15 replicates per treatment. The asterisk (*) represents a significant difference at p ≤ 0.05 (using the Student’s t-test); error bars represent ± SD.




Rate of Electron Transport and Quantum Efficiencies of the Photosystem II

To determine the effect of light intensity on the PSII activity, relETR, Y(PSII), Y(NO), and Y(NPQ) were measured at different light intensities (Figure 5). FL-grown plants showed significantly higher relETR values (Figure 5A) at moderate (500 PPFD) and high light intensities (1,000 and 2,000 PPFD), while at lower light intensities (100 and 250 PPFD), there was no significant difference between CLL-grown and FL-grown plants. The effective photochemical quantum yield of PSII [Y(PSII)], the quantum yield of non-regulated energy dissipation [Y(NO)], and the quantum yield for dissipation by downregulation [Y(NPQ)] describe the energy distribution through PSII (Figure 5B). Both CLL-grown and FL-grown plants revealed a similar response of measured parameters. Nevertheless, there was a significant difference for Y(PSII) and Y(NPQ) parameters at all applied light intensities between both the plant groups. Except for the significantly lower Y(NO) measured at 2,000 PPFD compared with the lower light intensities in CLL-grown plants, Y(NO) showed that there was no significant change regardless of the applied light intensity between CLL-grown and FL-grown plants.
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FIGURE 5. Changes of relative electron transport rate [relETR (A)] were measured at 100, 250, 500, 1,000, and 2,000 μmol/m2/s in the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue dots) and fluctuating light (gray dots). Complementary changes of quantum yields (B): quantum efficiency of PSII photochemistry (Y(PSII), dark gray), quantum yield of non-regulated energy dissipated in PSII (Y(NO), white), and quantum yield for dissipation through downregulation in PSII (Y(NPQ), light gray) were represented for each applied light intensity for both investigated plant groups. Data are shown as means of six replicates (n = 6). Different letters represent significant difference at p ≤ 0.05 (using the ANOVA LSD test) between two investigated plant groups at each light intensity within each quantum yield [white letters for Y(PSII), letters in italic for Y(NO), and black letters for Y(NPQ)].




Content of Photosynthetic Pigments

Although the Chl a + b showed no significant difference between CLL-grown and FL-grown plants (Figure 6A), the Car (Figure 6A) and the Chl a/b ratio (Figure 6B) showed significantly lower values, while the Chl a + b/Car ratio (Figure 6B) revealed significantly higher values in FL-grown plants compared with CLL-grown plants.
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FIGURE 6. The Chl a + b (mg/g FW) and carotenoids (Car; mg/g FW) (A), as well as Chl a/b and Chl a + b/Car ratios (B), determined in the Japanese knotweed (Reynoutria japonica Houtt.) leaves exposed to constant low light (blue bars) and fluctuating light (gray bars). The values are represented as means ± SD. The asterisk (*) represents a significant difference at p ≤ 0.05 (using the Student’s t-test).




DISCUSSION

The Japanese knotweed plants grown in CLL and FL conditions exhibited a differential response of photosynthetic light-dependent reactions. Our results suggested that the knotweed plants grown in FL acclimated under such conditions by showing better overall photosynthetic reactions compared with plants grown in CLL, thus showing high acclimation potential. FL-grown knotweeds showed a protected integrity of thylakoid membranes, showing better grouping and connectivity between the reaction centers of PSII. This allows them for an efficient allocation of absorbed energy that can be efficiently utilized in primary photochemistry. A larger acceptor pool enables them to achieve an efficient electron transport due to higher amount of free-electron acceptors, as well as more efficient reduction rate at the PSI acceptor side. The fully functional OEC enables replacement of sufficient amount of electrons toward PSII to drive the functional photosynthetic reactions. As a result, FL-grown knotweeds revealed a functional electron transport all the way to PSI, as well as enhanced the photochemical activity of PSI at the acceptor side. In addition, the results after short-term light treatments suggested that FL-grown plants generate a cyclic electron flow to protect PSI by preventing overreduction of the PSI acceptor side.

When exposed to different growth conditions, the photosynthetic apparatus comprises various strategies for adaptation and/or protection at different levels of light conversion throughout the electron transport chain. The OJIP transient curves give us the perception of the status of the plant; therefore, its shape was shown to be a good indicator of the pool size of the electron carriers in the photosynthetic electron transport chain. Stressful conditions, therefore, cause the change in the intensity of the characteristic points of the OJIP curve. Subsequently, the intensity in the J, I, and P steps, and also in the intermediate L and K bands, changes (Strasser et al., 2000; Kalaji et al., 2018b). It was proposed that low light induces higher J step and, hence, higher VJ and also higher ψE0 due to the limited re-oxidation of QA (Strasser et al., 2007). Therefore, a smaller pool of plastoquinone (PQ) disables CLL-grown knotweeds to achieve an efficient electron transport since they had a lower amount of free-electron acceptors (Gao et al., 2014). Stress can induce higher I step due to the accumulation of a higher amount of reduced QA and PQ, which subsequently blocks the electron transport between QA and QB and further to PSI (Strasser et al., 2010; Kalaji et al., 2014). It was reported for the Norway spruce vegetative buds (Katanić et al., 2012), developing common fig leaves (Mlinarić et al., 2017), and radish plants exposed to sulfur deficiency (Samborska et al., 2019) that VI increase is connected with reoxidation and turnover rate. Based on that, our results imply that QA of CLL-grown plants could be reduced, but not reoxidized as efficient as FL-grown plants.

The good grouping and connectivity between the reaction centers of PSII enable an efficient allocation of the absorbed energy to the primary acceptor QA (Yusuf et al., 2010). The occurrence of the K-band and the parameter Fv/F0 reflects the activity of the OEC on the donor site of PSII (Kalaji et al., 2011). Therefore, the tolerance to various stress, such as salinity (Da̧browski et al., 2019) or drought (Oukarroum et al., 2007), is often connected with the appearance of a negative L-band. Likewise, a negative K-band is often associated with the plants that exhibit tolerance to stress such as heavy metals (Żurek et al., 2014; Begović et al., 2016), salinity (Pavlović et al., 2019), chilling (Krüger et al., 2014), and drought (Oukarroum et al., 2009; Begović et al., 2020), suggesting that functional OEC can replace a sufficient amount of electrons toward PSII to drive functional photosynthetic reactions. However, recent investigation on low-light-grown and high-light-grown Phalenopsis plants revealed a lower P2G in high-light-grown plants (Ceusters et al., 2019), suggesting the higher connectivity under the light limitation. Our results, however, suggested that FL-grown plants had closely connected thylakoids that are considered stable and not likely to undergo structural changes. The negative shape of the L-band is the reliable indicator of better grouping and connectivity between the reaction centers of PSII that enables an efficient allocation of the absorbed energy to the primary acceptor QA (Yusuf et al., 2010). Such closely connected thylakoids are considered stable and not likely to undergo structural changes. Therefore, the negative L-band and higher, although not significantly, P2G, the overall grouping probability within the PSII antennae in FL-grown plants suggested better grouping and connectivity between the reaction centers of PSII in FL-grown plants, which is related with the preservation of integrity of thylakoid membranes in FL-grown plants. In addition, FL-grown plants carry out efficient photosynthetic reactions due to fully functional OEC that was able to replace necessary amount of electrons in the direction of PSII.

The most recent investigations also involved the calculations of H- and G-bands. The H-band is connected to the redox state of the QA, and the negative amplitude is the result of the inhibited reoxidation of QA– (Kalaji et al., 2018a; Da̧browski et al., 2019). Negative amplitudes of G-band were associated with the adaptation mechanism in nutrient-deficient rapeseed plants that compensate the functionality by increasing the number of NADP+ molecules per active RC (Kalaji et al., 2018a). A similar response of FL-grown plants in our investigation suggests certain adaptation to the FL. Additionally, the maximal amplitude of WOI ≥ 1 reveals the IP phase, where larger amplitudes suggest larger acceptors pool (Yusuf et al., 2010; Guo et al., 2020). Therefore, a higher WOI amplitude in FL-grown plants indicated a bigger pool of the end electron acceptors at the PSI acceptor side compared with CLL-grown plants. Our results for FL-grown plants were consistent with those implicating more efficient reduction rate at the PSI acceptor side in FL-grown knotweeds compared with CLL-grown knotweeds.

Recently, it was suggested that a good connection of PSII would ensure an efficient utilization of absorbed light into the electron transport and the excitation energy from closed RCs will be transferred to open ones, but without connectivity, the excitation energy will be mainly dissipated. Hence, an increased connectivity is often associated with more efficient processing of light energy (Ceusters et al., 2019). In our investigation, considering connectivity, FL-grown plants showed a similar behavior pattern as HL-grown Phalenopsis, indicating that light limitation of CLL-grown plants diminished energy fluctuations through PSII. Such specific fluxes consider only active RCs that can reduce QA (Force et al., 2003; Yusuf et al., 2010). A significantly lower Chl a/b ratio in FL-grown plants suggests a higher acclimation potential due to the formation of smaller, but more efficient, photosynthetic units (Oguchi et al., 2003; Brestič et al., 2014). Furthermore, Fm and Chl a + b did not differ between FL-grown and CCL-grown plants. It was suggested that there was a strong correlation between Fm and Chl content and that changes in the chlorophyll content do not affect the antenna size but reflect its ability to acclimate to the light environment (Dinç et al., 2012). FL-grown knotweed plants generated an efficient mechanism to regulate the amount of excitation energy needed to reach the RC as acclimation to fluctuations in the light intensity. Moreover, the absorbed light energy in FL-grown knotweeds was efficiently utilized in the primary photochemistry and revealed functional electron transport all the way to PSI.

The PItotal was known to be the most sensitive parameter that describes the functional activity of PSII, PSI, and intersystem electron transport chain (Yusuf et al., 2010; Krüger et al., 2014; Da̧browski et al., 2016), and therefore, it allows the extensive analyses of the photosynthetic performance. It was suggested that a higher value of log φP0/(1-φP0) is associated with an efficient primary photochemistry due to the light reactions (Pereira et al., 2000; Kalaji et al., 2011). An increase of this log ψE0/(1-ψE0) suggests the improved ability of the photosynthetic system for the conversion of the excitation energy to electron transport beyond QA– in plants grown in the FL (van Heerden et al., 2007; Krüger et al., 2014). Based on that, our results imply that FL-grown plants revealed highly regulated photosynthetic processes between the light-dependent reactions and the reactions leading to CO2 assimilation compared with CCL-grown ones.

The modulated reflection at 820 nm represents the oxidation state of PC and P700 and re-reduction state of PC+ and P700+ and depends on the available pool of electron acceptors on the acceptor side of PSI (Strasser et al., 2010; Guo et al., 2020). The faster oxidation of PC and P700 reflects the enhanced photochemical activity of PSI at the acceptor side (Gao et al., 2014; Salvatori et al., 2015). It was suggested that a higher PSI activity could be an adaptive mechanism for minimizing the photooxidative damage by regulating the distribution of excitation energy between PSII and PSI (Zhang et al., 2016). It was reported recently that FL primarily damages PSI in the wild-type Arabidopsis plants. In that case, the generation of the cyclic electron flow around PSI could play an important role in the photoprotection of the PSI donor side (Yamamoto and Shikanai, 2019). Therefore, based on the above-mentioned studies, our results suggested that in FL-grown plants, there were too few electrons transferred to PSI, which were not able to completely reduce P700+ and PC+ compared with CLL-grown knotweeds.

The photosynthetic efficiency is known to decrease under high irradiation, and at the same time, heat dissipation and the relative electron transport increase (Bajkán et al., 2012; Sperdouli and Moustakas, 2012; Brestič et al., 2014; Huang et al., 2018). Several components can be involved in the increase of non-photochemical quenching, and most usually, its increase is associated with the dissipation of the active energy via the carotenoids (Demmig-Adams and Adams, 1996; Brestič et al., 2014). CLL-grown plants dissipated greater amount of energy by downregulation, implying an effective mechanism to cope with the photoinhibitory conditions. Such an increase could be the case in our investigation since the higher Car, as well as higher Chl a + b to Car ratio, was observed in CLL-grown plants. Recently, it was suggested that such a mechanism could be directly associated with the P700 redox status (Brestič et al., 2014; Zhang et al., 2016). The short-term exposure of FL-grown knotweeds could cause accumulation of electrons in PSI, resulting in oxidative damage. To prevent overreduction of the PSI acceptor side, cyclic electron flow limits the production of reactive oxygen species, thus protecting the acceptor side of PSI (Salvatori et al., 2015). In such case, FL-grown plants can generate a cyclic electron flow to protect PSI (Yamamoto and Shikanai, 2019).

The parallel measurements of the photosynthetic parameters used several non-destructive methods, and the determination of photosynthetic pigments showed that CLL led to a lower functionality of the light-driven photosynthetic reaction in the Japanese knotweed compared with plants grown in FL. The growth in FL, however, induced fully efficient PSII and PSI, reaction centers, and intersystem electron transport. To our knowledge, obtained results in this investigation revealed the most detailed insight into the light-driven reactions in the invasive Japanese knotweed and the adaptations of the photosynthetic apparatus to the FL conditions. Recent study on the growth dynamics of this invasive species based on the light availability showed that the Japanese knotweed grew faster and explored larger area when cultivated in full sunlight (Martin et al., 2020). They found that plants grown in full sunlight had higher vigor compared with those grown in shaded area. This corresponds to our findings that CLL-grown plants had a poor photosynthetic performance compared with FL-grown plants, which could be one of the key roles of its invasive success.



CONCLUSION

It can be concluded that Japanese knotweed plants grown in FL built distinct adaptations to the changing light conditions compared with the plants grown in CLL. Our results revealed that FL exhibited more efficient photosynthetic reactions compared with the plants grown in CLL due to the better grouping and connectivity between the PSII units compared with CLL-grown plants. The fully functional OEC in FL-grown plants was able to replace a sufficient amount of electrons toward PSII to drive functional photochemical reactions. The formation of smaller photosynthetic units in FL-grown plants caused a lower absorption and trapping but a more efficient conversion of excitation energy to the electron transport beyond the primary electron acceptor QA. An efficient reduction and reoxidation of QA in FL-grown plants ensured rather undisturbed electron transport all the way to PSI, while the larger PQ pool enabled them to achieve an efficient electron transport due to a higher amount of free-electron acceptors. Due to the larger acceptor pool at the PSI acceptor side, FL-grown plants were more capable of reduction of their end acceptor than CLL-grown ones. The enhanced photochemical activity of PSI in FL-grown plants suggested the formation of a successful adaptive mechanism for minimizing the photooxidative damage by regulating the distribution of the excitation energy between PSII and PSI. In contrast, CLL-grown plants accumulated a higher amount of reduced QA and PQ that could be reduced but not reoxidized as efficient as in FL-grown plants. That subsequently blocked the electron transport between QA and QB and further to PSI. However, FL-grown knotweeds exhibited faster oxidation at the PSI side, which could be the result of generating the cyclic electron flow around PSI. Despite the better effective quantum yield of PSII and the linear electron transport observed in FL-grown plants, an exposure to the short-term high light intensity increased Y(NPQ), the yield induced by the downregulatory processes, suggesting that the generation of the cyclic electron flow around PSI was due to the functional adaptation of the FL-grown plants to protect PSI from photoinhibition.
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Photosynthesis needs to run efficiently under permanently changing illumination. To achieve this, highly dynamic acclimation processes optimize photosynthetic performance under a variety of rapidly changing light conditions. Such acclimation responses are acting by a complex interplay of reversible molecular changes in the photosynthetic antenna or photosystem assemblies which dissipate excess energy and balance uneven excitation between the two photosystems. This includes a number of non-photochemical quenching processes including state transitions and photosystem II remodeling. In the laboratory such processes are typically studied by selective illumination set-ups. Two set-ups known to be effective in a highly similar manner are (i) light quality shifts (inducing a preferential excitation of one photosystem over the other) or (ii) dark-light shifts (inducing a general off-on switch of the light harvesting machinery). Both set-ups result in similar effects on the plastoquinone redox state, but their equivalence in induction of photosynthetic acclimation responses remained still open. Here, we present a comparative study in which dark-light and light-quality shifts were applied to samples of the same growth batches of plants. Both illumination set-ups caused comparable effects on the phosphorylation of LHCII complexes and, hence, on the performance of state transitions, but generated different effects on the degree of state transitions and the formation of PSII super-complexes. The two light set-ups, thus, are not fully equivalent in their physiological effectiveness potentially leading to different conclusions in mechanistic models of photosynthetic acclimation. Studies on the regulation of photosynthetic light acclimation, therefore, requires to regard the respective illumination test set-up as a critical parameter that needs to be considered in the discussion of mechanistic and regulatory aspects in this subject.

