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HIGHLIGHTS: 

Low and high light contrastingly impact photosynthesis and sugar levels in C4 source leaves 

of Setaria viridis, and elicit a different sugar sensing response relative to previous studies in 

C3. 

 

ABSTRACT: 

Although sugar regulate photosynthesis, the signalling pathways underlying this process 

remain elusive, especially for C4 crops. To address this knowledge gap and identify potential 

candidate genes, we treated Setaria viridis (C4 model) plants acclimated to medium light 

intensity (ML, 500 µmol m-2 s-1) with low (LL, 50 µmol m-2 s-1) or high (HL, 1000 µmol m-2 s-1) 

light for 4 days and observed the consequences on carbon metabolism and the 

transcriptome of source leaves. LL impaired photosynthesis and reduced leaf content of 

signalling sugars (glucose, sucrose and trehalose-6-phosphate). Contrastingly, HL strongly 

induced sugar accumulation without repressing photosynthesis. LL more profoundly 

impacted leaf transcriptome, including photosynthetic genes. LL and HL contrastingly altered 

the expression of HXK and SnRK1 sugar sensors and trehalose pathway genes. The 

expression of key target genes of HXK and SnRK1 were affected by LL and sugar depletion, 

while surprisingly HL and strong sugar accumulation only slightly repressed the SnRK1 

signalling pathway. In conclusion, we demonstrate that LL profoundly impacted 

photosynthesis and the transcriptome of S. viridis source leaves, while HL altered sugar 

levels more than LL. We also present the first evidence that sugar signalling pathways in C4 

source leaves may respond to light intensity and sugar accumulation differently to C3 source 

leaves. 

 

KEY WORDS: C4 photosynthesis; Glucose; Hexokinase (HXK); Setaria viridis; Sucrose; 

Sugar signalling; Sucrose-non fermenting 1 (Snf1) related protein kinase 1 (SnRK1); Target 

of rapamycin (TOR); Trehalose-6-phosphate 
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ABBREVIATIONS:  

Anet:  net photosynthetic rate 

CCM: CO2 concentrating mechanism 

Ci: internal CO2 concentration 

DE: Differentially expressed 

FC: Fold change 

Fo: Minimal fluorescence signal (zero subtracted), dark adapted 

Fo’: Minimal fluorescence signal (zero subtracted), light adapted 

Fm’: Maximum fluorescence signal (zero subtracted), light adapted 

Fs: Steady state fluorescence 

gs: stomatal conductance 

HL: High light 

HXK: Hexokinase 

LL: Low light 

ML: Medium light 

NADP-ME: NADP-malic enzyme 

PEPC: Phosphoenolpyruvate carboxylase 

S6P: Sucrose-6P 

SnRK1: Sucrose-non fermenting 1 (Snf1) related protein kinase 1 

T6P: Trehalose-6-phosphate 

TOR: Target of rapamycin  

TPP: Trehalose-6-phosphate phosphatase 

TPS: Trehalose-6-phosphate synthase 

TRE: Trehalase  
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INTRODUCTION 

Plant growth depends on sugar production in source leaves and sugar utilisation by 

sink tissues (e.g., grains, roots, young leaves). Photosynthesis and sink demand are tightly 

coordinated through metabolic and signalling feedback regulations. Sugar signalling 

integrates sugar production with plant development and environmental cues (Rolland et al., 

2006). In C3 plants, sugar accumulation in source leaves, due to source-sink imbalance, 

negatively feedbacks on photosynthesis and plant productivity (Goldschmidt and Huber, 

1992; Krapp and Stitt, 1995; Paul and Foyer, 2001; Paul and Pellny, 2003). However, we 

have a lack of understanding regarding the molecular mechanisms underlying those 

feedback regulations, especially in C4 plants. Addressing this research gap is critical because 

improving crop yield requires a better understanding of how plants coordinate source activity 

with sink demand.  

 C4 photosynthesis evolved from the ancestral C3 pathway ~30 Mya following a drop in 

atmospheric CO2 which limited the productivity of C3 plants in warm climates (Sage et al., 

2012). During C4 photosynthesis, CO2 is concentrated around Rubisco, the rate-limiting 

enzyme of the Calvin (C3) cycle through a CO2 concentrating mechanism (CCM) to enhance 

the productivity and efficiency of C4 plants (Hatch, 1987; Ghannoum et al., 2011). About 50% 

of C4 plants are grasses which include some of the world’s major staple food, fodder and 

biofuel crops, such as maize, sugarcane, sorghum, millets, Miscanthus and switchgrass.  

 Hexokinase (HXK) was the first sugar sensor identified in plants (Jang and Sheen, 

1994; Jang et al., 1997) and is well known for its feedback regulation of photosynthesis and 

yield through its glucose signalling function. In maize mesophyll protoplasts, the activity of 

the promoter of seven photosynthetic genes was strongly repressed (3-20 fold) by high 

concentrations (300 mM) of glucose or sucrose (Sheen, 1990). Using sugar analogues, 

mutants and transgenic approaches, AtHXK1 was shown to trigger the glucose repression of 

photosynthetic rates, stomatal conductance, photosynthetic genes expression, plant growth 

and yield (Jang et al., 1997; Dai et al., 1999; Xiao et al., 2000; Moore et al., 2003; Kelly et al., 

2012, 2013, 2014; Brauner et al., 2015). Rice OsHXK5 and OsHXK6 were found to have a 

similar function to AtHXK1, showing that this pathway is conserved among plant species 

(Cho et al., 2008). The role of HXK is yet to be confirmed in intact leaves of C4 plants under 

physiological conditions. 

The Target of Rapamycin (TOR) complex is another glucose sensor. TOR promotes 

plant development and growth under favourable environmental conditions (Dobrenel et al., 

2011; Henriques et al., 2014; Rexin et al., 2015; Xiong and Sheen, 2015). Studies using 

TOR-specific inhibitors, mutants and transgenic plants showed that the TOR complex is 

involved in the glucose-dependent induction of photosynthesis, water use efficiency, 

chlorophyll metabolism, photosynthetic gene expression, stress tolerance, growth and yield 
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(Xiong et al., 2013; Dong et al., 2015; Li et al., 2015b; Xiong et al., 2017; Bakshi et al., 2017). 

However, a clear link between TOR and photosynthesis or growth of C4 plants, is yet to be 

established. 

The Sucrose-non fermenting 1 (Snf1) related protein kinase 1 (SnRK1) complex, is a 

starvation sensor, generally involved in stress response and survival, and usually acts 

antagonistically to the TOR complex (Tomé et al., 2014; Li and Sheen, 2016; Baena-

González and Hanson, 2017). The SnRK1 complex is directly inhibited by trehalose-6-

phosphate (T6P), a sensing sugar which is a proxy for sucrose levels. SnRK1 becomes 

active under unfavourable environmental conditions to suppress growth and promote survival 

(Zhang et al., 2009; Tomé et al., 2014; Figueroa and Lunn, 2016; Griffiths et al., 2016). 

Photosynthesis gene expression is activated by SnRK1 overexpression (Baena-Gonzalez et 

al., 2007); however, there is limited evidence for a direct link between the SnRK1 complex 

activity and photosynthesis (Cho et al., 2012; Nukarinen et al., 2016).  

Transgenic modification of T6P pathway in tobacco showed that increased leaf T6P 

content enhanced photosynthetic capacity per unit leaf area, whilst reducing leaf area and 

photosynthesis per plant (Pellny et al., 2004). In maize with genetically impaired T6P 

accumulation in sink tissues, photosynthetic rates were indirectly increased in source leaves 

suggesting that T6P could mediate sink regulation of photosynthesis, perhaps through 

interaction with SnRK1 (Oszvald et al., 2018). In maize source leaves, salt stress reduced 

photosynthesis whilst increasing sugar concentation (sucrose, glucose, and T6P only at 

silking stage), which resulted in the repression of SnRK1 in vitro activity but not in clear 

changes of key downstream targets of SnRK1 (Henry et al., 2015). 

