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Primary metabolism is closely linked to plant productivity and quality. Thus, a better understanding of the regulation of primary metabolism by photoreceptors has profound implications for agricultural practices and management. This study aims at identifying the role of light signaling in the regulation of primary metabolism, with an emphasis on starch. We first screened seven cryptochromes and phytochromes mutants for starch phenotype. The phyAB mutant showed impairment in starch accumulation while its biomass, chlorophyll fluorescence parameters, and leaf anatomy were unaffected, this deficiency being present over the whole vegetative growth period. Mutation of plastidial nucleoside diphosphate kinase-2 (NDPK2), acting downstream of phytochromes, also caused a deficit in starch accumulation. Besides, the glucose-1-phosphate adenylyltransferase small subunit (APS1) was down-regulated in phyAB. Those results suggest that PHYAB affect starch accumulation through NDPK2 and APS1. Then, we determined changes in starch and primary metabolites in single phyA, single phyB, double phyAB grown in light conditions differing in light intensity and/or light spectral content. PHYA is involved in starch accumulation in all the examined light conditions, whereas PHYB only exhibits a role under low light intensity (44 ± 1 μmol m-2 s-1) or low R:FR (11.8 ± 0.6). PCA analysis of the metabolic profiles in the mutants and wild type (WT) suggested that PHYB acts as a major regulator of the leaf metabolic status in response to light intensity. Overall, we propose that PHYA and PHYB signaling play essential roles in the control of primary metabolism in Arabidopsis leaves in response to light.
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INTRODUCTION

Plants possess a number of photoreceptor proteins which perceive light signals and modify a myriad of physiological processes in plants (Briggs and Olney, 2001; Fankhauser and Staiger, 2002; Moglich et al., 2010). Phytochromes (PHYs) and cryptochromes (CRYs) are two major classes of photoreceptors which control over similar aspects of plant development such as de-etiolation, plant architecture and flowering (Franklin and Quail, 2010; Yu et al., 2010). PHYs absorb UV and blue and red and far-red, whereas CRYs sense only UV and blue (Lagarias and Rapoport, 1980; Cashmore et al., 1999; Chun et al., 2001; Usami et al., 2004; Castillon et al., 2009).

Phytochromes are formed of a chromophore and an apoprotein (Jones et al., 1986). They have two photoconvertible forms: the red absorbing form Pr and the far-red form Pfr (Lagarias and Rapoport, 1980). In Arabidopsis, there are five PHY isoforms, A, B, C, D, and E (Clack et al., 1994). Pfr form of PHYA is unstable, with a short half-life of 1–2 h while its Pr form is very stable with a half-life of ca. 1 week (Clough and Vierstra, 1997). PHYA protein accumulates to a high level in etiolated seedlings and acts primarily as a far-red sensor at the stages of early seedling development (Parks and Quail, 1993), whereas PHYB is the predominant red sensor (Reed et al., 1993; Franklin et al., 2003). Hypocotyl 1 (HY1) encodes a plastid heme oxygenase necessary for PHY chromophore biosynthesis, and deletion of HY1 leads to lowered levels of photoreversible PHY A, B, C, D, E, thus reduced sensitivity to far-red and red light (Chory et al., 1989; Muramoto et al., 1999).

Three genes encode for CRYs in Arabidopsis (Kleine et al., 2003). The cryptochrome 1 (cry1) mutant was the first identified due to its insensitivity to blue light dependent inhibition of hypocotyl elongation (Ahmad and Cashmore, 1993). This mutant also exhibits decreased anthocyanin levels, most likely due to reduced expression of anthocyanin biosynthetic enzymes (Ahmad et al., 1995). In contrast with the cry1 mutant which shows an absence of inhibition of hypocotyl elongation across a wide range of blue light fluence rates, cryptochrome 2 (cry2) mutant exhibits such phenotype only under low blue light fluence. This is explained by high blue light intensity down-regulating the expression of CRY2 gene as well as inducing degradation of the CRY2 protein (Ahmad et al., 1998; Lin et al., 1998).

Understanding the regulatory roles of PHYs and CRYs in primary metabolism, particularly carbohydrate metabolism, is of great importance for improving yield and quality of agricultural products under controlled light environments such as glasshouses (Darko et al., 2014). PHYA affect the levels of a series of primary metabolites including amino acids, organic acids and major sugars in response to far-red and white light in Arabidopsis rosettes (Jumtee et al., 2008). Light intensity can modify the contents of a large number of primary metabolites in Arabidopsis leaves (Florez-Sarasa et al., 2012). Recently, the over-accumulation of a large number of primary metabolites has been observed in the leaves of the Arabidopsis phyBD and phyABDE mutants (Yang et al., 2016). Besides, a number of studies have also demonstrated the involvement of PHYs and CRYs in regulating different traits directly linked with carbon assimilation such as leaf anatomy (Saebo et al., 1995; Yano and Terashima, 2001; Mao et al., 2005; Boccalandro et al., 2009) and photosynthetic machinery (Ahmad et al., 1995; Barneche et al., 2006; Toledo-Ortiz et al., 2014; Gururani et al., 2015). Recently, a set of genes encoding for starch synthetic enzymes has been found to be induced by PHYA under far-red (Chen et al., 2014). It is in contrast to an increased starch accumulation in phyBD and phyABDE (Yang et al., 2016).