Keywords: photosynthesis, state transitions, photosystem II super-complexes, light-quality control, dark-light shifts


INTRODUCTION

In oxygenic photosynthesis of plant and algae chloroplasts photosystem II (PSII) and photosystem I (PSI) work electrochemically in series. Efficient electron transport from the donor at PSII, water, to the final acceptor at PSI, NADP+, therefore, requires a balanced action of both photosystems. The reaction centers possess slightly different absorption maxima of 680 nm for PSII and 700 nm for PSI. Enrichment of either wavelength in the incident light, thus, can cause imbalances in photosystems excitation which in turn reduces the efficiency in photosynthetic energy conversion (Allen and Pfannschmidt, 2000). Many abiotic and biotic influences can lead to variations in the illumination of plants. A number of highly sophisticated regulation mechanisms evolved that acclimate the process of photosynthetic light harvesting to variations in both light intensity and light-quality that can occur at time scales ranging from seconds to minutes as well as from daily to seasonal variations (Kanervo et al., 2005; Walters, 2005; Eberhard et al., 2008).

In dense populations of terrestrial plants one can observe an exponential decrease in light intensity and a concomitant enrichment of far-red light wavelengths both caused by selective absorption of photosynthetically active radiation (PAR) from the top leaves of the canopy (Terashima and Hikosaka, 1995; Dietzel et al., 2008; Johnson and Wientjes, 2020). Far-red light enriched environments typically lead to relative over-excitation of PSI and a subsequent oxidation of the intermittent electron carriers such as plastoquinone (PQ). Sudden light flashes or long-term exposure to direct sun-light caused by leaf movement through wind or growth can induce the opposite situation in which preferential excitation of PSII creates a more reduced state of the PQ pool. The PQ oxidation at the cytochrome b6f complex, an electron transport complex functionally placed between PSII and PSI, is the slowest and, therefore, rate-limiting step of the photosynthetic electron transport. It, thus, represents an ideal sensor for environmental fluctuations (Pfannschmidt, 2003). Indeed, the reduction/oxidation (redox) state of the PQ pool was found to be a key regulator of important photosynthetic acclimation processes including short-term and long-term acclimation responses, such as state transitions and photosystem stoichiometry adjustment (Dietzel et al., 2008; Johnson and Wientjes, 2020 (Goldschmidt-Clermont and Bassi, 2015).

State transitions represent a short-term regulation mechanism for excitation energy redistribution in which the relative antenna cross section of PSII and PSI is modulated through selective phosphorylation of the light harvesting complex of PSII (LHCII) (Allen and Forsberg, 2001). Upon preferential excitation of PSII the PQ pool becomes more reduced. This activates by still unclear mechanistic means the thylakoid-bound kinase STN7 (Bellafiore et al., 2005) that phosphorylates the PSII-bound LHCII. This phosphorylation induces a lateral migration of parts of the LHCII to PSI, thereby reducing the PSII antenna cross section (and its photon absorption capability) and enlarging that of PSI with the goal to redirect more light energy to the rate limiting PSI (state 2) (Rochaix, 2013; Pan et al., 2018). In the opposite case oxidation of the PQ pool was observed to be accompanied by an inactivation of STN7 and a constitutively active thylakoid bound phosphatase PPH1/TAP38 (Pribil et al., 2010; Shapiguzov et al., 2010) de-phosphorylates the LHCII bound to PSI inducing a lateral re-migration to PSII (state 1). PSII core proteins are phosphorylated by another kinase called STN8 that is not under direct control of the PQ pool (Bonardi et al., 2005; Vainonen et al., 2005). It, however, displays a partial substrate overlap with STN7 and is involved in many aspects of photosynthetic regulation that are related to STN7-controlled functions. Understanding photosynthetic regulation by phosphorylation, therefore, requires considering both kinase activities (Rochaix, 2013). Recent studies uncovered that phosphorylated Lhcb1 and Lhcb2 proteins perform different roles during state transitions with Lhcb2 being the dominant protein in this process (Pietrzykowska et al., 2014; Crepin and Caffarri, 2015; Longoni et al., 2015).

Our understanding of the mechanistic steps triggering state transitions is highly complicated by the fact that the linear electron transfer function is not reflected in the structure of the photosynthetic apparatus. The thylakoid membrane system in which the photosystems reside possesses a highly organized three-dimensional structure and can be distinguished into grana membranes with tightly appressed membrane stacks and the interconnecting stroma lamellae. The precise structure of the thylakoid membrane system is still under investigation (Pribil et al., 2014; Kowalewska et al., 2016), however, it is commonly accepted that PSII and its LHCII are located within the grana stacks while PSI (and also the ATPase) are located in grana margins and stroma lamellae since their stromal protein extrusions sterically prevent a presence within the appressed grana membrane stacks (Dekker and Boekema, 2005). Movement of LHCII complexes between PSII and PSI would not only require lateral migration in a membrane but also a movement between grana and stroma lamellae sections. Such directed migration is mechanistically difficult to explain regarding the complex structure of the thylakoid membrane and its crowding with embedded protein complexes that cause steric hindrances (Kirchhoff et al., 2011). The topic of LHCII migration during state transitions is still not fully understood and alternative models for these movements (and thus for state transitions) are proposed in which not only the LHCII but also the photosystems move in order to generate PSII/LHCII/PSI hyper-complexes (Tikkanen et al., 2011).

The structure of the thylakoid membrane system is not fixed but highly dynamic. Phosphorylation of LHCII complexes and/or PSII core proteins within the grana stacks induces a (partial) de-stacking of the membrane structure probably by introducing negative charges on both sides of the membrane stack that repel each other (Allen, 1992). It is important to note that the LHCII kinase STN7 likely cannot enter the grana due to an extruding stromal domain (Rochaix, 2013). Phosphorylation of LHCII, thus, can occur only at the grana margins where the kinase is located. LHCII phosphorylation and subsequent grana membrane de-stacking, therefore, can happen only step-wise from outside to inside and its kinetic depends on the number of available LHCII complexes that reach the STN7 kinase domain. Similar structural constraints may occur also in PSII core phosphorylation events that are suggested to play a role in antenna dissociation and core monomerization (Puthiyaveetil and Kirchhoff, 2013).

Functional PSII complexes within grana stacks typically form dimers that associate with various amounts of LHCII trimers generating so-called PSII super-complexes. The largest association stably isolated after detergent treatment consists of two PSII core (C) complexes with each having one strongly (S) and one moderately (M) bound LHCII trimer generating the C2S2M2 complex (Caffarri et al., 2009). In vivo larger associations might be possible. Partial dissociation of this C2S2M2 complex generates smaller super-complexes while aggregations of it create so-called mega-complexes that can even form para-crystalline structures in the grana membranes (Dekker and Boekema, 2005). Upon a state 1-to-state 2 transition a decrease in C2S2M2 complexes and a concomitant increase of C2S2M1 complexes has been observed that suggest an involvement of the M complexes in state transitions (Kouril et al., 2005). In addition, extra LHCII trimers with only very loose contact to the PSII core are located between the super-complexes and in the grana margins providing further candidate trimers that potentially migrate during state transitions (Kouril et al., 2013).

Phosphorylation of PSII core and LHCII trimers is a major determinant of the highly complex arrangement of the photosynthetic apparatus and the thylakoid membrane structure, but the precise sequence of events is far from being clear. We recently could demonstrate that light-quality shifts that either reduce or oxidize the photosynthetic electron transport chain do have pronounced effects not only on STN7 activity and state transitions but also on the formation and the release of PSII super-complexes (Dietzel et al., 2011). These changes in PSII super-complex accumulation occur in the same time range as state transitions and appear to be a limiting factor for them as the amount of PSII super-complexes correlates inversely with the speed of state transitions. According to current data the PSII super-complex release (and presumably the release of PSII super-complexes attached to each other) starts most likely with the phosphorylation of CP43, a core protein of PSII. Stn7/Stn8 double mutants that lack any PSII/LHCII phosphorylation cannot release PSII super-complexes (and likely also structures of higher order such as mega-complexes) and do not display any state transitions. Conversely, in mutants that cannot form PSII super-complexes state transitions run faster. This effect is likely caused by a faster LHCII trimer phosphorylation that is required for state transitions because of higher mobility of the trimers in the membrane (Damkjaer et al., 2009; Dietzel et al., 2011; Garcia-Cerdan et al., 2011). The trimer identity and role of LHCII phosphorylation during PSII remodeling is, however, still under debate as also alternative models have been presented proposing that the so-called extra LHCII trimers are phosphorylated and migrate to PSI during a state 1-to-state 2 transition (Wientjes et al., 2013). Concomitant with that the LHCII trimers in PSII super-complexes were found to be phosphorylated but did not induce a release of the complexes. It was concluded that phosphorylation is not sufficient for a release of PSII super-complexes and that these are stable during a state 1-to-state 2 transition (Wientjes et al., 2013). Recent studies revealed that also the activity of the chloroplast acetyltransferase NSI is required for state transitions and thylakoid membrane remodeling (Koskela et al., 2018, 2020). While the precise mechanistic involvement of protein acetylation requires further investigation these studies reveal that photosynthetic light acclimation is not only dependent on phosphorylation of LHCII proteins but may involve additional post-translational modifications of thylakoid membrane proteins.

Research on processes involved in state transitions typically is done in the laboratory on plants grown under defined light conditions that induce either reduction or oxidation of the PQ pool, respectively. These conditions may be induced by technically slightly different test set-ups, but not much attention has been given yet to such details. We were wondering whether illumination set-ups with small different technical settings but with comparable effects on the PQ pool redox state do induce equivalent physiological effects on photosynthetic acclimation. To this end, we compared light-quality shifts and dark-white light shifts in their effectiveness on state transitions, photosynthetic antenna phosphorylation and PSII super-complex formation.



MATERIALS AND METHODS


Plant Material

Arabidopsis thaliana var. Columbia-O (Col-0) plants were grown on soil for 14 days under long day (LD) conditions (16 h light/8 h dark) at 50 μmol m–2 s–1 white light (Lumilux “Cool White” L 18W/840, Osram) at 23°C and 60% humidity before subsequent light treatments. Plants subjected to long-term light-quality treatment (6 days under continuous PSI- or PSII-light) were grown for 5 days in LD conditions followed by 3 days of continuous WL (to adapt the plants to the continuous illumination) matching a final age of 14 days. Plant material was grown in several parallel pots allowing to split plant sets for individual light treatments after a common initial growth phase. All growth experiments and their subsequent physiological and molecular characterizations were done with at least three independent biological replicates.



Illumination Set-Ups and Thylakoid Membrane Isolation

After 14 days of pre-cultivation under LD conditions (if not indicated otherwise) plants were subjected to various illumination set-ups for the indicated time periods. White light (WL) treatments were performed under the identical light sources as used for pre-cultivation. The technological set-up for PSI- and PSII-light treatments was identical to that described in Wagner et al. (2008) and Dietzel et al. (2011). For better understanding and interpretation of the physiological effects the emission spectra of the WL, PSI- and PSII-light sources within the growth chambers were recorded with a spectrometer (LI-180, LI-COR Biosciences). These spectra are given in the Supplementary Figure S1. After the respective light treatments (compare Table 1) plant material was harvested directly under the light source and put immediately into ice-cold homogenization buffer followed by isolation of thylakoid membranes as described (Järvi et al., 2011). Chlorophyll concentration of resulting samples was determined according to Porra et al. (1989). Thylakoid samples isolated for BN-PAGE analysis were immediately processed after isolation. Aliquots from these samples were frozen for western-immune-blot analyses after SDS-PAGE and kept at −80°C until further use.


TABLE 1. Summary of illumination programs and the corresponding physiological questions investigated by these approaches.
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Room Temperature Chlorophyll Fluorescence Measurements

Time course and degree of Chl fluorescence transients of 14-to-21-day-old WT plants and stn7 mutants grown under DL conditions subjected to indicated shifts in illumination were detected using a pulse amplitude modulation (PAM)-based fluorometer (Junior-PAM, Walz). The measurements aimed to analyze the general dynamics in the Chl fluorescence changes induced by the indicated light shifts with a special emphasis on the process of state transitions. As reference a standard state transition experiment using the internal monochromatic light sources (blue LED, 450 nm, far-red LED, 730 nm) of the Junior-PAM device was performed. To this end plants in their growth pots were placed under the Junior-PAM detector in a way that Chl fluorescence detection was yielding sufficient intensity, but without using a clamp for the leaf that could influence gas exchange. The distance between the fiber optics probe and the leaf surface was adjusted to 5 mm. After 1 h of dark acclimation F0 and Fm were determined for calculation of Fv/Fm (Fv = Fm − F0) using the Junior-PAM internal measuring light and saturation pulses. Then, actinic light (blue LED, 45 μmol photons m–2 s–1) was switched on for 30 min for induction of state 2. At steady state fluorescence in state 2 (Fs2) a saturation pulse was given for detection of Fm2′. Then, far-red light (Junior-PAM, level 12) was added for further 30 min to induce state 1. When reaching a steady state fluorescence in state 1 (Fs1) another saturation pulse was given for detection of Fm1′. Reversibility of the light-induced acclimation responses was checked in each replicate by switching off the far-red LED allowing for returning to state 2. Determination of Chl fluorescence transients and state transitions induced by growth light sources were done essentially in the same manner as described for the LED-driven reference experiment, but using shifts between the growth lights instead of the internal LEDs. In light quality shift experiments state 2 was induced in 1 h dark-acclimated plants by 50 min illumination with PSII-light, while state 1 was induced by subsequent illumination with PSI-light for 30 min. Reversibility of state transitions in these conditions was checked by a switch back to PSII-light for each replicate. Dark-light shift experiments were performed analogously starting with 1 h dark-acclimation, followed by a 50 min illumination period with white light to induce state 2, followed by a 30 min shift to darkness to induce state 1. Again, reversibility of state transitions was checked by another 30 min of illumination with white light. Calculations of state transition parameters for all light set-ups are given in legend of Table 2.
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FIGURE 1. Dynamics of Chl fluorescence changes in response to light quality or dark-light shifts. Arabidopsis WT plants (gray traces) and stn7 mutants (red traces) were grown for 14 days under LD conditions and then used for Chl fluorescence measurements using a pulse amplitude modulated fluorometer. (A) Reference measurement using internal LED based light sources of the measurement device for induction of state transitions. (B) Chl fluorescence changes caused by shifts between the PSI- and PSII-light sources at equal PAR. (C) Chl fluorescence changes caused by dark-white light shifts. Duration of and shifts in illumination are indicated by horizontal bars on top of the fluorescence traces. All experiments started with a 60 min dark-adaptation followed by the light regime indicated in the figure. A saturation light pulse was given 2 min before a change in light condition. Only the pulse in state 1 is visible at this magnification of the figure. Fii′, Fii, Fi′, and Fi values were taken at indicated time point (small arrows) in order to calculate Fr according to the protocol by Haldrup et al. (2001). Chl fluorescence is given as normalized values. The figure depicts representative results. Each experiment was repeated at least three times with three different biological samples. For understanding of Chl fluorescence nomenclature compare legend of Table 2. Full data sets for all graphs including a full representation of saturation light pulses are available in Supplementary Figure S2.