The great majority of studies of the role of sugar signalling in photosynthesis have 

been conducted on C3 plants such as Arabidopsis, tomato, tobacco, bean, wheat and rice. 

Only a few studies used C4 species. In addition, a very limited number of studies have 

assessed how sugar signalling regulates photosynthesis through physiological or 

environmental alterations of sugar contents in intact plants (Bläsing et al., 2005), as opposed 

to artificially feeding sugars. Sugar signalling in C4 photosynthesis is important not only in the 

context of C4 crop improvement, but also for bioengineering more productive C3 crops with 

superior photosynthetic C4 traits. Alongside transferring superior C4 photosynthetic traits into 

major C3 staple crops such as rice (Karki et al., 2013; Wang et al., 2016), we need a better 

understanding of how source activity and sink demand are coordinated in the complex C4 

mechanism. This includes fundamental differences in sugar signalling mechanisms that may 

exist between C3 and C4 plants, and the way they may impact photosynthesis, plant 

productivity and crop yield. The anatomical and biochemical specialisations needed to 

achieve a C4 photosynthesis add complexities in extending a putative signalling model from 

C3 to C4 plants (Hatch, 1987; Lunn and Furbank, 1997, 1999; Leegood, 2000).  
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The overall aim of our study was to explore the relationship between photosynthesis 

and sugar signalling in C4 plants. As sugar signalling mutants are not available in C4 plants 

we used the C4 model species Setaria viridis (green foxtail millet) to start identifying gene 

targets. S. viridis has recently become a genetic model species to study C4 photosynthesis 

due to its small size, short life cycle, small sequenced genome, transformability and very 

close phylogenetic relationship with all the main C4 crops belonging to the same NADP-ME 

subtype (Brutnell et al., 2010; Li and Brutnell, 2011; Pant et al., 2016). Here, we induced 

endogenous strong and rapid physiological changes in sugar levels and photosynthesis in C4 

source leaves by varying light intensity over four days using low (50 µmol m-2 s-1) and high 

(1000 µmol m-2 s-1) light intensities. We focussed on the source leaf to directly explore the 

relationship between sugar signalling and photosynthesis.  

 

MATERIAL AND METHODS 

Plant material, growth conditions and sampling 

Wild type Setaria viridis A10 seeds (stock from Hugo Alonso Cantabrana, ANU, 

Canberra, Australia) were treated for 24h at 28°C with 5% liquid smoke (Hickory, Wright’s, 

USA) to release dormancy (Sebastian et al., 2014). Several seeds were planted ~2 cm below 

ground in 0.3L (9 cm top/7.5 cm base x 10 cm height) black plastic pots (Reko, Australia) 

filled with “Osmocote seed raising and cutting mix” (Scotts, Australia), sprayed with water 

from top (regularly for the first few days only to ensure good germination) and placed in trays 

filled halfway with nutrient solution (0.8g L-1 of Thrive all-purpose soluble fertiliser, Yates, 

Australia). Plants were grown for 3 weeks in 3 separate reach-in growth cabinets (GC-20-

BDAF model, BioChambers, Canada) under the following conditions: 500 µmol m-2 s-1 

(measured at canopy level) of light provided by a mix of 6 400w high pressure sodium (HPS) 

lamps and 6 400w Metal Halide (MH) lamps; 16h day: 8h night, 28°C day: 22°C night; 400 

ppm CO2 and 60% relative humidity (control conditions). To ensure full homogeneity between 

the chambers, plants were rotated weekly between and within the chambers for the first 3 

weeks. Two weeks after planting, fungicide treatment (5g L-1 Mancozeb plus, Yates) was 

gently sprayed on the canopy to prevent pathogenic infection. Three weeks after planting, 

treatments started by changing the light intensity in the chambers to LL (50 µmol m-2 s-1), ML 

(500 µmol m-2 s-1) or HL (1000 µmol m-2 s-1) respectively, with the same photoperiod, 

temperature and relative humidity as before, for 4 consecutive days. Measurements and 

sampling were made from day 0 (before treatment) to day 4. 

 

Photosynthetic measurements 

Leaf photosynthesis, internal CO2 concentration and stomatal conductance were 

determined using the LI-6400XT open gas-exchange system coupled to the 6400-40 leaf 
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chamber fluorometer (Licor, Lincoln, USA). For each treatment and time point, 

measurements were taken on the mid-section of the last fully expanded leaf on the main 

shoot of 4-5 independent plants. Measurements were carried between 9 AM and 4 PM (1-8h 

after lights were turned on). Gas exchange instruments were randomised between plants, 

treatments and days. Leaf area was measured using engineering paper before clamping the 

leaf in the chamber. 

Maximal leaf photosynthetic capacity and fluorescence (Fo, Fs, Fm’ and Fo’) were 

measured at high light intensity of 1000 µmol m-2 s-1 (with 10% blue), reference CO2 

concentration of 400 ppm, leaf temperature of 28°C and relative humidity of ~50-60%. 

Measurements were auto-logged every minute for 45-150 min depending on the treatment, 

with IRGAs matched every 2 min. Once leaves reached a steady state, maximum 

photosynthesis and fluorescence were measured. Plants exposed to LL took progressively 

longer to reach steady state. Subsequently, Anet/Ci response curves were measured by 

gradually changing CO2 concentration in the leaf chamber as follows: 50, 100, 150, 200, 300, 

400, 600, 800, 1200, 1800 and 400 ppm.  

Photosynthesis and fluorescence were also measured at growth light intensity of 500 

(day 0) and 50 (LL), 500 (ML) or 1000 (HL) µmol m-2 s-1 (day1-4) depending on the 

treatments. Other conditions were kept the same as described above.  

 

Photosynthetic enzymes in vitro assays, western blots and chlorophyll content 

determination 

Samples were collected in the light and leaf area measured before they were snap 

frozen in liquid N2 and stored at -80°C. To measure PEPC, NADP-ME and Rubisco activity 

we used a method adapted from (Sharwood et al., 2016b). Briefly, leaf soluble proteins were 

extracted in a N2-sparged extraction buffer (50 mM EPPS-NaOH pH 7.8, 5 mM MgCl2, 1 mM 

EDTA, 5 mM DTT, 1% (w/v) PVPP and 1% (v/v) plant protease inhibitor cocktail [Sigma-

Aldrich]) from frozen samples. Soluble proteins (10 µL) were then added to a reaction mix to 

485 µL of PEPC (50 mM EPPS-NaOH pH 8, 0.5 mM EDTA, 0.2 mM NADH, 5 mM Glucose-

6-P, 1 mM NaHCO3, 0.5 U MDH and 10 mM MgCl2), NADP-ME (49.25 mM Tricine-KOH pH 

8.3, 4 mM MgCl2, 0.5 mM NADP and 0.1 mM EDTA) or Rubisco (50 mM EPPS-NaOH pH 8, 

0.5 mM EDTA, 0.2 mM NADH, 1 mM ATP, 5 mM Creatine phosphate, 20 mM NaHCO3, 10 

µL coupling enzymes and 10 mM MgCl2) reaction buffers incubated at 25°C. PEPC, NADP-

ME and Rubisco reactions were then started by adding 5µL of PEP (4 mM final), malate (5 

mM final) or RuBP (0.22 mM final), respectively. The NAD+/H reduction or oxidation were 

then monitored at 340 nm and the initial slopes were used to calculate the enzyme activities 

(Sharwood et al., 2014, 2016a) (Protocol S1). In addition, 300 µL of the fresh soluble 

fraction extracted for the assay was mixed with 100 µL of NuPAGE LDS Sample Buffer (4x) 
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(Life Technologies), snap frozen in liquid N2 and stored at -80°C for SDS-PAGE and western 

blot analysis. SDS-PAGE and Immunoblot analysis of photosynthetic proteins (PEPC, 

NADP-ME and Rubisco) were carried out as in (Sharwood et al., 2014) (Protocol S2).  