Emerging evidences have suggested PHYs and CRYs signaling have impacts on the levels of primary metabolites. However, there are multiple isoforms of PHYs and CRYs and the discrepancies in light sources and light treatments used in laboratories could lead to different results. Therefore, more investigations are required to gain a comprehensive understanding about the regulation. Starch is the major source of carbon at night for Arabidopsis plants, and its metabolism is tightly linked to the whole primary metabolism (Sulpice et al., 2009). Here, we firstly performed a starch phenotype screen among seven phys or crys mutants. phyAB but not cry1 and cry2 showed impairment in starch accumulation despite the absence of a growth phenotype. Then we investigated the changes in starch and other primary metabolites in single phyA, single phyB and double phyAB compared with WT by growing the plants under light conditions varying in light intensity and light spectral content. The results suggest that PHYA and PHYB signaling play important roles in the regulation of starch and many other primary metabolisms in plant leaves, being influenced by not only light intensity but also light spectral content.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Nine Arabidopsis thaliana photoreceptor mutants were used in this study including phyAB, phyA, phyB, hy1, hy1/cry1, hy1/cry2, hy1/cry1/cry2, cry1, and cry2. They were obtained from NASC, and their detailed information is provided in Supplementary Table 1. Dry and unstratified seeds were directly sown in 4-cm-diameter pots (3 seeds/pot, one plant were kept) filled with soil (peat, perlite, and vermiculite: 5:1:1) in growth chamber with a 16 h light/8 h dark cycle, at 20°C/16°C (day/night) and 60%/75% humidity (day/night). Pots of different lines were randomized to minimize positional effects. No fertilizer was applied during the growth. Unless otherwise stated, plants were harvested 20 days after sowing and before bolting. Independent samples, each containing two rosettes, were harvested within the last hour of the day (ED), or night (EN). Harvested rosettes were immediately put into liquid nitrogen, and stored at -80°C until use. For extractions, the leaves were pulverized with liquid nitrogen to a fine powder using a tissue lyser (Qiagen, Hilden, Germany).

As white light sources, two sets of fluorescent lamps (FLs) with contrasted spectral quality were used: FL1 (The Philips Master TL-D Reflex 58W/840) and FL2 (Philips Master TL-D 58W/840). Treatments with Red light (enriched between 570 nm and 720 nm) were obtained with FL1 covered with a red plastic Neewer® 30 cm × 30 cm transparent color correction light gel filter similarly as in Reed et al. (1994). Light intensity was determined by use of a ‘Standard’ Fibre Optic Light Measuring System and PAR quantum sensor (Skye Instruments Ltd.). Light spectrum profiles were measured with a USB2000+ spectrometer (Ocean Optics). The spectral data for FL1, FL2, and Red light is presented in Supplementary Data Sheet 1 (Spectral datasets). The photostationary state of PHY (PSS) and yield photon flux (YPF) were calculated according to Sager et al. (1988). The red to far-red ratio (R:FR) was derived by dividing the total counts/photon flux from red light (600–700 nm) by that from far-red light (700–800 nm). To assess how light influences the individual role of PHYA and PHYB in primary metabolism, phyA, phyB, phyAB, and WT were grown under different light conditions varying in light spectral content and/or light intensity. The light characteristics of the different conditions are presented in Table 1. High (H) light intensity and low (L) light intensity were achieved by adjusting the distance of plants from the lamps.

TABLE 1. Characteristics of the light conditions for growing phyA, phyB, phyAB, and WT.
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Metabolite Analyses

The 10–20 mg of leaf powder was extracted three times with ethanol (250 μL 80% ethanol, 150 μL 80% ethanol, 250 μL 50% ethanol). Extracts were incubated for 20 min at 80°C at each step. After each extraction, the extracts were centrifuged at 14000 rpm for 5 min and the supernatants were transferred. The pellets from the last centrifugation were kept for starch determination. The combined supernatants were used to measure soluble sugars.