Detection of Thylakoid Membrane Proteins and Their Phosphorylation States

Total accumulation and phosphorylation state of proteins or complexes were determined by western-immune-analyses using protein-specific antisera directed against D1, D2, CP43, Lhcb1 (Agrisera No. AS05084, AS06146, AS111787, AS01004) or an anti-phospho-threonine antibody (Cell Signaling Technology®) and the enhanced chemiluminescence (ECL) assay. Indicated amounts of samples were separated by either denaturing SDS-PAGE or BN-PAGE and transferred to nitrocellulose membrane (®PROTAN Whatman) by semi-dry-western blotting using standard protocols (Sambrook and Russel, 2001). ECL visualization of primary antisera was done using suitable secondary anti-sera fused to horseradish peroxidase and a Chemi-Doc-™MP Imaging System (BioRad Laboratories). Recording of large differences in signal intensities occurring on one and the same membrane (especially those between phosphorylated core and light harvesting proteins) was done by a series of increasing exposition times in the camera system allowing for respecting the linearity between protein loading and signal intensity. Optimal loading of SDS-PAGE gels with respect to equality of protein amounts between different samples and the linearity between loaded protein amount and resulting ECL signal was systematically determined by serial dilution of WL extracts and determination of the corresponding phospho-threonine signals. Best signal ratios were obtained in the range of 20–30 μg total chlorophyll in the protein extracts and all subsequent experiments were adjusted to this range. In addition, equal loading of each SDS-PAGE gel was tested after the immune-detection using amido-black or Ponceau S staining of the respective membranes.



BN-PAGE and 2D BN-PAGE

Both BN-PAGE and 2D BN-PAGE were performed essentially as described earlier (Dietzel et al., 2011). Thylakoid sample volumes corresponding to 20 or 30 μg chlorophyll were used for solubilization of thylakoid membranes by adding β-dodecyl-maltoside (β-DM) to a final concentration of 1% (w/v). Samples were separated on 0.75 mm × 12 cm × 18 cm native 5–12% acrylamide gradient gels. The BN gel run was performed for 15 h (over-night) at 70 V in a cold chamber at 4°C. The voltage was then adjusted to 250 V until the run was finished. The cathode blue buffer was replaced by colorless buffer after 2/3 of the gel run. The BN gels were photographically documented, disassembled and cut into slices isolating the different sample lanes. These slices were incubated in denaturing Laemmli buffer [138 mM Tris/HCL pH 6.8, 6M urea, 22.2% (w/v) glycerol, 4.3% (w/v) SDS, 5% (v/v) 2-mercaptoethanol] for 1 h in a Petri dish under gentle shaking, loaded on a denaturing 6–12% acrylamide SDS gradient gel and separated over night at 12 mA. Finally, the gels were silver-stained following standard protocols (Sambrook and Russel, 2001) and photographically documented.




RESULTS


Induction and Dynamics of Photosynthetic Acclimation in Response to Light Quality and Dark-White Light Shifts

Recent studies reported 77K fluorescence emission spectra indicating that both, light-quality and dark-white light shifts, induce a significant lateral movement of the mobile LHCII antenna between PSII and PSI resulting in considerable changes of the respective antenna cross sections. The state transition deficient Arabidopsis mutant stn7 was devoid of such changes indicating that the differences in the observed 77K spectra of WT and mutant were caused by short-term antenna movements, i.e., state transitions (Dietzel et al., 2011; Koskela et al., 2018). The 77K measurements, however, provide only static start and end point comparisons missing the dynamics of the respective acclimation responses. In order to follow the course of photosynthetic acclimation induced by light-quality or dark-white light shifts we recorded room temperature (RT) Chl fluorescence transients of plants subjected to corresponding growth light shifts. The Arabidopsis state transition mutant stn7 was used as reference throughout all experiments in order to distinguish between the impact of energy dependent quenching (qE) and state transitions (qT). The impact of photoinhibition-dependent quenching (qI) was regarded as negligible since only weak actinic light was used for excitation in these experiments.

As technical reference for the two illumination set-ups studied we recorded Chl fluorescence changes of WL-grown wild-type control plants (WT) subjected to standard LEDs providing monochromatic blue and far-red light as typically used in PAM-derived Chl fluorescence measurements (for detection of state transitions) (Figure 1A). Illumination with blue light as actinic light source was used to induce a stable steady state fluorescence resulting in state 2 in WT plants (dark gray traces, Figure 1A). Additionally applied far-red light resulted in a sudden fluorescence drop caused by enhanced excitation of PSI that accelerates the withdrawal of electrons from the inter-photosystem transport chain leading to the oxidation of the PQ pool. Subsequently a sigmoidal increase in fluorescence was observed (corresponding to a state 2–state 1 transition) that reached the steady state (state 1) after ∼10 min, a time frame comparable to earlier reports (Dietzel et al., 2011; Koskela et al., 2018). After switching off the far-red light source the Chl fluorescence values exhibited a sharp increase followed by rapid quenching reaching a steady state after ∼10 min corresponding to a state 1–state 2 transition. This sharp fluorescence peak is caused by the sudden over-excitation of PSII due to the decelerated removal of electrons from the PQ pool. Notably, the steady state fluorescence in state 2 and state 1 stabilized at the same values indicating the balancing effect of state transition in electron transport. Performing the same light quality shifts with the stn7 mutant resulted in a completely different response pattern (red traces, Figure 1A). Far-red illumination of the mutant caused a much stronger drop in fluorescence than in WT which is most likely caused by the large immobile PSII antenna since the mutant is unable to perform a transition to state 2. Unlike the WT the mutant was unable to return to the steady state fluorescence level, although we observed a weak increase within the first 15 min that may indicate that the mutant was still able to perform some minor antenna re-arrangements of unknown origin. Switching off the far-red light source resulted in a jump of the fluorescence signal back to the original values followed by a slow further increase again suggesting some minor re-arrangements in the antenna or the photosynthetic electron transport chain. It must be noted that the fluorescence values of WT and mutant were normalized to the values in state 2. Since Chl fluorescence measurements provide only relative values, it is not possible to compare Chl fluorescence values in absolute terms. Likely the state 2 fluorescence in the stn7 mutant is higher than in WT but since an internal control is not available this could not be quantified.

Subjecting WT plants to shifts between PSII- and PSI-growth lights resulted in Chl fluorescence changes highly comparable to the LED based system (Figure 1B). The fluorescence drop after shift from PSII- to PSI-light was somewhat more pronounced than with the addition of far-red LED light, therefore the subsequent fluorescence rise took a bit longer in total time, but fully recovered. A shift back to PSII-light induced a slightly stronger fluorescence peak that, however, was fully quenched in a similar time range as in the LED-based system. Also the stn7 mutant displayed Chl fluorescence changes in response to the light shifts which were highly similar to those in the LED-based system. In sum, the obtained data indicate that shifts between the PSI- and PSII-growths are able to effectively induce state transitions.

Next, we performed corresponding experiments using dark-white light shifts for manipulation of photosynthetic electron transport (Figure 1C). Dark-acclimated wild-type plants were illuminated for 30 min with white light in a comparable intensity as with the PSII-light source until the plants reached a stable steady state fluorescence. Shifting plants to dark conditions induced a drop in Chl fluorescence that was followed by a slow sigmoidal increase in fluorescence that reached the steady state (state 1) after ∼30 min. A shift back to white light induced a sharp fluorescence rise that was quickly quenched by the light activation of photochemical and non-photochemical quenching (NPQ) processes. The same experiments done with the stn7 mutant resulted in a significant drop in fluorescence after shift to darkness. The mutant was unable to return to the starting level in Chl fluorescence, thus the slow sigmoidal return observed in WT can be regarded as a transition to state 1. A shift back to white light induced a fluorescence rise that was considerably smaller than in WT followed by rapid quenching comparable to the WT control.

The dark-to-white light shift is used in standard experimental photosynthesis set-ups to determine the effectiveness of photochemical (PQ) and non-photochemical quenching (NPQ) processes. Since these processes occur in parallel their relative contribution to the overall Chl fluorescence quenching is difficult to quantify, but for determination of state transition dependent quenching (qT) an established protocol exists. This quantification of qT requires saturation light pulses that close the PSII reaction centers and indicate their relative antenna size in either state 1 or state 2 (Haldrup et al., 2001). However, this type of protocol functions properly only under conditions in which the excitation energy of the actinic light source remains stable during measurement without inducing differences in energy-dependent quenching (qE). Since dark-to-WL shifts include intrinsic differences in actinic light intensity a different way of quantification for the contribution of state transitions under these conditions was required. To this end, we determined state transitions in two different ways according to published protocols (Haldrup et al., 2001) as (i) relative change in maximal fluorescence in state 1 and state 2 (qT) and as (ii) relative Chl fluorescence change (Fr) that describes the relative difference of fluorescence in state 2 and state 1 upon changes between either PSI- or PSII-light (Haldrup et al., 2001). In order to eliminate the contribution of energy dependent quenching in these calculations we determined all values in parallel for WT and the state transition mutant stn7 (both grown and measured under identical conditions). Then we subtracted the values of the mutant from WT assuming that the remaining values provide an approximation for the contribution of state transitions to the fluorescence changes in the growth light systems (given as qT approx. and ΔFr in Table 2). According to these results we found that in both growth light set-ups, illumination shifts induce state transitions comparable to the LED-based detection system. All plant batches were in a comparable viability state as indicated by highly similar Fv/Fm values (see Table 2) excluding the possibility of interference by stress responses. The Chl fluorescence traces provided also a rough estimate for the speed of state transitions in the different illumination systems. According to these data the state transitions in the LED-based test system and the PSI- PSII-growth light sources were comparable in speed, while that in the white light-to-dark shift was considerably slower (especially for the state 2-to-state 1 transition). A precise determination of the speed of the state 1-to-state 2 transition remained difficult because of the interfering photochemical quenching and NPQ processes, however, in all cases it is likely faster than the state 2-to-state 1 transition since the steady state levels were reached faster.


TABLE 2. Chlorophyll fluorescence parameters in the different light set-ups.
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Phosphorylation Changes Induced by Light-Quality or Dark-Light Shifts

In order to obtain independent experimental proof for the effectiveness of the two growth light systems in inducing state transitions we determined the phosphorylation state of thylakoid membrane proteins in the different illumination set-ups by standard procedures (Figure 2). To this end Arabidopsis thaliana plants were grown for 2 weeks and subjected to various illumination protocols using light-quality (PSI- or PSII-light) or dark-white light (WL) shifts (explained in Table 1). 50 min illumination with PSII-light after the last dark phase induced a strong phosphorylation of LHCII while additional 30 min of PSI-light resulted in a very low phosphorylation state (Figure 2, P-LHCII, lanes 1–2). The phosphorylation state of control plants harvested at the end of the last dark period was found to be low, but apparently stronger than after the PSI-light treatment (Figure 2, lane 3). When we replaced the PSII-light by WL we observed a strong LHCII phosphorylation that appeared to be slightly stronger than that after PSII-light illumination. Returning such samples for 15 min to the dark partly reversed the phosphorylation state of LHCII (Figure 2, P-LHCII, lanes 4, 5). For PSII core proteins D1, D2 and CP43 we observed similar patterns in phosphorylation changes with the exception that the phosphorylation state was found strongest in the dark control (Figure 2, top panel, lane 3). 50 min of PSII-light slightly weakened this phosphorylation state, but additional 30 min of PSI-light led to almost complete de-phosphorylation. Illumination of plants with 50 min of WL resulted in a comparable effect as with PSII-light and additional 15 min in the dark resulted in a very minor further decrease (Figure 2, top panel, lanes 4, 5).
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FIGURE 2. Effects of light-quality or dark-white light shifts on phosphorylation state of thylakoid membrane proteins. Isolated thylakoid protein samples corresponding to 20 μg total chlorophyll were separated by SDS-PAGE. For detection of phosphorylation state proteins were transferred to a nitrocellulose membrane via western blot and immuno-decorated using an anti-phospho-threonine antiserum (Cell Signaling Technologies). Labeling was done according to published work (Fristedt et al., 2009; Samol et al., 2012). This phospho-immuno-detection was done once to confirm the state transition results from the Chl fluorescence data and produced results that are in full accordance to earlier studies. A comprehensive statistical treatment of data including triplicate independent biological repetitions, therefore, was regarded as negligible. Relative changes in signal intensities can be sufficiently estimated by comparison to the loading controls given by the respective amido-black stained membranes at the migration front of LHCII trimers (membrane). Additional loading controls are given in Supplementary Figure S3. Sizes of marker proteins are given in the left margins in kDa. Signals from phosphorylated CP43 (labeled by asterisk) and another unidentified protein were very weak requiring long exposition times to be visualized. Signals from phosphorylated D1, D2 and LHCII (P-D1/D2, P-LHCII) were reaching saturation under such conditions and a second short exposition time of the same membrane is given (short exposition) as control. All plants were grown for 2 weeks under LD conditions and treated as indicated before sampling. Dark-PSII 50: 50 min PSII-light after dark. Dark-PSII 50–PSI 30: 50 min PSII-light after dark followed by 30 min of PSI-light. Dark: Control at the end of the last dark period. Dark-WL 50: 50 min WL after dark. Dark-WL 50 - Dark 15: 50 min WL after dark followed by 15 min dark. The respective state induced by the illumination program is indicated at the bottom (S1: state 1; S2: state 2).


The observations on LHCII phosphorylation are consistent with earlier reports (Bellafiore et al., 2005; Bonardi et al., 2005; Pesaresi et al., 2009; Tikkanen et al., 2010) and indicate that light-quality shifts as well as dark-light shifts are able to induce LHCII phosphorylation changes that are required for state transitions, i.e., strong LHCII phosphorylation after illumination with PSII-light or WL; and LHCII de-phosphorylation after illumination with PSI-light or transfer to the dark. Control experiments indicated that neither the total protein composition of the thylakoid membrane fractions (Supplementary Figure S3A) nor the accumulation of selected PSII proteins (Supplementary Figure S3B) displayed major changes in response to the applied light shifts. Most importantly, Lhcb1 (one of the major LHCII proteins) remained fully stable under all tested conditions (Supplementary Figure S3B, bottom panel) indicating that the observed variations in phosphorylation state of the antenna (Figure 2) are not caused by differences in protein accumulation. This indicates that both light set-ups are suitable to control the activity of the redox-responsive STN7 kinase (and hence are suitable for the control of the PQ redox state). However, the two light set-ups may generate subtle differences in PSII core protein phosphorylation that could be an interesting target for more specific investigations in future.