Protein content in soluble extract was determined by using the Pierce™ Coomassie 

Plus (Bradford) Assay Reagent (Thermo Scientific), BSA as a standard, 96 well plates and 

the CLARIOstar Microplate Reader (BMG LabTech Pty Ltd). Chlorophyll content was 

determined using 100 µL of crude extract from the tissue lysate used for the enzymatic 

assays and western blots according to the acetone extraction and quantification method 

described by (Porra et al., 1989).  

 

 

Analysis of metabolites and in vitro SnRK1 activity 

Measurements of glucose, fructose, sucrose, sucrose-6P (S6P), trehalose-6P (T6P) 

and trehalose were performed by Metabolomic Discoveries (Germany) using the method 

described by (Kretzschmar et al., 2015). Briefly, metabolites were extracted from frozen leaf 

tissues and analysed by LC-MS. Measurements were then compared to samples from ML-

day 0 plants (control) and adjusted for fresh weight. Measurements were performed on 4 

independent biological replicates for each treatment and time point. 

SnRK1 in vitro activity was determined using a method adapted from (Zhang et al., 2009). 

150-300mg of frozen leaf samples were ground in liquid N2 and homogeneized in ice-cold 

extraction buffer (100 mM Tricine-NaOH pH 8.2, 25 mM Sodium fluoride, 0.5 mM EGTA, 0.5 

mM EDTA, 1 mM Benzamidine, 5 mM DTT, 20% (w/v) PVPP, 1X Protease inhibitor cocktail 

[PIC, P9599, Sigma-Aldrich] and 0.5X General non-specific phosphatase inhibitor cocktail 

[500 mM Sodium fluoride, 250 mM β-glycerophosphate, 100 mM Sodium pyrophosphate, 20 

mM Sodium orthovanadate]). After centrifugation, soluble protein extracts were desalted 

through a NAP-10 column (GE Healthcare, UK) pre-equilibrated with resuspension buffer 

(100 mM Tricine-NaOH pH 8.2, 25 mM Sodium fluoride, 0.5 mM EGTA, 0.5 mM EDTA, 1 mM 

Benzamidine, 5 mM DTT) and resuspended in 1.5 mL of resuspension buffer added with 1X 

Protease inhibitor cocktail and 1 µM Okadaic acid. Soluble protein extracts were then 

aliquoted, freeze-snapped in liquid N2 and stored at -80 °C until used for the assays. SnRK1 

activities were determined in a final volume of 25 µL in microtiter plate wells at 30 °C. Assay 

medium contained 40 mM HEPES-NaOH pH 7.5, 5 mM MgCl2, 4 mM DTT, 0.5 µM Okadaic 

acid, 1X PIC, 200 µM ATP containing 12.5 kBq of [γ-33P]ATP (PerkinElmer), added with or 

without (negative control) 200 mM of AMARA peptide (Enzo Life Science). For trehalose-6-

phosphate (T6P) inhibition assays, a final concentration of 1 mM T6P (T4272, Sigma-Aldrich) 

was added to the mix. Assays were started with the addition of 5 µL of protein extract and 

stopped after 4 min by transferring 15 µL of reaction mix to 2 cm2 Protran 0.45 um 
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nitrocellulose membrane (GE) immediately immersed in ultra-purified water. Membranes 

were then washed 4 times with 800 mL of ultra-purified water, air dried and transferred to 5 

mL scintillation vials with 3.5 mL of scintillation cocktail (Ultima Gold). Radioactivity was then 

determined using a scintillation counter. For each time point, the assays were performed on 

4 independent biological replicates in duplicates or triplicates. 

Next generation RNA sequencing and functional gene annotation 

Total RNA were extracted from ~10 mg finely ground frozen source leaf samples 

(collected at the same time as samples used for enzyme assays above) using Purezol 

(Biorad), resuspended in 50 µL of RNA secure resuspension solution (Ambion) and stored at 

-80°C. Aliquots of RNA from each sample were then treated with DNase I (AMBION) 

following the manufacturer’s protocols, before library preparation using a TruSeq Stranded 

RNA HT Kit for Plants (Illumina) was carried. RNA sequencing was then carried out using a 

Illumina Hi-Seq 2500 machine with 125 base pair paired-end sequencing by the Western 

Syndey University Next Generation Sequencing facility. Between 17 and 25 million reads 

were returned per sample. Raw reads can be found on GenBank under BioProject accession 

number PRJNA493674. Raw reads were pre-processed using Trimmomatic (Bolger et al., 

2014) to trim adapters. Transcript expression was calculated via mapping the processed 

reads to the closely related S. italica transcriptome (v2.2) (Bennetzen et al., 2012) using 

DEW (http://dew.sourceforge.net/), an automated pipeline which utilises Bowtie2 (Langmead 

and Salzberg, 2012) to align reads against a given reference, then eXpress (Roberts and 

Pachter, 2013) to calculate normalised transcript expression (transcripts per million; TPM). 

Differentially expressed (DE) transcripts were identified using DEApp (Li and Andrade, 2017) 

utilising DESeq2 (Love et al., 2014). A minimum read count of 1 count per million in at least 

two replicates and a false discovery rate (FDR) cut-off of ≤ 0.05 were used to identify DE 

transcripts. In order to not be overly stringent we chose not apply a minimum threshold in 

terms of fold change (FC), but instead to classify all DE transcripts into three groups: slightly 

(below 2 FC), mildly (between 2 and 5 FC) and highly (above 5 FC) DE transcripts. Heat 

maps were then generated using these groups. The exact FC of each DE transcript and the 

group to which they belong can be found in Table S5.   

 

Predicted protein sequences are readily available for the S. italica genome v2.2 

(Foxtail millet, https://phytozome.jgi.doe.gov/pz/portal.html) (Bennetzen et al., 2012) and so 

were used to annotate all transcripts identified in our experiments. In addition of the pre-

existing annotations of S. italica proteins, we used Mercator4 (beta version, 

http://www.plabipd.de/portal/web/guest/ mercator-ii-alpha-version-) (Lohse et al., 2014) in 

order to obtain the Mapman 4 (Thimm et al., 2004) annotation for each protein. Additional S. 
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italica transcripts were also annotated as C4 photosynthetic genes, sugar sensors, trehalose 

pathway genes and putative sugar signalling targets (Tables S6-12) were determined using 

published RNA-Seq and microarray data from both Arabidopsis and C4 grasses (Jang and 

Sheen, 1994; Jang et al., 1997; Zhou et al., 1998; Sheen et al., 1999; Xiao et al., 2000; Sung 

et al., 2001; Krishna and Gloor, 2001; Moore et al., 2003; Baena-Gonzalez et al., 2007; 

Nishimura et al., 2008; Andrès et al., 2010; Flores-Pérez and Jarvis, 2013; Kikuchi et al., 

2013; Caldana et al., 2013; Xiong et al., 2013; Nunes et al., 2013; John et al., 2014; Kunz et 

al., 2014, 2015; Trösch et al., 2015; Nakai, 2015; Sharwood et al., 2016a; Bracher et al., 

2017; Watson-Lazowski et al., 2018) (studies used detailed in Protocol S3). For the sugar 

sensing targets, only those that behaved consistantly within multiple studies were selected 

and annotated as such.  

 

Statistical analysis 

To assess significant changes in morphological, physiological and biochemical 

results, we performed a two-way ANOVA followed by a F-test using R (R Core Team, 2016) 

and RStudio (RStudio Team, 2015) to assess the effect of both treatment and time, as well 

as their interaction on each of the tested parameters. We also ensured that the distribution of 

the ANOVA was “normal” using a Quantile-Quantile Plot (qqPlot). To assess the effect of low 

and high light treatments compared to medium light control for each time point, we performed 

a one-way ANOVA followed by a Tukey test. For each parameter tested, we indicated 

significant differences (p<0.05) between the treatments and the control with a star. 