Starch pellets were boiled for 30 min in 400 μL 0.1 M NaOH at 95°C, and then neutralized with 80 μL 0.5 M HCl, 0.1 M acetate/NaOH, pH 4.9. The neutralized solution was digested overnight at 37°C with 100 μL starch degradation mix (7 U/ml amyloglucosidase + 12 U/ml amylase in 50 mM acetate buffer pH 4.9). Digested starch and soluble sugars were determined by enzymatic assay (Cross et al., 2006) using a microplate reader (BioTek GmbH, Germany).

Derivatization and gas chromatography-mass spectrometry analysis were performed as described previously (Lisec et al., 2006), starting from aliquots of 30 mg frozen FW.

Chlorophyll Fluorescence Analysis

A PAM-2500 fluorometer (PAM-2500, Walz GmbH, Germany) was used according to manufacturer’s instructions. Leaves were firstly dark adapted for 20 min to determine the dark fluorescence yield (F0), and then a red saturation pulse (Int: 9) was applied for 5 s to determine Fm. The built-in actinic red light (144 μmol photons m-2 s-1) was then turned on for around 10 min, followed by a saturation pulse to get Fm′ when the momentary fluorescence yield F was stable. Chlorophyll fluorescence parameters were calculated according to Kitajima and Butler (1975), Genty et al. (1989), and Genty et al. (1996) as follows: Fv/Fm = (Fm -F0)/Fm; Y(II) = (Fm′ -F)/Fm′; Y(NPQ) = F/Fm′ -F/Fm; Y(NO) = F/Fm. For each genotype, leaves from four individual plants were measured. Fv/Fm, Y(II), Y(NO), and Y(NPQ) provide values of the quantum yield for the maximal PSII, the effective PSII, the non-regulated heat dissipation and fluorescence emission and the regulated heat dissipation, respectively.

Transmission Electron Microscopy

Leaf portions (0.5 cm × 0.5 cm) from middle parts of fully expanded mature leaves were harvested at midday and fixed immediately in 2% v/v formaldehyde and 2% v/v glutaraldehyde in 0.1 M sodium cacodylate buffer for 2 h at room temperature in a desiccator under vacuum. Samples were washed in 0.1 M sodium cacodylate buffer three times for 5 min each time. The samples were then post-fixed in 1% w/v osmium tetroxide followed by washing in 0.1 M sodium cacodylate buffer. After washing, samples were sequentially dehydrated in 30, 50, 70, 90, and 100% ethanol for 20 min each. Then samples were infiltrated with 30, 50, 70, 90, and 100% London Resin medium grade (Agar Scientific) on a rotating wheel for 2 h each step, the resin being diluted in ethanol. After that, the 100% resin was replaced with fresh 100% resin and the samples were kept left on the rotating wheel overnight. The resin was replaced again with fresh 100% resin and left on the rotating wheel at room temperature for a further 3 h. Finally, samples were polymerized in gelatin capsules at 60°C for 2 days.

Transverse sections (1 μm) containing mesophyll cells were stained with 1% (w/v) Toluidine Blue (in 1% [w/v] boric acid) and visualized with an Olympus BX51 light microscope equipped with a DP70 digital camera (Olympus). For thickness measurement, two leaf sections from different plants were investigated for each line. The thickness of each section was assessed at 10 positions. Ultrathin sections (60–80 nm) were collected on formvar carbon-coated copper grids. Samples were then stained with lead citrate and uranyl acetate. Transmission electron microscopy (Hitachi H-600) was used to examine the ultrastructure of chloroplasts. Ten images of chloroplasts were analyzed for each line to estimate the ultrastructural changes. ImageJ was used for the thickness and area measurements.

Gene Expression

Total RNA was isolated from 20 mg of leaf powder using the ISOLATE II RNA mini Kit (Bioline) according to the manufacturer’s instructions. mRNA concentration was measured at 260 nm using a NanoDrop ND-1000 UV-Vis spectrophotometer (Nano-Drop Technologies, Böblingen, Germany). The 10 ng of mRNA sample was used for cDNA synthesis according to the manufacturer’s instructions using the SensiFASTTM cDNA synthesis kit (Bioline). Primer pairs for quantitative RT-PCR experiments are listed in Supplementary Table 2. Primers for granule-bound starch synthase 1 (GBSS1) were as in Tenorio et al. (2003), glucose-1-phosphate adenylyltransferase large subunit (APL1), glucose-1-phosphate adenylyltransferase small subunit (APS1), starch synthase 1 (SS1), SS2, and SS4 as in Pyl et al. (2012). Quantitative PCR was performed using the SensiMix SYBR No-ROX Kit (Bioline, United Kingdom) according to the manufacturer’s instructions. The thermal conditions for the amplification reaction and melt curve analysis set on the CFX96 machine (Bio-Rad, United States) were as follows: 95°C for 10 min followed by 40 cycles PCR (95°C, 15 s; 60°C, 30 s; 72°C, 30 s), 95°C for 15 s, 70°C to 95°C with an increment of 0.5°C within 10 s. Relative quantification was adopted in this study and ACTIN2 was used as internal reference gene. Relative expression level was derived from the ratio between 2cqref/2cqtarget for each sample.