Phosphorylation State of Native Photosystem Complexes and Photosystem II Remodeling in Response to Light-Quality and Dark-Light Shifts

Assessments of the phosphorylation state of PS proteins after denaturing SDS-PAGE determines the phosphorylation state of the total fraction of a given protein, but cannot distinguish between different association states of native PS complexes in the membrane. Since state transitions and PSII core protein phosphorylation are known to be also connected to PSII remodeling events we determined the phosphorylation state of the diverse PS complexes after mild solubilization and blue native (BN)-PAGE as reported earlier (Dietzel et al., 2011). Strongest changes in phosphorylation states could be observed for free LHCII trimers and (to a minor degree) for so-called LHCII assemblies (Figure 3A). As in the denaturing approach, illumination with WL and PSII-light (the latter as long-term or short-term application) resulted in a high phosphorylation state while dark or PSI-light illumination induced low phosphorylation states. Further significant differences in phosphorylation states were found in PSII monomers and super-complexes (Figure 3A). The phosphorylation signal of PSII-super-complexes in response to PSII-light was found to be much more pronounced than after PSI-light exposure confirming earlier studies (Dietzel et al., 2011). WL treatment, however, was less effective and could not induce the same strong phosphorylation response as PSII-light (especially after the short-term light shift, Figure 3A, lane 4). The signal intensity in the WL samples was more comparable to that from the dark and PSI-light treated samples. The results indicate that PSII-light and WL illumination induce also at the native level a significant phosphorylation of LHCII complexes confirming the effectiveness of both light set-ups in induction of state transitions. Interpretation of the phosphorylation intensities of PSII super-complexes, however, is more difficult since core protein and LHCII phosphorylation contribute to the resulting signal. Furthermore, the signal intensity might be affected by the actual amount of the respective PSII super-complexes.
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FIGURE 3. Phosphorylation and assembly states of thylakoid membrane protein complexes after BN-PAGE. (A) Thylakoid protein samples corresponding to 20 μg total chlorophyll were separated by BN-PAGE. Material for the first two wells was isolated from plants grown under LD conditions for 2 weeks. Dark-WL 50: 50 min illumination with WL after dark period. Dark: Sample harvested at the end of the night period. All other plants were grown for 5 days under LD conditions, afterward shifted for 3 days to continuous white light and subsequently grown for 6 days under the light-quality regimes indicated on top (matching in total 2 weeks of growth). These samples served as control allowing for comparison with results published earlier (Dietzel et al., 2011). PSI: 6 days PSI-light; PSI-PSII 30: 6 days PSI-light followed by 30 min PSII-light; PSII: 6 days PSII-light; PSII-PSI 30: 6 days PSII-light followed by 30 min PSI-light. The protein complexes separated by the BN-PAGE were denatured in gel by incubation in Laemmli buffer and transferred to a nitrocellulose membrane via western blot. Phosphorylation state of thylakoid membrane proteins was detected by incubation with anti-phospho-threonine antibodies. The amido-black stained membrane at the height of LHCII trimers is shown as loading control. Bands were labeled as described (Järvi et al., 2011). The experiment was repeated three times with results showing only marginal variations, thus one representative result is given. Note that the phosphorylation states of the free LHCII trimers correspond well to those shown in Figure 2. (B–D) Thylakoid protein samples corresponding to 30 μg total chlorophyll were separated by BN-PAGE. Material separated on the same gel always was isolated from the same growth batch of plants that were all grown under LD conditions for 2 weeks prior to the different short-term illumination treatments indicated on top of each well. Dark samples were harvested at the end of the night period and served as control. All material was harvested directly under the respective light source. (B) Dark - PSII 50: 50 min PSII-light after dark; Dark - PSII 50 - PSI 30: 50 min PSII- light after dark followed by 30 min PSI-light; Dark: control at end of dark period; Dark - WL 50: 50 min WL after dark (same in panels (B) and (C)). (C) Dark - WL 50 - dark 15: 50 min WL after dark followed by a 15 min shift into dark. (D) Dark - WL 2 h: 2 h WL after dark; Dark - WL 2 h - dark 15: 2 h WL after dark followed by a 15 min shift into dark. Panels (B–D) are from individual gels each and display representative results. Each experiment was done at least three times. Bands were labeled (right margin) as described (Dietzel et al., 2011; Järvi et al., 2011). As common control Dark - WL 50 was included in all gels.


In order to study such potentially different effects of light-quality and dark-light shifts on PSII super-complexes, thylakoid membrane complexes from Arabidopsis thaliana plants grown under corresponding light conditions were analyzed for their assembly states. To this end plant material was harvested under the respective condition, thylakoids were isolated, membranes were solubilized and blue native (BN) PAGE (Figure 3B) was performed as described earlier (Dietzel et al., 2011). For testing the impact of light-quality on PSII super-complex formation, plants at the end of the night period were illuminated 50 min with PSII-light, one sample was harvested and the remaining plants were further illuminated with PSI-light for 30 min (Figure 3B). While in PSII-light plants only small amounts of PSII super-complexes were detectable, PSI-light exposure induced a strong formation of super-complexes within just 30 min. This is in full accordance with earlier data (Dietzel et al., 2011). Control plants harvested in the dark exhibited only minor amounts of PSII super-complexes that appear to be even less abundant than after PSII-light treatment. In contrast, 50 min of WL exposure caused significant PSII super-complex formation, however, less than after PSI-light treatment (especially with respect to the two largest complexes that correspond to C2S2M1 and C2S2M2 complexes) (Figure 3B). Since in the dark much less PSII super-complexes were found than under WL we concluded that these must exhibit a stronger phosphorylation state than the ones detected in the WL sample (compare to Figure 3A, lanes 1, 2). Quantification of the relative changes in phosphorylation signals and Coomassie staining of PSII super-complexes using ImageJ software confirmed that PSII super-complexes from dark samples exhibited stronger phosphorylation than those isolated from samples exposed to 50 min of WL (see Supplementary Table S1). This indicates that the phosphorylation states of PSII super-complexes isolated from the dark and 50 min WL samples are opposing the respective states of the LHCII trimers within the same samples. These data are in line with the observation that dark samples display higher core protein phosphorylation states (compare to Figure 2). Dark-light shifts, thus, induced state transitions comparable to light-quality shifts, but they caused the opposite effect on PSII super-complex formation. In addition, the PSII super-complex formation induced by WL was found to be not reversible when plants were shifted for 15 min back to dark conditions (Figure 3C). Such a dark treatment is commonly used in room temperature Chl fluorescence experiments to re-open all PSII reaction centers and to transfer all antenna complexes back to PSII. Our observations described here strongly suggest that even though all PSII reaction centers might have re-opened a full PSII remodeling is not achieved within 15 min. A longer dark adaptation phase in such kind of experiments, thus, appears to be recommendable. Prolongation of WL illumination to 2 h did not further increase the accumulation of PSII super-complexes indicating that the 50 min WL exposition was already saturating the response (Figure 3D). In sum, we conclude that dark-light shifts induce (at least in part) different mechanisms in PSII super-complex formation than light-quality shifts. Alternatively, the release mechanisms might be not the same. As a side observation we found that regardless of which light treatment was used, a high abundance of PSII super-complexes was always accompanied by a strong accumulation of an additional green band in the BN-PAGE (Figures 3B–D) that most likely corresponds to LHCII assemblies (Chen et al., 2018) suggesting that the same mechanism that causes the PSII super-complex formation is also involved in the agglomeration of LHCII trimers (or vice versa).



Subunit Composition of Photosystem Complexes After Different Light Treatments

Next we analyzed the subunit composition of the different protein complexes identified in the BN-PAGE. Lanes with corresponding material separated by BN-PAGE were cut and subjected to a second denaturing dimension as done earlier (Dietzel et al., 2011). Protein subunits contained in the various native complexes were subsequently visualized by silver-staining (Figures 4A,B), and identified according to their reported migration behavior in these gel systems as well as by own confirmation by mass spectrometry (Aro et al., 2005). PSII-light acclimation for 50 min caused a very low accumulation of PSII super-complexes (especially of the two largest ones corresponding to C2S2M1 and C2S2M2 complexes) when compared to the subsequent PSI-light acclimation (see broadly boxed area in Figure 4A). Instead high accumulation of PSII monomers with or without CP43 became visible (small boxed area in Figure 4A). In addition the PSII monomers containing CP43 displayed a very high proportion of phosphorylated CP43 (indicated by an asterisk). PSI-light acclimation caused the opposite reaction with low amounts of monomeric PSII complexes and apparently undetectable traces of phosphorylated CP43. Interestingly, PSII monomers without CP43 were less abundant in these samples suggesting that they may be involved in the formation of the LHCII assemblies.


[image: image]

FIGURE 4. 2D BN-PAGE of thylakoid membrane proteins from A. thaliana subjected to light quality or dark light shifts. Stripes from BN-PAGE (placed horizontally on top of gels, compare Figure 3) were cut out, denatured in Laemmli buffer and run on a SDS-PAGE as second dimension with a head-to-head orientation. Marker proteins (sizes are given in kDa) were loaded in between. The gels were stained with silver. (A) Dark - PSII 50: 50 min PSII-light after dark period; Dark - PSII 50 - PSI 30: 50 min PSII-light after dark period followed by a shift for 30 min to PSI-light. (B) Dark: Material harvested at the end of the night phase; Dark - WL 50: 50 min WL illumination after dark phase. Labeling of bands in the BN-PAGE given on top of panel (A) is also valid for panel (B), corresponding bands are marked by vertical small lines. Individual protein bands in the second dimension are given in the left margins. Asterisks mark the position of phosphorylated CP43 (right or left from the asterisk, respectively). Broad boxed areas indicate subunits of PSII super-complexes, small boxed areas indicate subunits of PSII monomers. Experiments have been performed three times with results showing only minor variations. Continuous protein bands at 75 kDa in the right half of the gels are leakages from the protein marker.


The same 2D BN-PAGE analysis was performed with material from Arabidopsis thaliana plants harvested shortly before the end of the night phase and after 50 min of WL treatment. Material isolated from the dark phase was almost devoid of PSII super-complexes, but displayed a very high proportion of monomeric PSII complexes and a strong accumulation of phosphorylated CP43 (Figure 4B, left side of gel), the latter being consistent with the results presented in Figure 2. 50 min WL treatment induced formation of some PSII super-complexes (mainly the lower two bands). Accumulation of monomeric PSII and of phosphorylated CP43 was less when compared to the dark sample but more when compared to PSI-light acclimated samples (Figure 4A). This indicates that the structure of PSII super-complexes under dark conditions resembles very much that under PSII-light conditions while WL treatment for 50 min induces a condition being somewhat intermediate between PSI- and PSII-light. We conclude that although PSII-light and WL treatments both induce a significant phosphorylation of LHCII they induce different responses in PSII super-complex formation.




DISCUSSION

Variations in illumination caused by abiotic and biotic factors are one prime source of deleterious effects on photosynthetic efficiency that are counteracted by a multitude of compensation responses such as non-photochemical quenching, state transitions and PSII remodeling events (Morales and Kaiser, 2020). These responses are very complex and typically include structural rearrangements in the photosynthetic apparatus, most of them in the antenna complexes of PSII and PSI (Johnson and Wientjes, 2020). Many details in these antenna rearrangements are not understood yet and, therefore, are investigated in a variety of set-ups. Growth conditions in climate-controlled growth chambers cannot reflect the multitude of variations in the natural environment of a plant, but allow for the analysis of isolated parameters and their effects under standardized conditions. These set-ups, however, are often highly specific and may generate subtle physiological differences that are not apparent on first sight. A careful and detailed analysis, therefore, is highly recommendable for each set-up. Measurement of room temperature Chl fluorescence parameters typically done in a pulse-amplitude modulation (PAM) mode is very informative (Maxwell and Johnson, 2000; Kalaji et al., 2017). However, for these measurements usually the plants are taken out of their growth condition and placed into a measurement room or chamber where they are subjected to highly specific analytic lights. State transition measurements in vascular plants (note that protocols for algae might be different) are often performed with LEDs within the blue range (∼450–470 nm) as actinic light source (compare Figure 1A). This actinic light excites PSII and PSI, drives photosynthetic electron flow and reduces the PQ pool resulting in state 2. Induction of state 1 then is induced by illumination with far-red LEDs (∼730–735 nm) either in replacement or in addition resulting in the oxidation of the PQ pool (compare Figure 1A). Such measurements report on the ability of the plant to perform state transitions, but they do not report whether or not the growth light system is inducing the respective responses. To obtain this information it is required to perform state transition measurements with the growth light sources as analytic lights. This requires to do the measurements directly within the growth unit (compare Figures 1B,C).

Most laboratory growth light systems for plants of at least the last five decades were based on illumination with fluorescent tube lamps, sometimes combined with incandescent bulbs. These light systems are efficient and long-lasting concerning plant growth, but with respect to their light spectrum somewhat limited when compared to natural conditions. When studying photosynthetic light acclimation responses it is, therefore, recommendable to take these specific conditions into consideration. Here we have compared the direct effects of dark-light and PSI-PSII-light shifts of two fluorescent tube-based growth light systems on thylakoid membrane protein phosphorylation, the performance of state transitions and PSII super-complex remodeling in Arabidopsis WT plants in order to test how far these two illumination set-ups are comparable.

In principle, one could expect that both conditions, darkness and PSI-light, cause an oxidation of the photosynthetic electron transport chain since in the first case no charge separation can occur while in the second case PSI is working more efficiently than PSII. In contrast, WL and PSII-light should induce a reduction of it including corresponding changes in the PQ pool redox state as both promote charge separation in PSII and subsequent electron transport toward the PQ pool. Consequently, we would expect inactivation or activation of the thylakoid membrane kinase STN7, respectively, and correspondingly we would expect less and more phosphorylation of LHCII. This, indeed, we could observe in the RT Chl fluorescence traces (Figure 1) and the thylakoid membrane phosphorylation state (Figures 2, 3A). It must, however, be noted that the changes in the RT Chl fluorescence traces represent the combined action of several quenching processes and the proportion that state transitions contribute could be determined only by the inclusion of the stn7 mutant as negative control. This approach provided a reasonable approximation of the extent to which state transitions contribute to the changes in the Chl fluorescence signal observed upon shifts between growth lights. Based on the assumption that the stn7 mutant performs photochemical quenching comparable to WT we estimate that state transitions contribute between 30 and 50% to the total Chl fluorescence change after the growth light shifts [PSI- to- PSII-light (Figure 1B) and dark- to white light (Figure 1C)]. The proportion of mobile LHCII in vascular plants is estimated to be around just 15–20% (in contrast to 80% in the unicellular alga Chlamydomonas) (Rochaix, 2007). Therefore, state transitions are regarded to play only a minor role as quenching process in vascular plants. However, state transitions represent an acclimation response acting preferentially in the low light range (below 100 μE light intensity in vascular plants) since in higher light intensities the LHCII kinase is inactivated (Rintamaki et al., 2000). Our data suggest that in this low light range state transitions may play a more prominent role than anticipated so far in plants, most likely because state transition measurements are typically not done with the growth light source as analytic lights.