 

RESULTS 

 

To quickly and strongly alter in vivo sugar levels and trigger related changes in sugar 

signalling and photosynthesis in C4 leaves, we treated 3 week-old S. viridis plants acclimated 

to ML intensity (500 µmol m-2 s-1, control) with low or high light intensity (LL = 50 or HL = 

1000 µmol m-2 s-1, respectively) (Fig. S1A). Based on our preliminary experiments, four days 

of treatment were required and sufficient to trigger significant changes in sugar levels and 

photosynthetic capacity (Fig. 1-2), validating the experimental system used here.  

 

LL strongly impaired photosynthesis of S. viridis, while HL had little effect 

By day 4, LL treated plants had reduced growth and turgor, while HL treated plants 

showed the opposite effect when compared to control (ML) plants (Fig. S1B). In control and 

HL treated S. viridis, leaves typically took 25 min to reach steady-state photosynthesis (Anet) 

measured at high irradiance (1000 µmol m-2 s-1) (Fig. S2). From day 1, LL strongly delayed 

(up to 150 min) the time for leaves to reach steady-state Anet at high irradiance (Fig. S2). 
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After 25 min of equilibration, LL reduced Anet (-65%) and stomatal conductance, gs (-55%), 

and increased internal CO2 concentration, Ci (+75%) starting from day 2 when compared to 

the control (Fig. 1A-C). When leaves were allowed to fully adjust to high irradiance, LL 

significantly reduced steady-state Anet (-27%) and gs (-19%), and increased Ci (+36%) on day 

4 only (Fig. 1D-F), indicating the onset of photosynthetic impairment. Reduced 

photosynthetic capacity on day 4 under LL, following full acclimation to high irradiance (Fig. 

1D-F), was correlated with significant reductions in the initial slope (-49%) and maximum rate 

(-26%) of the A-Ci curves relative to the control (Table S1, Fig. S3), as well as fluorescence 

parameters (Fv’/Fm’ and ETR) (Table S1). In contrast, HL had no effect on any of the 

photosynthetic parameters (Fig. 1, S3, Table S1). 

When measured at growth irradiance, photosynthesis and electron transport rates 

were near zero in LL plants, which also had higher maximum efficiency of PSII (Fv’/Fm’) and 

photochemical quenching (qP) relative to the control. HL plants had slightly higher 

photosynthesis and electron transport rates when measured at growth light, but lower 

Fv’/Fm’ and qP relative to control plants (Fig. 1G-I, Table S1).  

LL induced a gradual decrease (~ -50%) in the activity and content of PEPC (day 2) 

and NADP-ME (day 3) and the activation state of Rubisco (day 1) relative to control plants. 

HL increased the in vitro activity and content of PEPC (significantly by day 3) but had no 

significant effect on NADP-ME or Rubisco relative to the control (Fig. S4). Chlorophyll 

content was unaffected by the light treatment, and hence cannot explain the observed 

photosynthetic changes (Table S1). 

 

HL had a greater impact than LL on the content of signalling sugars 

LL gradually reduced the relative content of key sugars involved in sugar signalling 

(glucose, sucrose and trehalose-6-phosphate, T6P) as well as other key sugars (fructose, 

sucrose-6-phosphate and trehalose), while HL caused a strong gradual increase in sugar 

accumulation relative to the control (Fig. 2, S5). The relationship between photosynthesis 

measured at growth light and sugar content was exponential; photosynthesis and sugars 

increased abruptly from LL to ML, then photosynthesis plateaued with further sugar 

increases between ML and HL (data not shown). 

 

SnRK1 starvation sensor was indirectly modulated by changes in T6P content, but not 

directly by the light treatment 

The in vitro kinase (total or T6P-inhibited) activities of SnRK1 were generally 

unaffected by the light treatment over the course of the experiment. Addition of T6P (1 mM) 

to the reaction mix reduced the SnRK1 in vitro kinase activity to 30-65% of the total activity in 

all samples (Fig. 3). No correlation was found between photosynthetic rates at growth light 
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and the total or T6P-inhibited activity of SnRK1 (data not shown). However, in vivo changes 

in T6P content under LL and HL were associated with altered expression of key SnRK1 

downstream targets, favouring activation and repression of SnRK1 under LL and HL, 

respectively (Fig. 2, 6). These results suggest that SnRK1 activity in S. viridis leaves was 

modulated through changes in T6P contents rather than through a direct modulation of the 

kinase activity by light in our experimental system. 

 

LL induced major transcriptomic changes, especially for photosynthetic genes, while 

HL had little impact 

On day 0, only 0-3 genes were differentially expressed (DE) between the treated 

plants and the controls, demonstrating that observed responses on subsequent days were 

caused by the light treatments and not due to random variations between replicates. At the 

whole transcriptome level, 7905 out of 17459 transcripts (45%) were significantly 

differentially expressed at LL and/or HL relative to control (Fig. S6, Table S2). LL 

significantly changed the expression of 4608, 3398 and 4373 transcripts on day 1, 2 and 4, 

respectively. In contrast, HL had limited to no effect on gene expression, with most of the 

changes occurring on day 1 (1426 DE transcripts) and very little changes observed on day 2 

and 4 (191 and 69 DE transcripts, respectively) (Table S2).  

LL (especially on days 2 and 4) down-regulated the expression of genes involved in 

photosynthesis, cellular respiration, metabolism of carbohydrate, amino acid, lipid, 

nucleotide, coenzyme, secondary and reactive oxygen, protein biosynthesis, cell wall, solute 

transport, and nutrient uptake (Table S3). LL up-regulated genes involved in chromatin 

assembly and remodelling, cell cycle, RNA biosynthesis, and membrane trafficking. Genes 

involved in protein degradation, phytohormones, cytoskeleton, protein translocation and DNA 

damage response were down- or up-regulated in equal numbers by LL. These changes are 

consistent with a general switch from anabolism to catabolism under low energy status and 

limited growth (Fig. S1). 

On day 1, HL down-regulated the expression of genes involved in RNA biosynthesis, 

protein degradation, solute transport, phytohormones and nutrient uptake; and up-regulated 

the expression of genes involved in protein biosynthesis and translocation, RNA processing, 

cellular division, carbohydrate, amino acid and nucleotide metabolism, chromatin assembly 

and remodelling, cell cycle, and membrane vesicle trafficking (Table S3). Some genes 

involved in protein modification, environmental stimuli response, cell wall, cytoskeleton, 

coenzyme metabolism and reactive oxygen metabolism, and photosynthesis were down- or 

up-regulated in equal numbers by HL. These changes are generally consistent with 

increased anabolism leading to increased growth (Fig. S1).  
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Out of the 301 photosynthetic genes identified, LL respectively down- and up- 

regulated 74% and 4% of those genes; while HL respectively down- and up-regulated 2% 

and 4% of these genes (Fig. 4, Table S2). This demonstrates the profound inhibitory effect 

of LL on photosynthesis, which led to the observed sugar depletion, as opposed to the minor 

effects of HL on photosynthesis which was associated with large sugar accumulation in S. 

viridis. 

 

LL and HL contrastingly altered the expression of key sugar signalling and trehalose 

pathway genes 

Overall, light treatments significantly (FDR ≤ 0.05) altered the expression of 42% of 

the 52 sugar signalling genes identified as expressed in S. viridis leaves. Once again, LL had 

a prominent effect on most of these genes, affecting 40% of them, while HL had a smaller 

and antagonist effect on them, with only 17% of those genes being affected (Fig. 5, Table 

S2).  

In terms of the sugar sensors, LL repressed the expression of SvHXK5 and 6, the 

closest homologs of the HXK isoforms able to sense glucose in Arabidopsis and rice. LL also 

induced the expression of several genes encoding key subunits of both the TOR and SnRK1 

energy signalling complexes. On the other hand, HL had no effect on HXK or TOR complex 

genes, while it repressed the expression of two genes involved in the SnRK1 complex (Fig. 

5).  