Statistical Analyses

The results are presented as mean ± standard errors (SE). Significant differences among the means of multiple genotypes were compared by analysis of one-way ANOVA with post hoc Tukey HSD (Honestly Significant Difference) test at P < 0.05 using IBM SPSS Statistics 23.0 software. Different letters indicate statistically significant differences of means. Student’s t-tests (P < 0.05) were used for comparison of transcripts levels as well as starch content of plants during vegetative growth between phyAB and WT. Three-way ANOVA was performed in SPSS at P < 0.05 to determine if there are interaction effects among light spectral content, light intensity and genotype on metabolites levels. The PCA analysis was also performed using SPSS.

RESULTS

Biomass, Chlorophyll Fluorescence Parameters, and Starch Phenotypes of the Photoreceptor Mutants Grown under White Light

The phyAB mutant had different leaf shape with longer petioles but no change in fresh biomass compared with WT (Supplementary Figure 1). In contrast, hy1, hy1/cry2, hy1/cry1, and hy1/cry1/cry2 displayed green–yellow leaves and severely reduced leaf biomass (Supplementary Figure 1). The cry1 mutant did not show any significant difference in its growth phenotype, while cry2 had slightly higher fresh biomass (Supplementary Figure 1).

We next measured chlorophyll fluorescence parameters of photoreceptor mutants and WTs. Fv/Fm was higher than 0.780 for all the lines indicating they did not suffer from stress (Supplementary Table 3). Y(II), which reflects the relative photosynthetic efficiency, was significantly decreased in the hy1/cry1 and hy1/cry1/cry2 mutants, but remained unchanged in other photoreceptor mutants when compared with their corresponding WTs (Supplementary Table 3). Only hy1/cry1 and hy1/cry1/cry2 mutants were significantly higher for Y(NPQ), which means more energy was dissipated by regulated heat dissipation in those mutants compared to their respective WTs (Supplementary Table 3). Y(NO), which indicates the light energy dissipated by non-regulated heat dissipation and fluorescence emission, did not show dramatic changes in any of the mutants with respect to their respective WTs (Supplementary Table 3).

Single cry1 and single cry2 mutants showed no difference with WT in starch accumulation at the end of the day (ED) and in their starch turnover, which is represented by the difference between starch at ED and EN (Figure 1). Double phyAB and single hy1 mutants accumulated similar amounts of starch at ED, the amounts being noticeably lower than WT (Figure 1). The triple mutant hy1/cry1/cry2 has a similar starch phenotype to single hy1 mutant, which suggests that knockout of both CRY1 and CRY2 does not have any significant influence on starch accumulation or degradation (Figure 1). In agreement, starch accumulation in hy1/cry1 and hy1/cry2 was not significantly different from the single hy1 mutant (Figure 1). However, starch accumulation in hy1/cry2 mutant was significantly higher than in the hy1/cry1 mutant (Figure 1).
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FIGURE 1. (A,B) Starch and sucrose contents at ED and EN in photoreceptor mutants and their respective WTs. Plants were grown under FL2 with PPFD of 115 ± 5 μmol m-2 s-1. Results are mean ± SE of measurements made on five biological replicates. Significant differences (p < 0.05) are indicated by different letters, uppercase for ED, and lowercase for EN.



Interestingly, the phyAB mutant did not show any clear impairment in starch degradation compared with WT because the decrease in starch accumulation at ED was accompanied by a similar decreased level of starch at EN (Figure 1).

Sucrose levels at ED and EN in all photoreceptor mutants were not different from their respective WTs (Figure 1). Glucose levels were also unaffected in the mutants, with the exception of phyAB which accumulated more glucose than WT at ED (Supplementary Table 4).

Leaf Anatomy of phyAB and hy1

A deficit in starch accumulation was particularly prominent for phyAB and hy1 mutants, so we investigated the leaf structure of the two mutants. phyAB showed no significant difference with Ler for leaf thickness, number of cell layers in palisade (2) and spongy mesophyll (3–4) (Table 2 and Supplementary Figure 2A). By contrast, the leaves of the hy1 mutant were significantly thinner than the WT, which can be explained by a reduced number of cell layers (Table 2 and Supplementary Figure 2A). It was difficult to categorize the second cell layer in the hy1 mutant as it had a structure between palisade mesophyll and spongy mesophyll (Table 2 and Supplementary Figure 2A). In addition, in this mutant, the cell organization of the palisade mesophyll was relatively loose with more apoplastic space between cells compared with WT (Table 2 and Supplementary Figure 2A).