In sum, we regard the two light set-ups as equally effective to induce short term photosynthetic acclimation responses in the antenna, i.e., changes in LHCII phosphorylation and corresponding state transitions. With respect to PSII super-complex formation, however, the two illumination set-ups induce different reactions (Figure 5). The question arises whether this difference in PSII super-complex formation is relevant for state transitions. Analysis of PSII super-complex remodeling induced by light-quality shifts indicated that CP43 phosphorylation in PSII super-complexes (and probably also in mega-complexes) most likely initiates the release of these super-complexes (Dietzel et al., 2011). Indeed, we observed high accumulation of phosphorylated CP43 both in the dark and after PSII-light treatment (Figures 4A,B, asterisks) where only weak super-complex formation is found. In contrast, strong PSII super-complex formation after PSI-light treatment correlated with low accumulation of phosphorylated CP43. More moderate PSII super-complex formation as observed after 50 min WL treatment also correlated with a moderate accumulation of phosphorylated CP43 (Figures 4A,B, asterisks). The phosphorylation states of the native complexes indicate that WL mainly induces the phosphorylation of free LHCII trimers (Figure 3A) that are readily available since in the dark only a minor fraction of PSII super-complexes exists and most LHCII trimers appear to be present as free unbound trimers (Figure 3B). This is in agreement with a recent study reporting that it is a loosely bound (L) LHCII trimer rather than an S or M LHCII trimer from the PSII super-complexes that is involved in the formation of the state-transition induced PSI-LHCII complex (Galka et al., 2012). The STN8 kinase was identified as an enzyme targeting PSII core proteins (Bonardi et al., 2005; Vainonen et al., 2005), however, CP43 phosphorylation dynamics differ from that of other core proteins suggesting the action of another yet unidentified kinase activity (Fristedt et al., 2010). In addition, the degree of PSII phosphorylation was found to differ between genetic accessions of Arabidopsis (Yin et al., 2012). Phosphorylation and dephosphorylation of thylakoid photosynthesis proteins depends on a complex interplay of the STN7 and STN8 kinases and their counteracting TAP38/PPH1 and PBCP phosphatases (Wunder et al., 2013). Although already studied in great detail at biochemical and physiological level our understanding of the regulation of these enzymes has still gaps and the involvement of additional enzyme activities such as a kinase activity being responsible for CP43 phosphorylation in the dark might be possible under specific conditions not tested yet. This argues for more systematic studies analyzing phosphorylation/dephosphorylation of thylakoid membrane proteins under a large variety of illumination conditions and in different genetic backgrounds in order to achieve a comprehensive understanding of these processes.


[image: image]

FIGURE 5. Model depicting effects of light-quality or dark-white light shifts on assembly and phosphorylation states of thylakoid membrane proteins. The simplified scheme integrates the central biochemical data from Figures 2–4 and Supplementary Table S1. Symbol representations are defined at the bottom of the scheme. The number of protein complexes and of phosphoryl-groups per protein complex indicates relative accumulation and degree of phosphorylation between the four different conditions. Dark: Low accumulation of PSII super-complexes, moderate phosphorylation state of PSII-bound LHCII and free LCHII trimers, PSII monomers with strongly phosphorylated CP43. PSII-light – State 2: Low accumulation of PSII super-complexes, PSII monomers with strongly phosphorylated CP43, high phosphorylation state of LHCII trimers. WL: High accumulation of PSII super-complexes (mostly C2S1 and C2S2), PSII monomers with low to moderately phosphorylated CP43, very high phosphorylation of LHCII trimers. PSI-light – State 1: Very high accumulation of PSII super-complexes (including C2S2M2 to C2S1), low phosphorylation state of PSII-bound and free LHCII trimers and of PSII dimers. PSII monomers with largely dephosphorylated CP43. For functional implications of the different assembly and phosphorylation states, see “Discussion” section.


In sum, we conclude that WL illumination does induce a state transition by phosphorylating free LHCII trimers, but at the same time it induces a moderate formation of PSII super-complexes (and a concomitant de-phosphorylation of them) which is in contrast to PSII-light illumination (Figures 2–4), which induces strong phosphorylation of PSII super-complexes (and its subsequent partial release) generating more free LHCII trimers (Figure 5). Some highly phosphorylated PSII super-complexes appear to remain stable suggesting that not alone the phosphorylation state but also other determinants such as crowding of the membrane may have an impact on the release (Figure 3; Dietzel et al., 2011; Kirchhoff, 2014). PSII-light, thus, can induce migration of bound and free LHCII trimers while WL likely induces only that of free LHCII trimers which may explain differing observations (Dietzel et al., 2011; Wientjes et al., 2013). Interestingly, since both light sources are able to induce state transitions this suggests that LHCII complexes that migrate during state transitions may potentially originate from different pools of LHCII making it difficult to definitely identify which trimer is actually migrating during state transitions (Minagawa, 2011).

Another difference between the two light systems relates to the metabolic state of the plants in state 1. The original observations describing state 1–state 2 transitions trace back to two studies on photosynthesis in algae; both done in the light (Bonaventura and Myers, 1969; Murata, 1969). The original definition of state 1 and state 2, thus, refers to an illuminated state of the organism. A dark condition at the end of the night may exhibit the same low phosphorylation state/pattern of the LHCII as under PSI-light, but it is not identical with respect to the metabolism of the organism; e.g., the redox state of the thioredoxin pool controlling enzyme activities in the Calvin-Benson cycle (Dietz and Pfannschmidt, 2011). This is partly reminiscent to the induction of state transitions in Chlamydomonas reinhardtii where state 1 and state 2 represent two different metabolic states (Wollman, 2001). In Arabidopsis (as in all green plants) a shift from dark to light conditions represents a shift from heterotrophic to autotrophic life style (Smith and Stitt, 2007) while a PSI-light/PSII-light shift represents a shift under autotrophic conditions between two different light harvesting states. In the first case energy resources collected in the previous light phase are consumed and the light harvesting machinery is shut off while in the second case energy from photosynthesis is used and the light harvesting machinery works with two different efficiencies leading to two distinct light-adapted metabolic states (Bräutigam et al., 2009). For the degree of LHCII phosphorylation (and thus for redox-controlled STN7 kinase activity) this appears to be of no major difference; however, we observed a significant difference in PSII core phosphorylation between dark and PSI-light conditions (Figure 2). This specific difference might be a cause for the different PSII super-complex formation in these two conditions and, thus, could potentially influence the number of LHCII trimers available for the state transition process. It, therefore, is possible that metabolic activities in the dark support to some extent selective thylakoid membrane protein phosphorylation (and possibly the activity of a corresponding kinase activity). In fact, such dark phosphorylation states have been observed. CP43 was reported to be more phosphorylated in the dark than in the light (Fristedt et al., 2010) being in agreement with these observations, however, the responsible kinase activity remains to be elucidated. Our observations are also compatible with a recent study investigating the association of LHCII to PSI in dark-acclimated plants (Chukhutsina et al., 2020). This study revealed that in several plant species LHCII appears to be part of the LHCI-PSI complex in the dark. It was concluded that the plants are in a state between state 1 and state 2 because Lhcb2 is partly phosphorylated. This is consistent with our finding that LHCII at the end of the night still exhibits partial phosphorylation (Figure 2), suggesting that a complete state 1 is reached only under conditions when electrons are actively withdrawn from the PQ pool, e.g., by far-red or PSI-light illumination (Figures 1, 2). Whether a dark-induced state 1 is different from the corresponding light-induced state 1 (e.g., in terms of LHCII trimers involved) or simply remains incomplete needs to be further investigated. However, comparison of total LHCII phosphorylation (Figure 2) with LHCII trimer phosphorylation (Figure 3A) suggests a potentially higher phosphorylation state of free LHCII monomers under these conditions arguing for two different types of state 1 (Figure 5).

In sum, our study reveals that growth light set-ups with highly similar physiological effects and only minor technically different properties may still induce differences in photosynthetic acclimation responses which can be of importance for our understanding of the studied processes. The question of comparability of results between different illumination set-ups may become even more urgent with the advent of LED based illumination systems that are increasingly used now for plant growth (Seiler et al., 2017; Matsuda et al., 2021). A recent study investigated wavelength-specific effects on the redox state of the PQ pool using monochromatic LED illumination of different colors (Mattila et al., 2020). The authors observed varying efficiencies within the 400–700 nm range. These variations may explain the differences between various artificial light sources with divergent light emission spectra. The WL and PSII-light used in this study are highly similar in the range of 580–700 nm and reduce both the PQ pool with high efficiency as visible by the high LHCII phosphorylation (e.g., Figures 2, 3). The orange filter of the PSII-light, however, cuts off green and especially blue light wavelengths (Supplementary Figure S1) that may be responsible for the differences in the PS super-complex phosphorylation through the action of additional enzyme activities (see above). This will be investigated in more detail in future. In consequence, a very detailed description of the used growth light system and its spectral qualities will become mandatory for future studies on photosynthetic acclimation responses.
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In nature, light is never constant, while in the controlled environments used for vertical farming, in vitro propagation, or plant production for scientific research, light intensity is often kept constant during the photoperiod. To investigate the effects on plant growth of varying irradiance during the photoperiod, we grew Arabidopsis thaliana under three irradiance profiles: a square-wave profile, a parabolic profile with gradually increasing and subsequently decreasing irradiance, and a regime comprised of rapid fluctuations in irradiance. The daily integral of irradiance was the same for all three treatments. Leaf area, plant growth rate, and biomass at time of harvest were compared. Plants grown under the parabolic profile had the highest growth rate and biomass. This could be explained by a higher average light-use efficiency for carbon dioxide fixation. Furthermore, we compared the growth of wild type plants with that of the PsbS-deficient mutant npq4. PsbS triggers the fast non-photochemical quenching process (qE) that protects PSII from photodamage during sudden increases in irradiance. Based mainly on field and greenhouse experiments, the current consensus is that npq4 mutants grow more slowly in fluctuating light. However, our data show that this is not the case for several forms of fluctuating light conditions under otherwise identical controlled-climate room conditions.




Keywords: fluctuating light, photosynthesis, CO2 assimilation, leaf area, Arabidopsis



1 Introduction

In nature, the irradiance incident on a leaf changes over the course of a day. These fluctuations occur on multiple timescales, ranging from a second to minutes for sunflecks caused by air movement moving leaves higher in the canopy or by cloud movement, to fluctuations caused by cloud movement lasting between minutes and hours, to the diurnal change in irradiance as the sun rises and sets as a result of the rotation of the Earth around its axis (Pearcy, 1990; Ruban, 2009; Kaiser et al., 2018; Wang et al., 2020). In low light, when photosynthesis is light-limited, plants must absorb as much light as possible for photosynthesis and use it as efficiently as possible. In contrast, in high light, when photosynthesis is light-saturated, more energy is absorbed than can be used for photosynthesis. If left unchecked, this excess of energy can actually damage the plant. As a result of these changing priorities, plants must constantly maintain a balance between efficient photosynthesis in low light and photoprotection in high light (Pearcy, 1990; Ruban, 2009; Kaiser et al., 2018; Wang et al., 2020; Long et al., 2022). Matters are complicated in cases of fluctuating irradiance because an increase in irradiance (provided that assimilation is not already light-saturated) will produce an increase in assimilation, which results in a decrease in the degree of excess of irradiation. As a result, the degree to which irradiance is in excess changes (and normally decreases) with time.

Plants have developed multiple ways to respond to changes in light intensity (Ruban, 2009; Murchie and Niyogi, 2011; Kaiser et al., 2018). A major adaptation mechanism is the circadian rhythm, based on the oscillating day–night cycle of terrestrial daylight. It is estimated that 25-35% of the Arabidopsis thaliana (Arabidopsis) genome is controlled by the circadian rhythm (Covington and Harmer, 2007; Hazen et al., 2009). Unsurprisingly, photosynthesis is also influenced by circadian oscillations via various pathways and mechanisms (Dodd et al., 2014). This is reflected in the fact that photosynthesis, as assessed by net CO2 assimilation rate (Anet) and stomatal conductance, continues to display a circadian rhythm in plants exposed to constant light (Hennessey and Field, 1991). As plants have evolved under a natural daytime light regime, in which potential irradiance increases gradually until noon and then decreases until sunset, it can be hypothesized that plants should be adapted to this irradiance profile and thus should grow more quickly under a natural, approximately parabolic (or sinusoidal) irradiance profile than under square-wave (on/off) light conditions. Knowledge of such an adaptation would be important in guiding the control of irradiance in vertical farming, where crops such as lettuce are grown indoors under light-emitting diode lamps (LEDs) (van Delden et al., 2021). An increase in plant biomass produced per unit kWh of electricity used for lighting would provide an economic advantage. A hint that sinusoidal light does provide an advantage comes from the work of Chiang et al. (2020), which shows that the leaf area of several species is larger for plants grown under sinusoidal light than for plants grown under square-wave light conditions with the same daily integral of irradiance.

Rapid fluctuations in light intensity, on the timescale of seconds to minutes, are very common in the understory of forests and in the canopy of densely packed crops growing in the field (Pearcy, 1990; Ruban, 2009; Kaiser et al., 2018; Wang et al., 2020; Long et al., 2022). Such fluctuations are challenging for plants and have been shown to negatively affect plant growth and fitness (Kulheim et al., 2002; Alter et al., 2012; Poorter et al., 2016; Vialet-Chabrand et al., 2017; Kaiser et al., 2018; Qiao et al., 2021). The main mechanism of protection against sudden high light is qE, or energy-dependent non-photochemical quenching (NPQ), the process in PSII that underlies the protective conversion to heat of those excited states of chlorophyll that are in excess of the needs of photochemistry. Excess irradiance above the requirements of photosynthetic metabolism leads to acidification of the thylakoid lumen, which is sensed by the protein PsbS and catalyzes the quenching of excited states, thereby giving rise to the phenomenon of qE (Li et al., 2000; Li et al., 2002). The enzymatic conversion of the carotenoid violaxanthin into zeaxanthin further amplifies qE (Demmig-Adams, 1990; Niyogi et al., 1998). The establishment and relaxation of qE is slow relative to the more rapid fluctuations of irradiance encountered in the field (seconds or tens of seconds for qE versus seconds or less for irradiance fluctuations). Based on in silico experiments, the slow relaxation of qE, which can limit the light-use efficiency of PSII electron transport for photosynthesis, has been proposed to be potentially a limiting factor for photosynthesis and crop carbon gain (Zhu et al., 2004). Accelerating the relaxation of qE via over-expression of PsbS and the enzymes involved in the reversible conversion of violaxanthin into zeaxanthin has been found to result in increased crop productivity in the field in tobacco plants (Kromdijk et al., 2016) and increased crop yield in soybean (De Souza et al., 2022). On the other hand, the same mutations have been found to impair growth rate in Arabidopsis (Garcia-Molina and Leister, 2020). It is generally believed that lacking PsbS negatively affects plant performance under light fluctuations: a PsbS knock-out, known as npq4, produces fewer seeds (Kulheim et al., 2002; Krah and Logan, 2010), has a reduced leaf area (Logan et al., 2008; Krah and Logan, 2010), and exhibits reduced CO2 assimilation (Hubbart et al., 2012). However, under constant irradiance during the photoperiod, a lack of PsbS does not seem to confer any disadvantages (Kulheim et al., 2002; Khuong et al., 2019) and could even represent an advantage under constant low irradiance (Khuong et al., 2019).

Thus far, most fluctuating light studies on the npq4 mutant have been performed under uncontrolled field conditions or in greenhouses. As such, it is unclear under which kind of light fluctuations possession of PsbS is required for optimal plant growth and biomass production. If we are to engineer plants with improved photosynthetic efficiency for higher crop yields (Zhu et al., 2010), it is important to understand under which light conditions photoprotective quenching is beneficial for plant growth. A similar question could be asked for Stn7, the kinase of the major light-harvesting complex II that restores the balance of excitation of photosystems I and II under certain conditions of imbalance and thus improves the light-use efficiency of assimilation (Bellafiore et al., 2005; Taylor et al., 2019). It has been shown that absence of this protein also diminishes plant fitness and growth under fluctuating light conditions (Kulheim et al., 2002; Frenkel et al., 2007; Tikkanen et al., 2010; Grieco et al., 2012).