In the trehalose pathway, LL strongly repressed the expression of both transcripts 

encoding the TPSI.1 (TPS Class I) protein, which is responsible for the synthesis of T6P. In 

addition, LL induced the expression of several TPSII (TPS Class II), one TPP and TRE 

transcripts (Fig. 5), which are respectively potentially responsible for the regulation of 

TPSI.1, the dephosphorylation of T6P to form trehalose, and the degradation of trehalose 

into 2 glucose moieties (Ramon and Rolland, 2007). These changes are consistent with a 

reduction in T6P biosynthesis and an increase in T6P degradation, which explains the 

observed reduction in T6P levels under LL (Fig. 2). HL did not alter the expression of TPSI.1 

or TRE, but it repressed the expression of most TPSII which were induced under LL, as well 

as the expression of TPPB.1.2 (Fig. 5). These results partly explain the strong increase of 

T6P levels observed under HL (Fig. 2C). In addition, AtTPS8-10 TPSII genes are starvation 

inducible and sugar repressible (Nunes et al., 2013), which is consistent with the respective 

induction and repression of six and five of the TPSII transcripts by LL and HL, respectively in 

our experiment (Fig. 5).  
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The expression of key sugar signalling target genes indicated the induction of both 

the SnRK1 and HXK-dependent signalling pathways by LL, while HL only slightly 

repressed the SnRK1 pathway  

LL clearly altered the expression of well-characterised key downstream targets of 

both the SnRK1 and HXK-dependent sugar signalling pathways, indicating the activation of 

both these pathways under LL and sugar depletion in C4 source leaves, while the TOR 

signalling pathway was clearly unaffected by LL (Fig. 6, Table S2). When considering the full 

list of putative SnRK1 downstream targets based on protein homology with genes identified 

in previously published work using C3 plants, trends were less clear than for the well-

characterised targets (Fig. S6). The discrepancy may relate to our focus on the source leaf, 

while most previous studies used Arabidopsis seedlings and sink tissues (e.g. wheat grain, 

Martínez-Barajas et al., 2011) and/or protoplasts. Using the same list of key HXK, TOR and 

SnRK1 downstream targets, HL and sugar accumulation slightly repressed the SnRK1 

signalling pathway only, but had no clear effect on either the HXK-dependent or the TOR 

signalling pathways (Fig. 6). Similar to LL, HL did not have a strong effect on the full list of 

SnRK1 downstream targets, although it induced a marginal (8-34 % of the total transcripts) 

change in the expression of the putative sugar signalling target genes (Fig. S6, Table S2). 

Taken together, our results suggest that, although LL may have induced the SnRK1 

signalling pathway through changes in T6P levels in the C4 source leaves, LL appears to 

have triggered a different overall sugar signalling response to that previously described in 

Arabidopsis (C3). This indicates that the overall set of target genes affected by SnRK1 may 

differ between organisms (C3 vs C4), tissues (sink vs source) and/or development stages 

(vegetative vs mature stage). 
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DISCUSSION 

 

Sugar feedback inhibition of C3 photosynthesis and the role of sugar signalling in 

controlling sink development have been well studied, but the interplay between sugar 

signalling and C4 photosynthesis remains poorly understood. Our study aimed at elucidating 

this knowledge gap by inducing concurrent changes in photosynthesis and sugar contents at 

varying light intensity. We hypothesised that C4 photosynthesis might be less sensitive to 

sugar feedback inhibition than C3 photosynthesis due to the fundamental differences 

between the way these species operate and regulate their sugar metabolism. Our study 

revealed two key novel findings. Firstly, LL impacted C4 photosynthesis and the 

transcriptome of S. viridis source leaves more profoundly than HL, even though HL altered 

sugar levels to a greater extent than LL. Secondly, sugar signalling pathways of C4 source 

leaves responded to light intensity and associated sugar accumulation differently to previous 

reports for C3 plants using sink tissues, seedlings or protoplasts. Our results are highly 

relevant for the improvement of crop yield through a better understanding of the pathways 

regulating sugar production and allocation in source tissues. 

 

LL impacted photosynthesis and transcriptome of S. viridis source leaves more 

profoundly than HL, while HL altered sugar levels more than LL 

Four days after switching the light intensity, LL profoundly impacted three broad 

areas: (1) photosynthesis (photosynthetic rates, capacity, enzyme activity and content, and 

gene expression), (2) sugar metabolism and (3) gene expression of sugar signalling 

components (HXK, SnRK1 and the trehalose pathway), some of their targets and the whole 

transcriptome of C4 source leaves. In contrast, the main effects of HL were a strong 

accumulation of sugars without any feedback regulation of photosynthesis and a slight 

repression of the SnRK1 pathway (Fig. 1-6, S2, S4, Table S2). C4 species evolved and are 

adapted to high light (Sage and Pearcy, 2000). In addition, the operation of the CCM and 

overcycling of CO2 into the bundle sheath requires additional energy (Hatch, 1987). This 

partly explains why C4 plants are generally more sensitive to LL than HL (Usuda and 

Edwards, 1984; Usuda et al., 1985, 1987; Kalt-Torres et al., 1987).  

LL reduced photosynthetic rates of C4 source leaves to near zero, depleting sugars to 

very low levels (Fig. 1-2) and reducing plant growth and turgor (Fig. S1). Consequently, LL 

triggered massive and persistent transcriptional changes aimed at promoting cell 

maintenance and survival (Fig. 7, Table S3). In particular, photosynthetic enzymes and 74% 

of photosynthetic genes were repressed by LL (Fig. 4, S4, Table S2). Gene transcription and 

protein translation are energetically costly processes minimised under energy limitation 

(Baena-González, 2010; Browning and Bailey-Serres, 2015; Merchante et al., 2017). At the 
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whole transcriptome level, LL also triggered a general down-regulation of genes involved in 

anabolism, and an up-regulation of genes involved in catabolism and gene/protein regulation, 

especially on day 4 (Fig. 7, Table S3). These results are consistent with previous work done 

on C3 plants, where transcriptome was strongly affected by prolonged shading (Gong et al., 

2014; Ding et al., 2016). 

In contrast to LL, HL had little effect on photosynthetic capacity, enzyme activity or 

gene expression of S. viridis source leaves. Although photosynthetic rates measured at 

growth light were slightly (+14-26%) increased by HL, HL induced a gradual and strong sugar 

accumulation (up to 4-8 fold on day 4) without inducing any photosynthetic downregulation 

(Fig. 1-2). At the whole transcriptome level, HL altered transcript abundance of 3 times fewer 

genes than LL on day 1, and of only very few genes on days 2 or 4 (Fig. S6, Table S3). On 

day 1, HL mainly induced transcriptional changes which promoted anabolism without 

impacting photosynthesis or sugar signalling. Subsequently, HL leaves regained 

physiological and transcriptional homeostasis while sugars continued to accumulate. Our 

results contrast with the usual photosynthetic repression associated with the exposure of C3 

leaves to conditions leading to sugar accumulation (Sheen, 1990; Jang and Sheen, 1994; 

Jang et al., 1997; Dai et al., 1999; Xiao et al., 2000; Kelly et al., 2012).  

 

LL and HL altered sugar levels and elicited unexpected sugar signalling responses in 

C4 source leaves that could be due to different sensitivities to sugars, alternate sugar 

or light signalling pathways 

LL altered the expression of key sugar sensors more than HL (Fig. 5). However, 

despite the strong changes in glucose and T6P levels under both light treatments (Fig. 2), 

we did not observe all the expected sugar signalling responses (Fig. 6, Table S2). LL altered 

the transcript abundance of genes encoding HXKs and various components of TOR, SnRK1 

and the trehalose pathway. LL also altered the expression of key downstream targets of HXK 

and SnRK1, indicating that both signalling pathways may be activated under low energy 

status (Fig. 7). Since most of the downstream targets of HXK are photosynthetic genes, 

which may also be regulated by light, it was difficult to separate the effects of the sugar- and 

light-dependent pathways. This point is addressed later in the manuscript.  