TABLE 2. Characteristics of leaf anatomy and chloroplast ultrastructures in WT, phyAB, and hy1 lines.
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Since starch resides in chloroplasts, we investigated possible modifications in the chloroplast ultrastructure of phyAB and hy1 mutants by transmission electron microscopy. The hy1 mutant had smaller chloroplasts (Table 2 and Supplementary Figure 2B). Both phyAB and hy1 mutants showed decreased numbers of plastoglobules per chloroplast, the decrease being particularly large in phyAB mutant (Table 2 and Supplementary Figure 2B). The number of starch granules per chloroplast and thylakoids per granum did not vary from WT in phyAB and hy1 mutants (Table 2 and Supplementary Figure 2B).

The hy1 mutant showed severe growth impairment with light green/yellow leaves and large modifications in its leaf structure, with thinner leaves, less cell layers and undefined palisade mesophyll, which could lead to confounding effects and thus a difficulty to interpret our starch results. Thus, we decided to avoid using this mutant for the next experiments.

Starch Content in phyAB Mutant over Vegetative Development

Given that PHYs regulate plant development, and that the amount of starch may vary during the growth of the plants, we next determined starch amounts in phyAB and WT during their vegetative growth from day 8 to day 17 after sowing. The phyAB mutant had consistently less starch than WT, both at ED and EN. Interestingly, its starch turnover was similar to WT during the development of the plants (Figure 2). The starch accumulated at ED decreased in both the mutant and WT while the plants aged, this decrease being concomitant to a decrease at EN (Figure 2). Further, the turnover of starch remained relatively stable over time in both WT and the mutant during vegetative growth (Figure 2).
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FIGURE 2. Starch content and morphology of phyAB and WT during the vegetative growth. (A) Starch contents at ED and EN in phyAB and WT. Results are mean ± SE of measurements made on three biological replicates. Asterisks indicate statistically significant differences of starch contents at ED or at EN between phyAB and WT (∗P < 0.05; ∗∗P < 0.01). (B) Pictures of WT and the phyAB mutant before harvest. Plants were grown under FL1 with PPFD of 125 ± 5 μmol m-2 s-1.



PHYAB Might Regulate Starch Accumulation through NDPK2 and APS1

Nucleoside diphosphate kinase 2 and PIFs are the primary signal transducers of PHYs (Choi et al., 1999; Castillon et al., 2007). Mutation of PIF4 does not lead to a deficit in starch accumulation (Mugford et al., 2014). However, the ndpk2 mutant showed a starch deficit phenotype at ED and EN (Table 3). We also examined the diurnal transcript profiles of genes encoding starch synthetic enzymes in phyAB. Among them, only APS1 showed significant differences in expression amplitude at one time point (ZT8) between phyAB and WT (Supplementary Figure 3).

TABLE 3. Chlorophyll fluorescence analysis and starch contents in ndpk2 and WT.
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Starch and Sugar Contents in phyA, phyB, and phyAB under Red Light and Different White Light Conditions

As PHYs are mainly responsive to red and far-red light (Lagarias and Rapoport, 1980), we then grew phyA, phyB, and phyAB and WT under red light. The mutants had significantly reduced starch accumulation at ED under red light compared with WT (Figure 3A). The largest decrease in starch accumulation was observed for phyAB, with phyB and phyA exhibiting intermediate starch accumulation (Figure 3A). In contrast, only phyA had significantly lower starch content at EN than WT, with phyB and phyAB showing equivalent contents to WT (Figure 3A). When plants were grown under red light, the levels of sucrose in phyB and phyAB at ED and glucose at both ED and EN were significantly higher than WT, while phyA did not show any significant difference (Figure 3A), suggesting a major role of PHYB.
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FIGURE 3. Starch and soluble sugar levels in phyA, phyB, phyAB, and WT grown in different light conditions. (A) Glucose, sucrose, and starch at ED and EN in plants grown under red light. Results are mean ± SE of measurements made on four biological replicates. (B) Starch at ED in plants grown under four white light conditions. Results are mean ± SE of measurements made on three biological replicates. Means of the genotype∗light condition population were compared by one-way ANOVA with post hoc Tukey HSD test at P < 0.05. Significant differences (p < 0.05) are indicated by different letters.



As both PHYA and PHYB have a role in promoting starch accumulation under red light of 44 ± 1 μmol m-2 s-1, we then examined their roles in four white light conditions. WT plants accumulated similar amounts of starch when grown under the same light intensity (Figure 3B). There was significantly less starch accumulated at ED in phyAB mutant compared with WT under all of the four light conditions (Figure 3B). The phyA mutant accumulated similar amount of starch than phyAB when grown under C2 (FL2-H) and C4 (FL2-L), but accumulated the same level of starch as WT for C1 (FL1-H) and C3 (FL1-L) (Figure 3B). Thus, the phyA mutant showed a deficit in starch accumulation when growth light had qualitatively higher R:FR (14.3 ± 0.2) and PSS (0.864 ± 0.001) (Figure 3B). By contrast, the phyB mutant did not exhibit any difference in starch content from WT (Figure 3B). The whole experiment was repeated, and qualitatively, we observed the same results (Supplementary Table 5).