Several studies have investigated the effects of fluctuating light on plant growth, e.g., through use of a square-wave irradiance profile (Tikkanen et al., 2010), fluctuations that mimic a measured natural daytime light profile (Vialet-Chabrand et al., 2017; Chiang et al., 2020), or a natural increasing and decreasing intensity profile with added random fluctuations (Ferroni et al., 2020; von Bismarck et al., 2022). Here we have investigated the effects of different light regimes on the growth rate and biomass production of Arabidopsis plants. We compared the effects on wild type (WT) plants, stn7 plants (lacking Stn7), and npq4 plants. This comparison produced two interesting results. First, when they were grown under fluctuating light that mimics natural light conditions, the relative growth rate and above-ground biomass production of npq4 and stn7 plants were not significantly reduced compared to those of WT plants. Second, growing plants of each of these genotypes under a parabolic irradiance profile, resembling the natural diurnal increase and decrease in light intensity, resulted in enhanced biomass production. To investigate this further, we studied the effect of different fluctuating light conditions and temperatures on the growth of npq4 plants compared to WT plants. Finally, the CO2 assimilation rate of WT plants was compared for the square-wave and parabolic irradiance regimes.



2 Materials and methods


2.1 Growth conditions

A. thaliana plants, accession Columbia, from lines WT, npq4 (Li et al., 2000), and stn7 (Bellafiore et al., 2005), were grown in controlled conditions of 24°C during the day and 20°C during the night, under a short-day light regime of 8 hours light and 16 hours darkness, with a light intensity of 125 µmol m-2 s-1. Seeds were allowed to germinate for 10 days before being transplanted into individual pots, where they were grown for another week before the experiments were started.



2.2 Growth under square-wave, parabolic, and fluctuating light conditions

Growth irradiance was provided by an LED array (Fluence Vypr 2p, Fluence Europe, Rotterdam, the Netherlands). The light intensity provided by this array is linearly dependent on the supply output current generated by the LED power supply. This output current was controlled using the dimmer function of the supply, which was linearly dependent on the value of a resistor placed between the dimmer control pins. Adjustable resistance between these pins was provided by an optocoupled light-dependent resistor actuated by a microcontroller (ESP32 – Espressif Systems; https://www.espressif.com). This digital controller allowed the irradiance to be altered every 3 seconds, this limit on the rate being set by the control electronics of the LED power supply.

For the square wave, a continuous light intensity of 150 µmol m-2 s-1 was used throughout the photoperiod. The parabolic profile was interpolated from irradiance data based on measurements made available at solcast.com. The cloudless irradiance values used for this purpose were measured on 2021-11-11 at 21.9028° N, 12.4964° E, a location in the Sahara in Niger. The fluctuating light condition was based on measurements made on September 20th 2020 in Wageningen (the Netherlands, 51°59’20.0”N, 5°39’43.2”E) 1.5m above ground in a mature maize canopy. Using a Licor quantum sensor, a laboratory-built transimpedance amplifier, and a Picolog ADC-24 datalogger, an irradiance dataset with 100 ms resolution was recorded. The average over 3-second intervals was used for the fluctuating condition, adjusted for the 8-hour photoperiod by taking a 2-hour slice of data from the middle of the day. Irradiance levels between 0 and 60 µmol m-2 s-1 could not be achieved by our system owing to limitations in the control of the LED power supply. As a result, both the parabolic profile and fluctuating light profile began with a stepwise increase. The three different illumination conditions were normalized to the same total daily integrated photosynthetic photon flux density (PPFD) over an 8-hour photoperiod (Figure 1).




Figure 1 | (A) Experimental light intensity conditions during the 8-hour photoperiod under which the plants were grown. (B) Zoomed-in visualization of 5 min under the fluctuating light condition. (C) Incidence of fluctuations in the fluctuating light condition. The histograms show the proportion of instances in which light intensity remained within a range of 30 µmol m-2 s-1 (blue bars) and 100 µmol m-2 s-1 (orange bars) for a given amount of time.



In order to image the growth of plants in the growth cabinet, a Raspberry Pi device connected to 6 different USB webcams was programmed to collect images multiple times per day. The images were first corrected for fish-eye distortion using the Python module OpenCV. Subsequently, the coordinates of every individual plant pot were measured using ImageJ, which allowed the images to be sliced to form sub-images, each containing a single plant, and the area of each plant was measured. Leaf area was determined by converting the RGB image to the CIELAB color space, where the a* channel was inverted and converted to a mask before the leaf areas were automatically selected using an ImageJ script. Growth in leaf area (A) for each individual plant was then fitted using an expolinear growth model (Goudriaan and Monteith, 1990):

	

where Rm is the maximum relative growth rate in the exponential phase, Cm is the maximum relative growth rate in the linear phase, t is elapsed time, and tb is the time at which the linear phase starts.



2.3 Measurement of CO2 assimilation using a custom-built system

CO2 assimilation measurements were performed as described in Taylor et al. (2019) using an LI-7000 CO2/H2O analyzer (LI-COR, NE, USA) operating in differential mode. The gas mix used for the measurements contained 400 µmol CO2 mol-1 (400ppm CO2), 200 mmol O2 mol-1 (20% oxygen), and 18.8 mmol H2O mol-1, and the remainder of the gas mix consisted of N2. The gas stream was divided between the reference cell of the gas analyzer and a custom-made leaf chamber, after which the gas stream was supplied to the analysis cell of the gas analyzer. The leaf chamber allowed an entire Arabidopsis leaf to be enclosed within the chamber via the petiole. The upper transparent window of the chamber was sealed against the metal rim of the lower half of the leaf chamber by a hard rubber O-ring coated with silicone grease, forming a gas-tight seal with no diffusive leaks.

An LED array was fitted on top of the leaf chamber; this was controlled by a constant-current LED driver (Mean Well LCM-40, Haarlem, the Netherlands) capable of rapid changes in current output. This driver was controlled by an ESP32 microcontroller via an optocoupler with a 2s interval in the case of the simulated parabolic irradiance profile.

Gas exchange measurements were performed on 5-week-old plants grown under square wave irradiance of 125 µmol m-2 s-1 during the photoperiod. Leaves were adapted for 15 minutes after being placed in the leaf chamber before the measurement was started.

CO2 assimilation was calculated by correcting for gas dilution by H2O released by the leaf using the following formula:

	

where Jgasin is the total gas influx, Aleaf is the total leaf area in the chamber, and x is the molar fraction of the respective gas measured at the influx or the outflux of the leaf chamber. Transpiration was calculated according to the following formula:

	



2.4 Combined measurement of CO2 assimilation and chlorophyll fluorescence

Combined measurements of CO2 assimilation and chlorophyll fluorescence were taken for individual leaves using an open infrared gas-exchange system (LI-6400XT; LI-COR, Lincoln, NE) and a 2-cm2 leaf chamber with an integral blue–red LED light source and fluorometer (LI-6400–40; LI-COR, Lincoln, NE). Plants were dark acclimated and then exposed to three cycles of approximately 5 min of low light (100 µmol m-2 s-1) and 1 min of high light (1000 µmol m-2 s-1), followed by three cycles of 5 min of low light and 5 min of high light. Light supplied was a combination of red and 10% blue light. The operating efficiency of PSII electron transport (ΦPSII) was determined as (Fm’– F′)/Fm’ (Genty et al., 1989), where F′ is the steady-state fluorescence and Fm’ is the maximum fluorescence during the saturating light pulse, as determined by the multiphase flash method (Loriaux et al., 2013). The level of non-photochemical quenching (NPQ) was determined as (Fm – Fm′)/Fm′, where Fm is the maximum fluorescence in the dark-acclimated state and Fm’ is the maximum fluorescence during the light-adapted state, both as determined by a multiphase flash (after (Loriaux et al., 2013); total duration was 0.9 seconds (0.3 seconds per phase), the ramp rate was 40%, and the maximum flash intensity was ~ 6000 µmol m-2 s-1). Conditions in the leaf cuvette were maintained at a CO2 concentration of 400 ppm, a VPD of approximately 1 kPa, and a leaf temperature of 25°C. Recordings of gas exchange and chlorophyll fluorescence were made every minute for the duration of the measurement period.




2.5 PSII quantum efficiency measurements

The ratio of maximum variable to maximum total Chl a fluorescence (Fv/Fm), determined after 30 min dark-adaptation, served as a measure of PSII quantum efficiency. Fluorescence measurements were performed with a PAM-101 fluorometer (Walz, Effeltrich, Germany). Fm was measured as the maximum fluorescence during a saturating pulse of 0.8 seconds with an intensity of ~6000 µmol m-2 s-1.



2.6 Fluctuating light; WT vs npq4

A lighting system was created in a plant growth cabinet using LED bars for the low-irradiance conditions (100 µmol m-2 s-1, LL) combined with an additional 4 high-power 3W LEDs with a 15° focusing lens to provide the high-irradiance (1000 µmol m-2 s-1, HL) conditions. Plants were grown under a short-day light regime of 8 hours light and 16 hours darkness at three different temperatures (4°C, 10°C, or 24°C). The temperature was unchanged throughout the day/night cycle. The switch to the high-power LEDs between LL and HL was managed using a relay controlled by a programmable Arduino microcontroller (https://www.arduino.cc). Three different conditions were programmed: 1h HL (1000 µmol m-2 s-1) and 30 min LL (100 µmol m-2 s-1); 1 min HL and 5 min LL; and 5 min HL and 5 min LL.

Growth was monitored by taking photographs of the plants (including a minimum of 10 plants for each genotype and each condition) every 3 or 4 days and counting the pixels for each plant using Adobe Photoshop CS6, using a 1-euro coin as a size reference in the images. After each experiment, the fresh above-ground weight of the plants was determined.





3 Results



3.1 The effect of square-wave, parabolic, and fluctuating light conditions on plant growth

We investigated the effects of different light regimes on the growth of WT, npq4, and stn7 Arabidopsis plants. After 17 days of growth under continuous light (125 µmol m-2 s-1, 8-hour photoperiod), the plants were exposed to three different light conditions, all with an 8-hour photoperiod and the same daily integral of photosynthetic photon flux density (PPFD). The conditions were: 1) square-wave irradiance of 150 µmol m-2 s-1; 2) parabolic irradiance ranging from 65 to 190 µmol m-2 s-1, resembling the natural increase and decrease in light intensity during the day; and 3) rapidly fluctuating irradiance ranging from 60 to 360 µmol m-2 s-1, based on the measurements of light intensity fluctuations in a maize canopy in the field. The three light intensity profiles are shown in Figure 1A while Figure 1B shows a zoomed-in view of the fluctuating light profile (condition 3 above). We analyzed the changes imposed under the fluctuating light regime; Figure 1C shows the distribution of the time taken for the light intensity to change by ≥ 30 µmol m-2 s-1 or ≥ 100 µmol m-2 s-1. This analysis shows that periods of constant irradiance lasting 3 seconds occurred most frequently (this was the shortest time-interval over which the intensity was changed), while periods of constant irradiance lasting up to 1 minute were frequent. Periods of constant light intensity lasting more than 2 minutes were uncommon (1.8% of the total for changes ≥ 30 µmol m-2 s-1 and 10.5% of the total for changes ≥ 100 µmol m-2 s-1).

In order to evaluate plant growth (Supplementary Movie 1), at least 3 images of the plants were collected each day, and the projected leaf area was measured using these images (Supplementary Movie 2). Based on these data, we plotted the increase in leaf area over time (Figure 2). Treating increase in leaf area as a metric for overall growth, we found that fluctuating irradiance significantly (p< 0.05) reduced plant growth in WT and npq4 plants, compared to the two other conditions (Figure 3). For stn7 plants, growth was fastest under a parabolic irradiance profile; the other two conditions (fluctuating and square) did not differ significantly from each other in terms of growth speed, but in both cases this was slower than under the parabolic profile.




Figure 2 | Workflow for analysis of increase in leaf area over time.






Figure 3 | Increase in leaf area (mm2) during growth of WT, npq4, and stn7 Arabidopsis plants under square-wave, parabolic, and fluctuating light conditions. The SE is shown. The number of plants (n) analyzed is displayed on each graph. Differences in final leaf area were tested via one-way ANOVA, followed by a Tukey HSD test. Significantly different values are indicated by asterisks, * for p<0.05 and ** for p<0.01.



Next, in order to analyze the effect of different irradiance profiles on the rate of plant growth in greater detail, growth in projected leaf area as function of time was parameterized by fitting an expolinear growth model (see Materials and Methods). Plant growth was initially exponential, but became linear as the canopy began to close (i.e., when the leaves began to overlap). We found that while Rm (the maximum relative growth rate) could be estimated reliably from our data, due to the relatively short duration of this experiment, the uncertainty was large for the estimated values of Cm (the maximum growth rate in the linear phase); therefore, this parameter was not used for further analysis. Figure 4A shows the Rm values for the WT, npq4, and stn7 plants under each of the three light conditions. Both WT and stn7 plants showed a significantly higher Rm under a parabolic irradiance profile compared to the two other irradiance conditions. In contrast, npq4 plants exhibited a significantly higher maximum relative growth rate under the parabolic irradiance than under the square-wave condition, but there were no significant differences in relative growth rate between fluctuating irradiance and the other two irradiance profiles. The total above-ground fresh weight of the plants at the end of the experiment showed a similar trend. Fresh weight was significantly higher for WT and stn7 plants grown under a parabolic irradiance profile; npq4 plants also had a higher fresh weight under parabolic irradiance compared to the other two profiles, but in this case the difference was not significant. For npq4 plants, fresh weight was significantly lower when they were grown under fluctuating light conditions compared to square-wave and parabolic irradiance profiles. Finally, WT plants grown under fluctuating irradiance also had a fresh weight lower than those grown under parabolic or square-wave profiles, but in this case the difference was not significant.




Figure 4 | Maximal exponential growth rate (A) and fresh weight (B) of WT, npq4, and stn7 plants under square, parabolic, and fluctuating light conditions. Measurements are displayed in boxplot form. The middle line represents the median value of the data; values inside the box represent 50% of the measured data; and the whiskers together with the box comprise 95% of the measured values. Differences were tested for via one-way ANOVA, followed by a Tukey HSD test. Significantly different values are indicated by asterisks: * for p<0.05, ** for p<0.01, *** for p<0.001. For npq4 plants, the Rm values for the square and parabolic light conditions are significantly different (p<0.001), while there is no significant difference between the square and fluctuating conditions (p=0.122) or between the parabolic and fluctuating conditions (p=0.166).



Taken together, the data on leaf area and fresh weight from WT, npq4, and stn7 plants showed similar overall trends in terms of the effects of different irradiance profiles on plant growth (Figures 3, 4). Growth (as indexed by Rm and fresh weight) was greatest under the parabolic profile condition relative to the square-wave and fluctuating profiles; note that a square-wave profile is conventionally used in controlled-environment systems.