On the other hand, according to the expression of well defined sugar sensing target 

genes, the strong glucose accumulation observed under HL did not associate with the  

activation of the HXK-dependent or the TOR signalling pathwaysexpected under feast-like 

conditions (Fig. 2, 5-7). It was especially surprising for the HXK-dependent signalling 

pathway which typically associates with the feedback inhibition of photosynthesis (Sheen, 

1990). Interestingly, the SnRK1 pathway seemed to be slightly repressed under HL, which 

agrees with the observed increase in T6P levels under HL (Fig. 2, 9) and its known inhibitory 
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effect on SnRK1 activity. SnRK1 extracted from source leaves is typically much less inhibited 

by T6P than in sink tissues (Zhang et al., 2009; Henry et al., 2015). In this study, the in vitro 

SnRK1 activity was not directly affected by light intensity, but may have been modulated in 

vivo by changes in leaf T6P content, which correlated with its strong in vitro inhibition by T6P 

and the expression of well characterized SnRK1 downstream targets (Fig. 2-3, 6), which 

clearly responded to light and associated changes in T6P. However, there was less good 

correlation when analysing the overall set of SnRK1 target genes previously characterized in 

Arabidopsis (Fig. 6, Table S2). This may indicate that different subsets of genes could 

respond to SnRK1 in either a tissue and/or C4 dependent manner. Glucose usually activates 

TOR, which generally acts antagonistically to SnRK1, to promote growth by triggering the 

down- and up-regulation of hundreds of genes involved in catabolism and anabolism in sink 

tissues (Xiong et al., 2013; Tomé et al., 2014; Baena-González and Hanson, 2017). In this 

study, we did not observe a response of TOR to LL or HL, indicating that this pathway might 

not play a critical role in the response to light intensity and sugar levels in C4 source leaves, 

at least not with our experimental system over the timeframe we investigated (Fig. 6, Table 

S2). Although the ectopic overexpression of AtTOR improved rice photosynthesis and water 

use efficiency, especially under water limitation (Bakshi et al., 2017), most studies conducted 

on Arabidopsis showed that the TOR signalling pathway plays a critical role in young 

developing sink tissues rather than in source leaves (Anderson et al., 2005; Deprost et al., 

2005, 2007; Leiber et al., 2010; Xiong et al., 2013; Montané and Menand, 2013). This could 

explain why TOR was not activated by HL and glucose accumulation in the source leaves of 

S. viridis. In summary, the effects of light intensity and sugar levels on sugar signalling in C4 

source leaves differs from what has been previously reported for C3 source leaves and sink 

tissues. 

Several hypotheses may explain the unexpected sugar signalling responses we 

observed. The list of TOR and SnRK1 downstream targets used as references in our study 

were identified based on studies carried on Arabidopsis or transgenic mesophyll protoplasts 

over- or under-expressing SnRK1 (Baena-González and Sheen, 2008; Xiong et al., 2013).. 

We used attached source C4 monocot S. viridis leaves which differ from Arabidopsis C3 

dicots in their leaf anatomy and physiology (between mesophyll and bundle sheath cells) and 

light requirement. The set of SnRK1 downstream targets may differ between: (1) intact 

leaves and isolated protoplasts, (2) C3 and C4 mesophyll cells, and (3) bundle sheath and 

mesophyll cells in C4 plants due to the contrasting partitioning of sucrose and starch 

biosynthesis in C4 leaves (Lunn and Furbank, 1999). 

The regulation of SnRK1 downstream targets in C3 and C4 species may also have 

different threshold sugar levels required to trigger sugar signalling responses. In C4 maize 

sink tissue, for example, the SnRK1 Ki for inhibition by T6P was 50 µM (Nuccio et al., 2015) 
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compared to 4-5 µM in Arabidopsis seedlings (Nunes et al., 2013). According to our results 

using C4 source leaves and additional data mining of experiments using C3 Arabidopsis 

shoots, leaves or seedlings, the activation of the HXK-dependent pathway appears to require 

high sugar accumulation, irrespective of the species (Xiong et al., 2013; Van Aken et al., 

2013; Li et al., 2015a). On the other hand, the SnRK1 targets have been authenticated at 

physiological levels of sugar accumulation in response to low temperature and low nitrogen 

that induce sugar accumulation and in response to feeding sucrose at physiological levels 

(Zhang et al., 2009; Nunes et al., 2013). Genes regulated by glucose through the TOR 

pathway in Arabidopsis were identified after 2h of treatment with only 15 mM glucose (Xiong 

et al., 2013). Hence, the unexpected sugar signalling responses we observed may reflect a 

systematic difference in the threshold of sugar sensitivity between different sugar sensors 

and/or between C3 and C4 tissues, which will be the focus of our future research.  

Alternatively, the response of S. viridis C4 leaves to LL and HL, and the resulting 

changes in sugar levels may have involved other sugar signalling pathways that have not yet 

been characterized in plants. Additionally, the response of C4 source leaves to LL and HL 

may be predominantly triggered by light signalling pathways. Chloroplasts have been 

involved in plant responses to fluctuating light intensities through a process called 

“retrograde signalling”. Chloroplast retrograde signalling can alter the expression of various 

genes, especially genes involved in photosynthesis (Szechyńska-Hebda and Karpiński, 

2013; Chan et al., 2016). Changes in light intensity are also sensed by phytochrome light 

sensors through a shift in the ratio of red to far red light, which usually occurs under shading 

(Jiao et al., 2007; Bae and Choi, 2008; Van Buskirk et al., 2012; Xu et al., 2015). Since C4 

source leaves have very high light requirements and rely on it to produce sugars in contrast 

to sink tissues, which rely on imported sugars  to develop and grow, light signalling might 

override sugar signalling in S.viridis leaves. 

 

Sugar versus light signalling pathways in source leaves of C4 S. viridis 

Although our experimental design does not allow us to separate light from sugar-

related signalling responses, we attempted to interpret our results with data available in the 

literature. Consequently, we compared the effect of sugars and light on the expression of the 

downstream targets of HXK, TOR and SnRK1, between our experiments and similar 

experiments using A. thaliana (Xiong et al., 2013; Van Aken et al., 2013; Li et al., 2015a). In 

A. thaliana plants treated with darkness or high light (1000 µmol m-2 s-1), the expression of 

HXK downstream targets was affected, but not in a clear fashion. Most of the HXK-

repressible targets were repressed under both darkness and high light. Additinally, those 

targets were not clearly affected by the addition of physiological levels of glucose (15 mM) or 

sucrose (1%) (Table S4, Fig. S7). Hence, in Arabidopsis, the expression of the key HXK 
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downstream targets seems to be affected by darkness and high light, but not by low levels of 

sugars as reported in studies in which these genes were originally identified. The 

discrepancy in the literature may be due to the relatively high (2-3% of sucrose or 50-300 

mM of sucrose or glucose) level of sugars used to identify these genes  (Jang and Sheen, 

1994; Jang et al., 1997; Zhou et al., 1998; Sheen et al., 1999; Xiao et al., 2000; Moore et al., 

2003; Kunz et al., 2014, 2015). Taken together these results indicate that HXK might be 

more responsive to light intensity than to physiologically-relevant changes in glucose levels 

and that the HXK-dependent pathway might require dramatic changes in glucose levels to be 

activated, both in C3 and C4 species. Hence, the unexpected induction of the HXK-dependent 

pathway we observed under LL and sugar depletion, is likely due to the effect of light rather 

than sugars. Similarly, the absence of the expected activation of the HXK-dependent 

pathway by HL and sugar accumulation in S. viridis, in contrast to initial reports using 

Arabidopsis fed with high sugar levels, is consistent with our re-analysis of the published 

datasets using low sugar concentrations. These results indicate that the absence of the 

activation of the HXK-dependent pathway we observed under HL is likely due to an 

insufficient change in sugar levels and/or the overriding effect of light signalling.  

On the other hand, in re-analysed data, the expression of the key downstream targets 

of TOR and SnRK1 in Arabidopsis is more clearly and consistently affected by sugars, 

although they can also be regulated by light (Table S4, Fig. S7). These results indicate that 

in our experiments, the SnRK1 signalling pathway is more likely to be activated by sugar 

depletion under LL and repressed by sugar accumulation under HL than by the light intensity 

itself. We are currently usingsugar sensing mutants to further investigate this hypothesis. 