Metabolite Levels in phyA, phyB, and phyAB under Different White Light Conditions

In order to find out if the changes in starch accumulation observed in those mutants grown in the four white light conditions were associated with a general modification of the primary metabolism, GC-MS profiles were obtained for the same leaf samples. Sixty-six compounds were quantified (Supplementary Table 4). To isolate the effects of genotype, light intensity, and spectral content on starch and other metabolites levels, we then performed a three way ANOVA (Supplementary Figure 4). Spectral content, light intensity, and genotype all have significant influences on starch accumulation individually, and genotype had interacting effects with both light intensity and spectral content on starch accumulation (Supplementary Figure 4). Among the 66 compounds detected by GC-MS, 31, 45, and 42 compounds showed significant dependence for light spectral content, light intensity and genotype, respectively (Supplementary Figure 4). Besides, spectral content, light intensity and genotype also had interactive effects for many compounds (Supplementary Figure 4). The genotype effect was markedly high for C1 (FL1-H), with 24 metabolites being significantly different in mutants compared to WT, while 11 in C2 (FL2-H), 9 in C3 (FL1-L), and 8 in C4 (FL2-L) were different from WT in the mutants (Supplementary Table 6).

In C1 (FL1-H), 10 metabolites involved in amino acids metabolism were down-regulated in phyAB, 13 in phyA and 8 in phyB compared with WT. Besides, erythritol and galactose, involved in carbohydrate metabolism, were significantly decreased in phyAB and phyB mutants in comparison with WT in C1 (FL1-H). The levels of threonate involved in redox regulation, and citrate and succinate involved in the glyoxylate and TCA cycles were lower in phyAB and phyA mutants than in WT in C1 (FL1-H). Ethanolamine and octadecanoate, involved in lipid metabolism were drastically reduced in phyAB, phyA and phyB mutants, while putrescine and spermidine, involved in polyamine metabolism, were only decreased in phyB mutant in contrast to WT in C1 (FL1-H) (Supplementary Table 6).

In C2 (FL2-H), two amino acids (aspartate and homoserine) were reduced in phyAB, and one (homoserine) in phyB compared with WT. Glucose and fructose levels were higher in phyAB while glucose-1-phosphate was lower in phyB than in WT in C2 (FL2-H). Decreases of threonate and dehydroascorbate were observed in phyAB and phyB, respectively, compared with WT in C2 (FL2-H). Moreover, the level of citrate in phyAB, and ethanolamine in phyB were significantly lower than in WT in C2 (FL2-H). By contrast, spermidine was up-regulated in phyA compared with WT in C2 (FL2-H) (Supplementary Table 6).

In C3 (FL1-L), aspartate was down-regulated in phyAB but up-regulated in phyB, and glycine was up-regulated in phyAB compared with WT. Fructose was higher in phyA whereas glucose was higher in phyB than in WT in C3 (FL1-L). The amount of threonate was higher in phyB while ascorbate and dehydroascorbate were lower in phyB than in WT in C3 (FL1-L). Citrate content dropped in phyAB while succinate content increased in phyB compared with WT in C3 (FL1-L). Sinapic acid content was lower in phyAB than in WT in C3 (FL1-L) (Supplementary Table 6).

In C4 (FL2-L), increased amounts of GABA, leucine and tryptophan, reduced amount of threonine and increased amount of glucose were found in phyB compared with WT. Furthermore, increased levels of myo-inositol and raffinose and reduced level of citrate were observed in phyAB compared with WT in C4 (FL2-L) (Supplementary Table 6).

We next performed a correlation analysis using all data available for all genotypes and growth conditions in order to unravel the metabolic network (Supplementary Table 7). Starch amounts were positively correlated with threonate and succinate (Supplementary Table 7). Besides, a large number of amino acids correlated together. Also several lipid and secondary metabolites correlated with one another (Supplementary Table 7).

Next, we performed a principal component analysis (PCA) (Figure 4). PC2 separated WT (Ler) and phyA from phyB and phyAB, which suggests that PHYB exerts a major control on primary metabolism. A tendency was also observed for a separation based on light intensity in the first component (PC1) with phyB and phyAB tending to show an opposite response to light intensity compared to WT and phyA. These combined results suggest PHYB may play an important role in the regulation of primary metabolism in response to light intensity.
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FIGURE 4. Leaf metabolome analysis of WT and the phyA, phyB, and phyAB mutants using PCA. Plants were grown in four different white light conditions and sampled at ED.