3.2 Under which fluctuating light conditions does the absence of PsbS or Stn7 result in a growth disadvantage?

We compared the maximum relative growth rates (Rm, Figure 5A), fresh weights (Figure 5B), and increases in leaf area (Supplementary Figure 1) of WT plants, npq4 plants (which lack PsbS), and stn7 plants (which lack Stn7) grown under fluctuating light conditions. The maximum relative growth rate was very similar for the three plant types. Although the fresh weight and final leaf area of npq4 plants were lower than those of WT and stn7 plants, the difference was not statistically significant (p=0.17 for fresh weight and p=0.487 for final leaf area in a comparison of npq4 with WT). Therefore, no significant disadvantage arising from the absence of Stn7 or PsbS was found under the fluctuating light irradiance condition. Having PsbS or Stn7 also did not confer an advantage under this specific fluctuating light condition (fluctuations are shown in Figure 1). The question remained as to whether there is any fluctuating irradiance regime under which a lack of these proteins results in a growth impairment. This has already been shown for stn7 plants, which show strongly impaired growth under 5 min of low light (50-60 µmol m-2 s-1) alternating with 1 min of high light (500-600 µmol m-2 s-1) (Tikkanen et al., 2010; Grieco et al., 2012). The smaller size of the intensity fluctuations (60-360 µmol m-2 s-1) applied in our light condition was most likely the reason why we did not observe a difference in growth.




Figure 5 | Exponential growth rate (A) and above-ground fresh weight (B) of WT, npq4, and stn7 plants grown under fluctuating light. Measurements are displayed in boxplot form. The middle line represents the median value of the data; values inside the box represent 50% of the measured data; and the whiskers together with the box comprise 95% of the measured values. The number of plants (n) is indicated in the figure. The differences between the genotypes were not significant, p>0.1.



We decided to focus in more detail on the need for PsbS, as this protein is directly related to qE and is generally believed to be required for optimal plant growth and fitness under fluctuating light conditions (Kulheim et al., 2002; Alter et al., 2012; Poorter et al., 2016; Vialet-Chabrand et al., 2017; Kaiser et al., 2018; Qiao et al., 2021). In the literature, npq4 plants have been compared to WT plants under outdoor conditions, and in a climate-controlled room under one specific fluctuating light condition. Here we tested several irradiance fluctuations. Given that temperature might also play a role in the need for qE through its effect on photosynthesis irradiance curves and rate of response to fluctuating light this factor was also included.



3.2.1 What is the effect of fluctuating light on npq4 plants?

The growth of WT and npq4 Arabidopsis plants was assessed by quantifying the increase in projected leaf area during growth and their final fresh weight. First, a constant irradiance condition (125 µmol m-2 s-1) was tested (at 24 °C). As expected, no difference between the WT and npq4 plants in terms of leaf area (Figure 6A) or fresh weight (Supplementary Figure 2) was found (Table 1). Next, we tested fluctuations occurring on a rather slow timescale: 1 hour of high light (HL, 1000 µmol m-2 s-1)/0.5 hours of low light (LL, 100 µmol m-2 s-1), fluctuating during the full 8-hour photoperiod (Figure 6B). Again, no difference was found between WT and npq4, even though the plants were being exposed to a 10-fold irradiance fluctuation. We continued by testing a higher-frequency fluctuation similar to those used by Tikkanen et al. (2010) and Grieco et al. (2012); specifically, this consisted of 5 min of LL alternating with 1 min of HL (Figure 6C; Supplementary Figure 2). Even under these light conditions no differences were observed, in agreement with an earlier observation (Tikkanen et al., 2010). This clearly demonstrates that not all intensity fluctuations negatively impact plant growth in the npq4 mutant. Only when we applied an equal duration of HL and LL by prolonging the exposure to high irradiance (5 min HL /5 min LL) did we find that npq4 plants showed a significant decrease in growth rate (Figure 6D) and fresh weight (Supplementary Figure 2) relative to the WT.




Figure 6 | Growth of WT vs npq4 Arabidopsis plants at 24°C under (A) continuous light conditions of 125 µmol m-2 s-1, (B) fluctuating light under a regime of 1 hour at 1000 µmol m-2 s-1/0.5 hour 100 µmol m-2 s-1, (C) fluctuating light under a regime of 1 min at 1000 μmol m-2 s-1/ 5 min at 100 μmol m-2 s 1. (D) fluctuating light under a regime of 5 min at 1000 μmol m-2 s-1/ 5 min at 100 μmol m-2 s 1. The number of plants (n) and SEs are indicated in the figure. Asterisks indicate significant differences in final leaf area, based on a two-tailed independent t-test: *** for p<0.001.




Table 1 | Effects of light conditions on the growth of npq4 vs WT plants as assessed by leaf area and above-ground fresh weight.



We then further challenged the plants by lowering the temperature to increase the light stress. At 10°C, WT and npq4 plants showed the same amount of growth under continuous light (Figure 7A; Table 1), although this growth was diminished compared to the same conditions at 24°C. At 10°C, under a regime of 5 min HL (600 µmol m-2 s-1)/5 min LL (Figure 7B) and under a regime of 5 min HL (1000 µmol m-2 s-1)/5 min LL (Figure 7C), npq4 growth was diminished relative to WT, and this diminution was stronger at the higher HL intensity applied. Comparison of the leaf area of WT plants relative to npq4 plants (leaf area ratio: WT/npq4, Supplementary Figure 3) showed that the disadvantage associated with a lack of PsbS is more severe at 10°C compared to 24°C. Decreasing the temperature further to 4°C resulted in half of the npq4 plants dying after 4 days of exposure to fluctuating light (5 min HL/5 min LL), while 91% of the WT plants survived (Figure 8, n≥10). After 7 days, nearly all plants had died in the case of both WT and npq4. This indicates that PsbS increases the chance of survival under low temperature conditions, although WT plant mortality was still high.




Figure 7 | Leaf area in WT and npq4 plants grown at 10 °C under continuous light (A), a regime of 5 min HL (600 µmol m-2 s-1)/5 min LL (B), and a regime of 5 min HL (1000 µmol m-2 s-1)/5 min LL (C). Asterisks indicate a significant difference in final leaf area, based on a two-tailed independent t-test: ** for p<0.01 and *** for p<0.001.






Figure 8 | Growth of WT and npq4 plants under fluctuating light conditions (5 min 1000 µmol m-2 s-1/5 min 100 µmol m-2 s-1) at 4°C. Number of days after the start of the light treatment is indicated.





3.2.2 Improved CO2 fixation under fluctuating light

Among the three fluctuating light conditions under which we compared plant growth of WT and npq4 at 24°C, only the 5 min HL/5 min LL regime had a negative impact on npq4 relative to WT. This shows that npq4 plants, despite their lack of qE, can grow as well as the WT under continuous light or moderate fluctuations (Figures 6A–C, 7A), but there is a growth penalty under harsher treatments involving more rapid fluctuations with longer periods of high irradiance (Figure 6D) or fluctuations at lower temperatures (Figures 7B, C). The question remains as to whether there are conditions under which the possession of PsbS is a disadvantage—in other words, whether the amount of PsbS is the result of optimization of a trade-off. For instance, it has been shown that tobacco plants lacking PsbS have more open stomata, which decreases the stomatal limitation on CO2 assimilation, allowing (all other things being equal) for more assimilation. If water were not a limiting factor and the water vapor pressure deficit only small, then the penalty in terms of plant water balance of having more open stomata would be small. In the case of tobacco, however, despite the increased stomatal conductance arising from knock-out of PsbS, complementary changes in photosynthetic capacity and in the amount of rubisco and its activation left the overall assimilation rate almost unchanged (Glowacka et al., 2018). Furthermore, when WT plants transition from HL to LL, the dissipation of excess energy in the PSII pigment bed through qE does not switch off instantaneously, and as result qE activity limits photosynthesis, wasting potentially useful energy in the PSII pigment bed as heat (Zhu et al., 2004; De Souza et al., 2022). In absence of PsbS, this problem of diminished photosynthesis arising from the slow relaxation of qE ought not to apply, which could make npq4 more photosynthetically efficient in the immediate aftermath of a high-to-low light transition. Indeed, faster relaxation of qE (which could be achieved by undertaking lower levels of qE to start with) results in greater growth in tobacco plants (Kromdijk et al., 2016), but not in Arabidopsis (Garcia-Molina and Leister, 2020). An obvious disadvantage of lacking PsbS is the increased risk of photodamage under at least some HL conditions. To address these effects on carbon dioxide fixation and photodamage, we explored how the operating efficiency of PSII electron transport (ΦPSII) and carbon dioxide fixation were affected by different fluctuating light treatments.

First, we compared the CO2 assimilation rate (Figure 9A) and ΦPSII (Supplementary Figure 4) of WT and npq4 plants under fluctuating light conditions. Dark-adapted plants, grown under constant light, were exposed to three cycles of approximately 5 min LL/1 min HL, followed by three cycles of 5 min LL/5 min HL. A portable gas exchange system (LI-6400XT) equipped with red and blue actinic light was used for these measurements. Under these conditions, CO2 assimilation during the 5 min of HL was higher for npq4 plants than for WT plants. To explore the cause of this enhanced assimilation, we plotted gross CO2 assimilation rate (i.e., the assimilation rate referenced to the respiration rate during the dark period after the end of the photorespiratory burst and other short-lived transients occurring after the cessation of irradiance) against relative electron transport rate (rETR) through photosystem II. rETR, an index for the rate of linear electron transport, is obtained by multiplying ΦPSII by the light intensity, assuming that leaf absorption is the same for WT and npq4 plants (Figure 9B). npq4 plants showed a higher assimilation rate per unit rETR (p<0.0001, two-tailed test). This might be explained by a higher internal CO2 concentration in npq4 plants, consistent with their larger stomatal conductance as compared to WT plants (Supplementary Figure 5).




Figure 9 | (A) Net CO2 assimilation in WT and npq4 plants under fluctuating light conditions. Light gray areas indicate periods of low light (100 µmol m-2 s-1), white areas indicate high light (1000 µmol m-2 s-1), and dark gray indicates darkness. (B) Relationship between gross CO2 assimilation and the relative electron transport rate (rETR) of photosystem II. (C) NPQ in WT and npq4 plants under fluctuating light conditions. SEs are indicated; n=3. Plants were grown in continuous light.



In Figure 9C, the NPQ levels of WT and npq4 plants are compared under the same fluctuating light cycles used to investigate the assimilation responses. As expected, WT plants showed qE under HL, and this was lower in npq4 plants. Despite lacking PsbS, however, the npq4 plants did develop a substantial level of NPQ during the experiment. qE in the npq4 plants tracked qE in the WT plants during the low light periods but increased only slowly during the high light periods. The slow increase of NPQ in npq4 plants during the high light periods paralleled the slow increase in NPQ in WT plants under high light. NPQ levels during the LL illumination periods were even slightly higher in npq4 plants than in WT plants. Although they do have a limited, slow NPQ response, the npq4 plants lack the large and rapid NPQ response of the WT plants that can be seen immediately following the beginning and end of the HL periods.

Next, to assess CO2 assimilation directly after a switch from HL to LL in greater detail, we exposed WT and npq4 plants to a regime consisting of 30 min of LL/30 min HL/30 min LL under atmospheric (21%) oxygen levels (Figure 10A). In this case, data were collected using a custom-built gas analysis system with white actinic LEDs; this enabled the measurement of the assimilation of a single Arabidopsis leaf. Under these conditions, similar assimilation rates were measured for WT and npq4 leaves. Upon transition from HL to LL, the drop in assimilation was also very similar for both types of plants, so we did not observe any advantage associated with a lack of PsbS in the period immediately following a switch from HL to LL. The drop in net assimilation after a switch to LL is partially attributable to the CO2 burst that occurs following the high-to-low irradiance step, which itself is due to photorespiratory carbon dioxide release (Vines et al., 1983). To remove this feature from the assimilation response, we reduced the oxygen level to 2% (Figure 10B). However, even without photorespiration and qE (npq4), a post-high-irradiance drop in assimilation was still observed to some extent after the transition to LL, although the time course of the transient post-illumination drop in assimilation was slower under non-photorespiratory (2% O2) conditions compared to photorespiratory conditions. The effect of removing qE (as observed through comparison of npq4 with WT) on this post-high-light drop is limited (Figure 10B).




Figure 10 | Net CO2 assimilation in WT and npq4 plants under a regime of 30 min LL – 30 min HL – 30 min LL with 21% oxygen (A) and 2% oxygen (B). SEs are indicated; n=9. Plants were grown in continuous light.



An obvious disadvantage that npq4 plants can be expected to have relative to WT plants is their increased risk of photodamage in HL conditions. We used the maximum quantum efficiency of PSII (Fv/Fm) as a proxy for the degree of photodamage. Plants were grown for 5 days under a fluctuating regime of 5 min HL/5 min LL. After growth at 24°C, Fv/Fm was significantly (although only slightly) lower in npq4 plants (0.803 ± 0.003; ± indicates the standard error) compared to WT plants (0.822 ± 0.002); see Supplementary Figures 6A, B. However, when the temperature was 10°C, the difference was larger: 0.770 ± 0.006 for WT vs 0.710 ± 0.006 for npq4 (Supplementary Figure 6C). This indicates that PsbS protects PSII against photodamage under this more extreme fluctuating light treatment.





3.3 Improved CO2 fixation under parabolic light

The question remains as to why plants grow faster in parabolic light. Given that plants have evolved under conditions in which light intensity naturally increases and decreases gradually during the day, it can be hypothesized that short- or longer-term control of net carbon assimilation rate and stomal conductance has been in some way optimized for the conditions. To investigate this possibility, plants were grown under square-wave irradiance (PAR: 125 μmol m-2 s-1), after which they were tested under square-wave white light (120 µmol m-2 s-1) or parabolic white light (minimum PAR of 15 µmol m-2 s-1; maximum of 180 µmol m-2 s-1) with the same integral PPFD (Figure 11A). Carbon assimilation rates (Figure 11B) and transpiration rates (Supplementary Figure 7) were measured over an entire photoperiod. For square-wave light, carbon assimilation rate rapidly rose and reached its maximum after ~20 minutes, after which it slowly and slightly increased over the remainder of the photoperiod. The parabolic irradiance profile showed a gradual increase and decrease, following the light intensity pattern (Figures 11A, B). The most interesting data were obtained by dividing carbon assimilation rate by light intensity as an index of light-use efficiency (LUE) (Figure 11C). For the plants grown and tested under parabolic light conditions, LUE reached its maximum value in under 2 minutes, while this took 20 minutes for the plants tested under square-wave light conditions (see Supplementary Figure 8 for a zoomed-in visualization of the first hour). Furthermore, the LUE of plants exposed to a parabolic irradiance profile was higher at the beginning and end of the day, when the leaves received a lower intensity of light compared to the plants exposed to the square-wave condition. This is to be expected, as gross CO2 assimilation LUE is known to be highest under low-light conditions (Bjorkman and Holmgren, 1963). Interestingly, the LUE of plants grown under a parabolic irradiance profile was the same in the middle of the day as that of plants grown under a square-wave irradiance profile, while the light intensity at midday was 180 µmol m-2 s-1 for the parabolic profile and 120 µmol m-2 s-1 for the square-wave profile. Taken together, these findings indicate that, over the course of a full day, light presented with a parabolic profile can be used more efficiently; this finding also implies that Arabidopsis plants acclimate their photosynthesis processes differently to each of the two regimes, resulting in the same light-use efficiency at the peak irradiance of both regimes.




Figure 11 | Plants were grown and measured under a square-wave irradiance profile and a parabolic irradiance profile with the same daily integral PPFD. (A) The irradiance profile during the 8h measurement. (B) The net CO2 assimilation rate. (C) The net light-use efficiency (LUE). (D) The total CO2 assimilation per day. The SE is shown; n=8 for the parabola condition, n=10 for the square condition. The asterisk is D indicates a significant difference based on a two-tailed independent t-test (p< 0.05).