Finally, TOR was not affected by changes in sugar levels or light intensity in our study, unlike 

observations using similar experiments in Arabidopsis, which indicates possible differences 

between species and/or source and sink tissues. 
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SUPPLEMENTARY DATA 

 

Table S1: Anet/Ci, fluorescence and chlorophyll content parameters in light treated S. viridis 

leaves 

Table S2: Number of key transcripts affected by light treatments in S. viridis leaves 

Table S3: Mapman4 gene category enrichment in light treated S. viridis leaves 

Table S4: Summary of the effect of darkness, high light, glucose and sucrose on the 

transcript levels of key sugar signalling targets in A. thaliana 

Table S5: Log2 FC and classification of all transcripts DE expressed in light treated S. viridis 

leaves 

Figure S1: Experimental design and phenotype of S. viridis plants after light treatments 

Figure S2: Time for light treated S. viridis leaves to reach steady state at high irradiance 

Figure S3: Anet/Ci curves of light treated S. viridis leaves at high irradiance 

Figure S4: In vitro activity and content of key photosynthetic enzymes from light treated S. 

viridis leaves  

Figure S5: Relative level of Fructose, Sucrose-6-P and Trehalose in light treated S. viridis 

leaves 

Figure S6: Dynamic changes of the whole transcriptome and the full sets of TOR and 

SnRK1 predicted downstream targets in light treated S. viridis leaves 

Figure S7: Effect of darkness, high light, glucose and sucrose on the transcript levels of our 

key sugar signalling targets in A. thaliana 
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FIGURE LEGENDS 

 

Figure 1: Photosynthetic capacity of S. viridis plants is strongly impaired by low light 

while it is not affected by high light. Dynamic changes in photosynthetic rates (A, D and 

G), leaf conductance (B, E and H) and leaf internal CO2 concentration (C, F and I) of Low 

Light (LL, 50 µmol.m-2.s-1), Medium Light (ML, 500 µmol m-2 s-1, control) and High Light (HL, 

1000 µmol m-2 s-1) treated S. viridis plants provided with high light intensity (1000 µmol m-2 s-

1, 10% blue light) or growth light intensity (50, 500 or 1000 µmol m-2 s-1, 10% blue light) and 

current ambient CO2 reference concentration (400 ppm) for gas exchange measurements. 

For every time point, the midsection of the last fully expanded leaf was clamped to the gas 

exchange chamber and measurements were taken every minute for up to 1.5h after 

clamping. Here we present measurements taken 25 min after clamping (A-C) as well as 

when plants reached their maximum photosynthetic rates at steady state (D-I). All 

measurements were carried from morning to early afternoon on 3 to 5 different plants for 

each time point and treatment. Stars indicate statistical differences (p<0.05) between the 

treated and control plants for each given time point.  

 

Figure 2: Low light gradually reduces the levels of key sugars in the leaves of S. 

viridis while high light causes a strong and gradual build-up of those sugars over 

time. Dynamic changes in glucose (A), sucrose (B) and trehalose-6-P (C) content in fully 

expanded leaves of LL (50 µmol m-2 s-1), ML (500 µmol m-2 s-1) and HL (1000 µmol m-2 s-1) 

treated S. viridis plants before and during treatment. Sugars were extracted from leaf blade 

samples collected from the midsection of the last fully expanded leaf at midday (6h after 

lights were turned on). Sugar levels were measured using semi-quantitative (LC-MS). Sugar 

levels are semi-quantitative, expressed relatively to Day 0 ML samples and normalized per 

fresh weight. For each treatment and time point the assays were carried on 4 independent 

biological replicates. Stars indicate statistical differences (p<0.05) between the treated and 

control plants for each given time point. 

 

Figure 3: SnRK1 in vitro activity of from S. viridis leaves is not significantly affected 

by low or high light treatment, but is reduced to about half in presence of T6P. 

Dynamic changes in total (A) and T6P inhibited (B) SnRK1 in vitro kinase activity from 

protein extracts of fully expanded S. viridis leaves treated with LL (50 µmol m-2 s-1), ML (500 

µmol m-2 s-1) and HL (1000 µmol m-2 s-1). For SnRK1 inhibition assays (B), 1 mM of 

exogenous T6P was added to the reaction. Kinase activities were normalised per amount of 

total proteins. For each treatment and time point the assays were carried on 4 independent 
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biological replicates. Stars indicate statistical differences (p<0.05) between the treated and 

control plants for each given time point. 

 

Figure 4: Low light downregulates >70 % of the photosynthetic gene transcripts 

expressed in S. viridis leaves, while high light has little to no effect on most of them. 

Heatmap representing the dynamic changes in transcript levels of photosynthetic genes in S. 

viridis leaves treated with LL (50 µmol m-2 s-1) and HL (1000 µmol m-2 s-1) relative to ML (500 

µmol m-2 s-1, control) before (Day 0) and during treatment (Day 1, 2 and 4) using RNAseq. A 

total of 244 out of 301 detected photosynthetic transcripts were differentially expressed 

between all the conditions. For each treatment, analyses were carried on 3 independent 

biological replicates. We used cut-off values of at least 1CPM in at least 2 samples and a 

FDR of 0.05 for the differential expression analysis with DESeq2. Blue and yellow lines 

respectively represent a significant decrease or increase in transcript levels in the treatment 

compared to the control. Genes were classified based on their respective differential 

expression as follows (Fold Change compared to control): (Class -3, Highly repressed) < -5 

FC < (Class -2, Mildly repressed) < -2 FC < (Class -1, Slightly repressed) < 0 FC = (Class 0, 

Unaffected) < (Class 1, Slightly induced) < 2 FC < (Class 2, Mildly induced) < 5 FC < (Class 

3, Highly induced). 

 

Figure 5: Low light affects the transcript levels of most of the key sugar sensors and 

trehalose pathway genes expressed in S. viridis leaves, while high light has a smaller 

but antagonist effect. Heatmap representing the dynamic changes in transcript levels of 

sugar sensors (HXK, TOR complex and SnRK1 complex) and trehalose pathway (TPS, TPP 

and TRE) genes in leaves treated with LL (50 µmol m-2 s-1) and HL (1000 µmol m-2 s-1) 

relative to ML (500 µmol m-2 s-1, control) before (Day 0) and during treatment (Day 1, 2 and 

4) using RNAseq. A total of 22 out of 52 sugar signalling transcripts were differentially 

regulated between all the treatments. For each treatment, analyses were carried on 3 

independent biological replicates. We used cut-off values of at least 1CPM in at least 2 

samples and a FDR of 0.05 for the differential expression analysis with DESeq2. Blue and 

yellow lines respectively represent a significant decrease or increase in transcript levels in 

the treatment compared to the control. Genes were classified based on their respective 

differential expression as follows (Fold Change compared to control): (Class -3, Highly 

repressed) < -5 FC < (Class -2, Mildly repressed) < -2 FC < (Class -1, Slightly repressed) < 0 

FC = (Class 0, Unaffected) < (Class 1, Slightly induced) < 2 FC < (Class 2, Mildly induced) < 

5 FC < (Class 3, Highly induced). 
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Figure 6: Light treatment had a clear impact on the expression of key HXK and SnRK 

downstream targets, but no effect on key TOR downstream targets in mature C4 S. 

viridis leaves. Heatmaps representing the dynamic changes in transcript levels of key 

downstream targets of HXK (A), TOR (B) and SnRK1 (C) in mature S. viridis leaves treated 

with LL (50 µmol m-2 s-1) and HL (1000 µmol m-2 s-1) relative to ML (500 µmol m-2 s-1, control) 

before (Day 0) and during treatment (Day 1, 2 and 4). For each treatment, analyses were 

carried on 3 independent biological replicates. We used cut-off values of at least 1CPM in at 

least 2 samples and a FDR of 0.05 for the differential expression analysis with DESeq2. Blue 

and yellow lines respectively represent a significant decrease or increase in transcript levels 

in the treatment compared to the control. Genes were classified based on their respective 

differential expression as follows (Fold Change compared to control): (Class -3, Highly 

repressed) < -5 FC < (Class -2, Mildly repressed) < -2 FC < (Class -1, Slightly repressed) < 0 