DISCUSSION

Photoreceptors regulate many developmental processes in plants (Briggs and Olney, 2001; Millar, 2004). In this study, we investigated the role of photoreceptors in the regulation of primary metabolism, with a particular emphasis on starch accumulation. cry1 and cry2 single mutants did not show any significant difference in starch accumulation from WT (Figure 1), and also did not show impaired photosystem II (Supplementary Table 3) and retarded growth phenotype (Supplementary Figure 1). By contrast, hy1/cry1, hy1/cry2 and hy1/cry1/cry2 all exhibited decreased starch accumulation, being invariant from the hy1 single mutant (Figure 1). Thus it is likely that the HY1 mutation is responsible for the decrease in starch accumulation observed in all these mutants. Moreover, the knockout of HY1, which is characterized by largely dysfunctional PHYs (Muramoto et al., 1999), didn’t show reduced photosynthetic performance (Supplementary Table 3) but exhibited a wide array of other phenotypes such as severely impaired growth, altered leaf structure, modified chloroplast size, and ultrastructure (Table 2 and Supplementary Figure 2). It was therefore difficult to conclude if the decrease in starch content observed was due to a direct effect on starch metabolism and/or major developmental defects. By contrast, the phyAB mutant neither displayed growth (Supplementary Figure 1) and photosynthesis impairment (Supplementary Table 3), nor any aberrant leaf structure phenotype and damaged chloroplast organelles except decreased plastoglobule numbers (Table 2 and Supplementary Figure 2), but exhibited a decrease in the amount of starch accumulated at ED (Figure 1). Thus we decided to avoid hy1 mutant and focus on phyAB mutant. The rationale was that phyAB showed a starch phenotype but displayed less other phenotypes under our growth conditions which could have led to confounding pleiotropic effects.

Plastoglobules are lipo-protein particles in chloroplast whose number tend to increase in response to oxidative stress and during senescence (Austin et al., 2006). The observation of reduced number of plastoglobules in phyAB in this study (Table 2 and Supplementary Figure 2) is consistent with the recent report about the involvement of PHYA and PHYB in stress responses (Cerrudo et al., 2012; Gonzalez et al., 2012; Rusaczonek et al., 2015).

The ndpk2 mutant acts downstream of PHYs and shows defects of cotyledon opening and greening in response to red light (Choi et al., 1999). A deficit in starch accumulation was observed in the ndpk2 mutant in this study (Table 3), suggesting that the regulation of starch metabolism by PHYAB might be transmitted via this protein. Considering the specific sub-cellular localization of NDPK2 in chloroplast (Bayer et al., 2012), we speculate that the regulation of starch accumulation exerted by NDPK2 might occur via post-translational modifications of some starch synthetic enzymes that have previously been identified as subjected to phosphorylation in Arabidopsis such as AGPase and starch synthase 3 (Kotting et al., 2010). If so, this regulatory cascade comprising PHYAB, NDPK2 and starch synthetic enzymes would allow plants to control starch synthesis under fluctuating light conditions in addition to the ferredoxin-thioredoxin reductase (FTR)/thioredoxin (Trx) pathway (Thormahlen et al., 2013). A recent study (Chen et al., 2014) identified a wide range of genes regulated by PHYA in Arabidopsis seedlings exposed to 3 h of far-red irradiation, and among them several genes involved in starch metabolism were PHYA-induced including APS1, APL1, SS4, SBE2 (starch branching enzyme II) and ISA2 (isoamylase II). In this study, we observed a decrease in APS1 transcripts in phyAB compared to WT when plants were grown under white light with PPFD around 115 ± 5 μmol m-2 s-1 (Supplementary Figure 3), suggesting that PHYAB can induce APS1 expression in response to both far-red and white light. APS1 transcript levels were only lower at one time-point (ZT8) over the day course in phyAB than WT, suggesting that the regulation of APS1 by PHYAB is dynamic and might be subject to the control of circadian clock.

We then grew single phyA and phyB mutants together with the double phyAB mutant under red light and white light conditions with different light intensities and light spectral contents. Both phyA and phyB displayed intermediate starch phenotype between WT and phyAB mutant when they were grown in presence of red light (PPFD: 44 ± 1 μmol m-2 s-1, R:FR: 14.8, PSS: 0.870) (Figure 3A), implying both PHYA and PHYB contribute to the regulation of starch accumulation in this condition. Under white light conditions of C2 and C4, the phyA mutant showed the same degree of decrease in starch content at ED with phyAB compared with WT, and phyB had no starch phenotype (Figure 3B). This suggests PHYA but not PHYB has a control over starch accumulation in these conditions. Under C1 and C3, neither phyB nor phyA showed a starch phenotype (Figure 3B). However, phyAB displayed a decrease in starch accumulation compared with WT (Figure 3B), indicating that PHYA and PHYB have complementary roles in the regulation of starch accumulation in these conditions.