To evaluate further this apparent improvement in assimilation in response to a parabolic irradiance profile, total CO2 assimilation (mol CO2 m-2) per day was compared for the two growth conditions (Figure 11D). This comparison showed that the parabolic irradiance profile resulted in significantly higher levels of total assimilation per day than the square-wave profile (n≥8), even though the daily integral of irradiance was the same. This is partly due to the parabolic profile containing lower irradiances than the square-wave profile, since lower irradiances will be associated with higher light-use efficiency in terms of assimilation, all other things being equal. It is also due to the parabolic profile producing higher light-use efficiency than the square-wave profile at higher irradiances, thereby enabling the plants to make better use of the higher irradiances. The higher daily integral of assimilation can explain why the WT plants grown under the parabolic irradiance profile had a significantly higher fresh weight and exponential growth rate (Figure 4) compared to the plants grown under a square-wave profile.





4 Discussion



4.1 Plants under natural light conditions

Over recent decades, photosynthesis research has focused on photosynthesis under constant light conditions. However, in nature and for crops that grow in the field, light is essentially never constant, and under these circumstances photosynthetic responses to fluctuating light become more important (Harbinson and Woodward, 1984; Pearcy, 1990; Ruban, 2009; Kaiser et al., 2018; Wang et al., 2020; Long et al., 2022). When plants transition from shade into full sunlight, absorbed irradiance can increase over the sub-second time range, but the reactions of photosynthesis, especially the dark reactions and stomatal responses, take many minutes to reach new steady-state levels, with the slowest phases of this response being limited by the rates of rubisco activation and stomatal opening (Allen and Pearcy, 2000; Mott and Woodrow, 2000; McAusland et al., 2016; Kaiser et al., 2018; De Souza et al., 2020). This relatively slow increase in the rate of photosynthesis leads to the loss of potential canopy CO2 assimilation (Taylor and Long, 2017). Furthermore, the excess of light energy that is harvested by the plant may lead to photodamage, particularly in PSII, due to the formation of reactive oxygen species. To minimize photodamage, plants rapidly upregulate qE in order to safely thermally dissipate the excess energy (Horton et al., 1996). When plants shift from sunlight into the shade, however, qE takes on the order of minutes to relax to a new lower level. As a result, useful excitation energy is wasted, and assimilation is transiently limited by the depressed light-use efficiency of PSII photochemistry, which lowers the potential carbon gain (Zhu et al., 2004; De Souza et al., 2022). There is, therefore, an intriguing trade-off between photoprotection when transitioning to a high irradiance and wasting energy when transitioning to a low irradiance. It can be hypothesized that in conditions of overall low light with brief spikes of high light (on a seconds-to-minutes timescale, typical for sun flecks), it is more efficient to endure photodamage in high light rather than switching to a dissipative state that does not instantly switch off in the period after the spike.

When the periods of high light are as long as the periods of low light, on a timescale of minutes, the prolonged exposure to excess light means that inducing qE could be more worthwhile in order to reduce photodamage and thus allow for increased CO2 assimilation as a result of higher LUE and eventually greater plant growth. This benefit of qE over longer periods of high light would be in spite of the loss of carbon assimilation that occurs immediately after the high–low light transition due to the slow relaxation of qE. The following questions arise: first, under which light conditions does photoprotection represent an advantage for plant growth, and under which conditions it is not beneficial and may it even impair plant growth?; and second, is a light intensity profile involving a gradual increase and decrease during the day better for plant growth than a square-wave irradiance profile, of the kind often used in growth cabinets? To answer these questions, we have grown plants under various light conditions and compared their increase in leaf area and biomass production. These growth conditions made use of rather unnatural square-wave profiles of the kind that are nonetheless widely used in fluctuating light research, as well a fluctuating light profile recorded in a maize canopy and an approximately parabolic profile that is similar to the natural diurnal daylight profile of a cloudless sky. WT plants were compared with npq4 plants, which lack the PsbS protein that is key to the qE component of NPQ, and stn7 plants, which are impaired in their regulation and optimization of light-harvesting via state transitions.




4.2 When does PsbS represent an advantage?

Comparing the growth of WT vs npq4 Arabidopsis plants under various fluctuating light conditions at controlled temperatures (24°C, 10°C, and 4°C) allowed us to investigate the circumstances under which having PsbS represented an advantage. The plants were well watered and fertilized to ensure that water and nutrient stress would not compound the effects of light and temperature stress. First, the effect of a natural fluctuating light profile (Figure 1), measured under a maize canopy, was tested. No significant difference was found between WT and npq4 plants in leaf area or fresh weight (Figure 5). Alternating 1h of HL (1000 µmol m-2 s-1) with 0.5h of LL (100 µmol m-2 s-1) also resulted in no differences between WT and npq4 plants. We cannot rule out an effect of acclimation processes, such as a decrease in PSII antenna size and the increase in linear electron transport efficiency that occurs when plants are acclimated to HL for several days (Bailey et al., 2004; Albanese et al., 2016; Schumann et al., 2017; van Rooijen et al., 2017). Such acclimation could make qE less important for photoprotection. Furthermore, the increased opening of stomata in npq4 plants could represent an advantage for plant growth (Drake et al., 2013; Glowacka et al., 2018) (Figure 9B), while the corresponding natural disadvantage of lower water use efficiency would be less of a problem under our growth conditions, as the plants were well watered (Glowacka et al., 2018). Our measurements did indeed show an increased CO2 assimilation rate in npq4 plants during conditions involving 5 min of high red and blue light illumination, but this advantage was not confirmed under 30 min high white light illumination.

Next, we tested the plant growth response to a regimen of 5 min of LL (100 µmol m-2 s-1) alternating with 1 min of HL (1000 µmol m-2 s-1). Again, no difference in plant growth was observed. It can be hypothesized that a certain amount of extra photodamage might be induced in npq4 plants during the brief period of HL illumination; however, this could be compensated for by the reduced impact of qE on electron transport following a shift to LL. To test whether npq4 plants do indeed perform better immediately after a shift from HL to LL, we compared CO2 assimilation in WT and npq4 plants. No advantage of a lack of PsbS was observed (Figure 10), so this cannot explain why npq4 plants did not show impaired growth under the regime of 5 min of LL (100 µmol m-2 s-1) alternating with 1 min of HL (1000 µmol m-2 s-1). Instead, our NPQ measurements suggest that this can be explained by the higher overall NPQ levels occurring in the npq4 plants during the periods of LL illumination. It is interesting to see that the level of NPQ during the LL periods is even slightly higher for npq4 plants than for WT plants and increases on the same trend during each illumination cycle. Additionally, the decay of NPQ in the dark follows a similar trend for npq4 and WT plants (Figure 9C); furthermore, this residual NPQ in npq4 plants has been shown to largely decay within 15 min (Takahashi et al., 2009). This is clearly a faster process than the PSII repair cycle, which takes hours to complete (Koivuniemi et al., 1995) and includes a D1 degradation half-time of ~30 min (Aro et al., 1993). As such, the NPQ that has developed in npq4 plants appears to be largely photoprotective (that is, like qE) and occurs only in part due to permanent PSII damage. This conclusion is in agreement with the work of Johnson and Ruban (2010), who showed that photoprotective energy dissipation does build up in the npq4 mutant, albeit with a far slower kinetics.

Finally, alternating 5 min of HL with 5 min of LL did result in better growth in WT plants, signifying that having PsbS represents an advantage under this fluctuating light regime. Analysis of dark-acclimated Fv/Fm after one week of this fluctuating light regime showed that dark-adapted quantum efficiency of PSII was lower for npq4 plants than for WT plants. This effect was stronger at 10°C than at 24°C. This shows that PsbS plays a photoprotective role that becomes more important at lower temperatures under more extreme fluctuating light conditions (Figures 6D, 7B, C). This could be due to a lower rate of PSII repair, or to a larger PSII acceptor-side limitation upon shift from LL to HL, as the induction of photosynthesis will be slower (Tikkanen et al., 2014; Huang et al., 2021). In agreement with this observation, we found that the combination of this fluctuating light regime with a lower temperature of 10°C increased the difference in plant growth between WT and npq4 plants. Furthermore, at 4°C, npq4 seedlings died after 4 days of exposure to the fluctuating light regime, while nearly all WT seedlings survived. This points to a clear survival benefit if Arabidopsis plants were to be exposed to cold days with high light levels, as might occur in late autumn, winter, and spring (Arabidopsis is a winter annual over much of its European distribution).

In nature, stresses often occur together. For example, on a summer day, high irradiance can be accompanied by high temperatures and drought stress. Examining individual factors in isolation is essential in order to understand their effects in detail; however, this approach might not capture the actual conditions in nature. With the increasing opportunities for high-throughput phenotyping, the time is ripe to study the combined effect of heat, drought, and light stress under controlled conditions. The disadvantage of this approach is that the number of possibilities to be tested is infinite. It is therefore important that the research community selects specific conditions to be tested. To investigate the role of PsbS in photoprotection, we recommend including a regime consisting of the alternation of 5 min of high light with 5 min of low light, which shows a clear phenotype for npq4 plants. Given that the major component of PsbS-dependent NPQ is activated over the course of minutes and deactivated on a timescale of tens of seconds (Li et al., 2000), it would also be interesting to investigate whether these more rapid fluctuations have a greater impact on npq4 vs WT plant growth. Past research on the effects of fluctuating light on growth have been largely limited by the ability to modulate growth room irradiance. In most cases, irradiance could only be modulated at low frequencies and amplitudes (compared to those of natural irradiances, which can reach 2,000 μmol m-2 s-1). With the advent of LED lighting in controlled environments and the higher irradiances that can be produced by LEDs, it will become possible to explore a wider range of frequencies and amplitudes of irradiance. Given the complexity of the regulation of photosynthesis, with which qE regulation is interwoven, and the way in which photodamage arises from this regulation, a question that emerges is which frequencies and amplitudes of irradiance result in the greatest negative impact on plant growth, especially in a comparison between npq4 and WT. For example, in regard to photodamage and fluctuating light, other targets exist apart from PSII; e.g., PSI has also been shown to be vulnerable to photodamage at low temperatures, and this damage is influenced by qE in PSII (Zhang and Scheller, 2004; Tikkanen et al., 2014; Allahverdiyeva et al., 2015). A valuable aspect of examining effects on plant growth as a way to monitor factors like the absence of PsbS is that this approach integrates across different sources of stress and will include any positive consequences of an apparently deleterious mutation on growth.




4.3 Gradual day/night regime improves plant growth by more efficient photosynthesis

Recent advances in LED technology have made this the primary choice of light source for vertical farming and for growth cabinets used for scientific research. The favorable characteristics of LEDs include low energy requirements (or high quantum efficiency), a low heat output, fast response time, and flexibility in light intensity, with attendant wide variation in the spectral composition of the irradiance that can be produced (Proietti et al., 2021; van Delden et al., 2021). When plants are grown under artificial light, it is important that the energy input is efficiently converted into crop yield. In this project, we used the controllability of LED output to simulate a natural diurnal pattern of increasing and decreasing light intensity in order to investigate whether this would lead to higher LUE, which would be of interest for vertical farming. In the case of WT Arabidopsis plants grown under a parabolic irradiance profile, we did indeed observe an increase in maximal exponential growth rate and final fresh weight in comparison to those grown under a square-wave profile (Figure 4). Further investigation of LUE in terms of assimilation (Figure 9) showed that the low-irradiance part of the parabolic profile occurring at the beginning of the day can be used very efficiently and efficiency rises quickly with duration of irradiance. This indicates that assimilation is hardly limited by photosynthetic induction (particularly rubisco activation and stomatal opening). On the other hand, the sudden increase of irradiance in the square-wave regime results in a low LUE for the first ~20 minutes because of the time required to strongly activate assimilation. It remains to be seen whether a slow onset of light intensity in combination with stepwise switching off of the light (at the end of the photoperiod) provides the same increase in biomass and total CO2 assimilation, or whether the natural gradual rise and decrease in light intensity provides the highest overall LUE.
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Calculation of Chl fluorescence parameters was done with data obtained in experiments shown in Figure 1. Results are means of three independent biological replicates.
Standard deviations are given. Calculation of F/Fm: Fm — Fo/Fm. Calculation of qT (state transition dependent quenching) with the saturation pulse method was done
separately for the transitions from state 2 to state 1 (qT4) and from state 1 to state 2 (qT2) as: qT1 = (Fm1 — Fm2)/Fm1 and QT2 = (Fm1 — Fm2)/Fm1; with Fm1, Fme and
Fmeo' as maximum fluorescence yields obtained in stable state 1 and 2, respectively (compare Supplementary Figure S1). Approximation of state transitions in the light
quality and dark-light shift systems is calculated as: qTn approx = GTn wT—QqTn stn7. Calculation of Fr according to Haldrup et al. (2001): Fr = [(F' — F) — (Fi' — F)//(R' — F)
with F; and Fj; as fluorescence yield in state 1 or 2, and with Fi’ and Fii’ as fluorescence yield in state 1 or 2 directly after illumination shift. Approximation of state transitions
on base of Fy in WT and stn7 is given as: AF, = Fr wr — Fr stn7-
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Physiological state in question

State of PS at the end of a dark period in a standard dark-light growth
schedule (state 1 as in Wientjes et al., 2013).

Induction of state 2 by 50 min of PSIl-light instead of WL.
Induction of state 1 by additional 30 min of PSI-light.

State of PS after 50 min of WL following the last dark period (state 2 as
in Wientjes et al., 2013).

Effect of additional 15 min of dark after 50 min illumination (re-opening
of PSII centers).
Approval of state 2 after extended illumination with WL.

Effect of additional 15 min of dark after extended WL acclimation
(re-opening of PSII centers).

All plants analyzed were 14 days old. For plants subjected to long-term light-quality treatments the pre-growth phase was correspondingly shortened. Abbreviations used:
d, days; h, hours; min, minutes; PS, photosynthesis apparatus. Abbreviations for light sources are as given in main text.
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Type of Description Advantages Limitations. Examples

model

Empirical  Statistical methods are used to identify No prior knowledge of the underlying ~ Dependent on high amounts of ~ Stegemann et al., 1999;
consistently reoccurring patterns in data biological processes is required input data Lovarn et al., 2015

Mechanistic  Systems are broken down into smaller Can be generalized and used to Knowledge of the workings of Farquhar et al., 1980;
ccomponents whose interactions with one predict outcomes outside of the the systems components is Kirschbaum et al., 1997;
another are clearly defined range of the input data required Pearcy et al., 1997

Dynarmic Models mainly consisting of ordinary of partial  Can incorporate changes in Large models often lead to @ Farquhar et al., 1980;
differential equations that capture changes over ~ concentrations over time as wellas  combinatorial explosion in Porcar-Castell et al.,
time kinetic and regulatory information parameter estimation 2006; Retkute et al., 2015

Steady-state  Capture the steady-state behavior when Computationally inexpensive; canbe  Time-steps typically occur over  Cheung et al., 2014;
intenal metabolite concentrations can be used to capture metabolic accimation hours or days; regulatory Shaw and Cheung, 2018
assumed o stay constant mechanisms are largely ignored

Stochastic  Account for a certain unprediotabilty in the Gan account for randomness, Computationally expensive to  Guerriero et al., 2014;

model outcome by considering a probabilty of
occurrence

heterogeneity and intrinsic noise

run; no single solution

Retkute et al., 2018

The advantages and limitations of each are discussed and examples of where each type of model has been applied are provided.
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