FC = (Class 0, Unaffected) < (Class 1, Slightly induced) < 2 FC < (Class 2, Mildly induced) < 

5 FC < (Class 3, Highly induced). 
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Figure 1: Photosynthetic capacity of S. viridis plants is strongly impaired by low light while it is not affected by high light. Dynamic changes 

in photosynthetic rates (A, D and G), leaf conductance (B, E and H) and leaf internal CO2 concentration (C, F and I) of Low Light (LL, 50 µmol.m-2.s-1), 

Medium Light (ML, 500 µmol.m-2.s-1, control) and High Light (HL, 1000 µmol.m-2.s-1) treated S. viridis plants provided with high light intensity (1000 

µmol.m-2.s-1, 10% blue light) or growth light intensity (50, 500 or 1000 µmol.m-2.s-1, 10% blue light) and ambient CO2 reference concentration (400 

ppm) for gas exchange measurements. For every time point, the midsection of the last fully expanded leaf was clamped to the gas exchange chamber 

and measurements were taken every minute for up to 1.5h after clamping. Here we present measurements taken 25 min after clamping (A - C) as well 

as when plants reached their maximum photosynthetic rates at steady state (D-I). All measurements were carried from morning to early afternoon on 3 

to 5 different plants for each time point and treatment. Stars indicate statistical differences (p<0.05) between the treated and control plants for each 

given time point. 
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Figure 2: Low light gradually reduces the key sugar levels in the leaves 

of S. viridis while high light causes a strong and gradual build-up of 

those sugars over time. Dynamic changes in glucose (A), sucrose (B) and 

trehalose-6-P (C) content in fully expanded leaves of LL (50 µmol.m-2.s-1), 

ML (500 µmol.m-2.s-1) and HL (1000 µmol.m-2.s-1) treated S. viridis plants 

before and during treatment. Sugars were extracted from leaf blade samples 

collected from the midsection of the last fully expanded leaf at midday (6h 

after lights were turned on). Sugar levels were measured using semi-

quantitative (LC-MS). Sugar levels are semi-quantitative, expressed 

relatively to Day 0 ML samples and normalized per fresh weight. For each 

treatment and time point the assays were carried on 4 independent 

biological replicates. Stars indicate statistical differences (p<0.05) between 

the treated and control plants for each given time point. 
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Figure 3: SnRK1 in vitro activity of from S. viridis leaves is not 

significantly affected by low or high light treatment, but is reduced to 

about half in presence of T6P. Dynamic changes in total (A) and T6P 

inhibited (B) SnRK1 in vitro kinase activity from protein extracts of fully 

expanded S. viridis leaves treated with LL (50 µmol.m-2.s-1), ML (500 µmol.m-

2.s-1) and HL (1000 µmol.m-2.s-1). For SnRK1 inhibition assays (B), 1 mM of 

exogenous T6P was added to the reaction. Kinase activities were normalised 

per amount of total proteins. For each treatment and time point the assays 

were carried on 4 independent biological replicates. Stars indicate statistical 

differences (p<0.05) between the treated and control plants for each given 

time point. 

A Total SnRK1 activity 

B T6P inhibited SnRK1 activity 

K
in

a
s
e
 a

c
ti

v
it

y
 (

n
m

o
l 
P

 m
in

-1
 m

g
-1

 p
ro

t)
 

K
in

a
s
e
 a

c
ti

v
it

y
 (

n
m

o
l 

P
 m

in
-1

 m
g

-1
 p

ro
t)

 

Day 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article-abstract/doi/10.1093/jxb/erz495/5611154 by Periodicals Assistant - Library user on 04 N

ovem
ber 2019



Figure 4: Low light downregulates >70 % of the photosynthetic gene 

transcripts expressed in S. viridis leaves, while high light has little to 

no effect on most of them. Heatmap representing the dynamic changes 

in transcript levels of photosynthesic genes in S. viridis leaves treated with 

LL (50 µmol.m-2.s-1) and HL (1000 µmol.m-2.s-1) relative to ML (500 

µmol.m-2.s-1, control) before (Day 0) and during treatment (Day 1, 2 and 4) 

using RNAseq. A total of 244 out of 301 photosynthetic detected 

transcripts were differentially expressed between all the conditions. For 

each treatment, analyses were carried on 3 independent biological 

replicates. We used cut-off values of at least 1CPM in at least 2 samples 

and a FDR of 0.05 for the differential expression analysis with DESeq2. 

Blue and yellow lines respectively represent a significant decrease or 

increase in transcript levels in the treatment compared to the control. 

Genes were classified based on their respective differential expression as 

follows (Fold Change compared to control): (Class -3, Highly repressed) < 

-5 FC < (Class -2, Mildly repressed) < -2 FC < (Class -1, Slightly 

repressed) < 0 FC = (Class 0, Unaffected) < (Class 1, Slightly induced) < 

2 FC < (Class 2, Mildly induced) < 5 FC < (Class 3, Highly induced). 
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Figure 5: Low light affects the transcript levels of most of the key sugar sensors and trehalose pathway 

genes expressed in S. viridis leaves, while high light has a smaller but antagonist effect. Heatmap 

representing the dynamic changes in transcript levels of sugar sensors (HXK, TOR complex and SnRK1 

complex) and trehalose pathway (TPS, TPP and TRE) genes in leaves treated with LL (50 µmol.m-2.s-1) and HL 

(1000 µmol.m-2.s-1) relative to ML (500 µmol.m-2.s-1, control) before (Day 0) and during treatment (Day 1, 2 and 

4) using RNAseq. A total of 22 out of 52 sugar sensing transcripts were differentially regulated between all the 

treatments. For each treatment, analyses were carried on 3 independent biological replicates. We used cut-off 

values of at least 1CPM in at least 2 samples and a FDR of 0.05 for the differential expression analysis with 

DESeq2. Blue and yellow lines respectively represent a significant decrease or increase in transcript levels in 

the treatment compared to the control. Genes were classified based on their respective differential expression 

as follows (Fold Change compared to control): (Class -3, Highly repressed) < -5 FC < (Class -2, Mildly 

repressed) < -2 FC < (Class -1, Slightly repressed) < 0 FC = (Class 0, Unaffected) < (Class 1, Slightly induced) 

< 2 FC < (Class 2, Mildly induced) < 5 FC < (Class 3, Highly induced). 
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Figure 6: Light treatment had a clear impact on the expression of key HXK and SnRK downstream 

targets, but no effect on key TOR downstream targets in mature C4 S. viridis leaves. Heatmaps 

representing the dynamic changes in transcript levels of key downstream targets of HXK (A), TOR (B) and 

SnRK1 (C) in mature S. viridis leaves treated with LL (50 µmol m-2 s-1) and HL (1000 µmol m-2 s-1) relative to 

ML (500 µmol m-2 s-1, control) before (Day 0) and during treatment (Day 1, 2 and 4For each treatment, 

analyses were carried on 3 independent biological replicates. We used cut-off values of at least 1CPM in at 

least 2 samples and a FDR of 0.05 for the differential expression analysis with DESeq2. Blue and yellow lines 

respectively represent a significant decrease or increase in transcript levels in the treatment compared to the 

control. Genes were classified based on their respective differential expression as follows (Fold Change 

compared to control): (Class -3, Highly repressed) < -5 FC < (Class -2, Mildly repressed) < -2 FC < (Class -1, 

Slightly repressed) < 0 FC = (Class 0, Unaffected) < (Class 1, Slightly induced) < 2 FC < (Class 2, Mildly 

induced) < 5 FC < (Class 3, Highly induced). 
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