The difference between those conditions lies in their spectral content and light intensity: C2 and C4 have higher R:FR and PSS than C1 and C3, and these four light white light treatments have higher light intensity and contrasting R:FR compared to Red light. Therefore, these results suggest PHYA may participate in the regulation of starch accumulation in all the examined light conditions, but PHYB may only have a role under relatively lower R:FR (11.8 ± 0.6) and PSS (0.855 ± 0.001) or low light intensity (44 ± 1 μmol m-2 s-1). The starch phenotype in phyAB in this study is opposite to the higher starch accumulation at ED observed in phyABDE compared to WT (Yang et al., 2016). This discrepancy strongly suggests that PHYD and/or PHYE may have roles in inhibiting starch accumulation. Besides, the starch content at EN in phyAB is lower than WT in this study under white light (Figures 1, 2), which differs from Yang et al. (2016) who find an identical starch content at EN in phyABDE and WT. Because the starch degradation rate is influenced by starch ED and also the length of night (Scialdone et al., 2013; Sulpice et al., 2014), the inconsistency of starch contents at EN between both studies might be related to both factors. Indeed, the starch content at ED is different between our study and Yang et al. (2016) and a 16 h light/8 h dark cycle was used in this study whereas Yang et al. (2016) grew their plants in a 12 h light/12 h dark photoperiod.

Interestingly, under red light (PPFD: 44 ± 1 μmol m-2 s-1), both phyAB and phyB, but not phyA over-accumulated sucrose and glucose (Figure 3A), in agreement with (Yang et al., 2016) where the authors observed the same phenotype for phyBD and phyABDE grown under white light at low fluence (100 μmol m-2 s-1). Under white light, we did not observe any change in sucrose content (Figure 1 and Supplementary Table 6). Moderate increases in glucose were only observed in phyB at PPFD of 136 ± 3 μmol m-2 s-1 in both spectral conditions (FL1 and FL2) (Supplementary Table 6). Thus PHYB might have a role in the regulation of sugar metabolism at low light intensities. This could explain the over accumulation of sucrose and glucose observed by Yang et al. (2016) as they grew their plants at a PPFD of 100 μmol m-2s-1.

Phytochrome A and Phytochrome B did not regulate solely major carbohydrate metabolism. Our metabolic study also revealed that PHYA and PHYB affect a wide range of primary metabolites, in a coordinated manner (Supplementary Table 7), as previously observed for other PHY mutants (Yang et al., 2016). However, in contrast to Yang et al. (2016), the reorganization of the metabolic network did not lead to a striking growth phenotype in this study (Supplementary Figure 1). The PCA analysis in this study suggests PHYB but not PHYA exerts the major control over the leaf metabolic states of plants grown across the four white light conditions with PPFD beyond 136 ± 3 μmol m-2 s-1 (Figure 4), in agreement to a number of previous studies which showed a predominant role of PHYB in the regulation of developmental events when plants were grown under relatively high light intensity. For example, phyB showed an equivalent impairment in its stomata development to phyAB while phyA displayed no effect under a 250 μmol m-2 s-1 of white light (Boccalandro et al., 2009). Inhibition of hypocotyl elongation was severely impaired in phyAB but not in phyB under less than 50 μmol m-2 s-1 of red light, but an intermediate phenotype of hypocotyl elongation between WT and phyAB appeared in phyB when red light irradiance was elevated (Franklin et al., 2007). Moreover, phyB exhibits exclusive enhanced hyponasty compared with WT and phyA under high irradiance of 200 μmol m-2 s-1 (Trupkin et al., 2014). Besides, PCA analysis in this study indicates light intensity also has an impact on the metabolic states (Figure 4), which is consistent with the alteration of a large number of metabolites in leaves of plants exposed to different light intensities (Florez-Sarasa et al., 2012).

CONCLUSION

PHYAB is essential for a proper control of starch accumulation. The signaling cascade might involve the plastidial NDPK2 and APS1. PHYA likely promotes starch accumulation across a wide range of light conditions while PHYB tends to have a role in relatively low R:FR (11.8 ± 0.6) and PSS (0.855 ± 0.001) or low light intensity (44 ± 1 μmol m-2 s-1). PHYB has major control on the overall primary metabolic status of plants.
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Plants were grown under FL2 with PPFD of 115 + 5 wmol m~2 s~'. Results
are mean + SE of measurements made on three biological replicates. Numbers
followed by different letters are significantly different (p < 0.05).
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