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Abstract: Plant central carbon metabolism comprises several important metabolic pathways 

acting together to support plant growth and yield establishment. Despite the emergence of 
13C-based dynamic approaches, the regulation of metabolic fluxes between light and dark 

conditions has not yet received sufficient attention for agronomically relevant plants. Here, 

we investigated the impact of light/dark conditions on carbon allocation processes within 

central carbon metabolism of Brassica napus after U-13C-glucose incorporation into leaf 

discs. Leaf gas-exchanges and metabolite contents were weakly impacted by the leaf disc 

method and the incorporation of glucose. 13C-analysis by GC-MS showed that U-13C-glucose 

was converted to fructose for de novo biosynthesis of sucrose at similar rates in both light 

and dark conditions. However, light conditions led to a reduced commitment of glycolytic 

carbons towards respiratory substrates (pyruvate, alanine, malate) and TCA cycle 

intermediates compared to dark conditions. Analysis of 13C-enrichment at the isotopologue 

level and metabolic pathway isotopic tracing reconstructions identified the contribution of 

multiple pathways to serine biosynthesis in light and dark conditions. However, the direct 

contribution of the glucose-6-phosphate shunt to serine biosynthesis was not observed. Our 

results also provided isotopic evidences for an active metabolic connection between the TCA 

cycle, glycolysis and photorespiration in light conditions through a rapid reallocation of TCA 

cycle decarboxylations back to the TCA cycle through photorespiration and glycolysis. 

Altogether, these results suggest the active coordination of core metabolic pathways across 

multiple compartments to reorganize C-flux modes. 

Keywords: Isotope, tricarboxylic acid cycle, glycolysis, serine, carbon isotopologue 

distribution, light, dark, Brassica napus 

Abbreviations: GC-MS, Gas Chromatography Mass Spectrometry; CID, Carbon Isotopologue 
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1. Introduction 

Central carbon metabolism comprises several essential metabolic pathways to sustain plant 

growth and development, such as the Calvin-Benson-Bassham cycle, the pentose phosphate 

pathway, photorespiration, sucrose and starch metabolisms, glycolysis, the tricarboxylic acid 

(TCA) cycle and lipid metabolism [1]. These pathways are coordinated together along with 

nutrient acquisition to fuel primary metabolism for biomass production, reproduction and 

acclimation to environmental cues [2-5]. However, climate change negatively impacts 

physiological processes and their associated metabolic pathways, hence reducing the yield 

potential of future crop productions [6]. While the engineering of plant central carbon 

metabolism has been successfully deployed in recent years [5, 7-9], important regulatory 

hubs and key metabolic steps remain unidentified [10, 11]. Indeed, regulation of plant 

primary metabolism at the transcriptomic and proteomic levels is not often correlated with 

intuitive variations of metabolite pools and their associated metabolic fluxes [12-14]. Over 

the last years, dynamic studies of plant central carbon metabolism through the tracing of 

radioactive and stable carbon isotopes (14C and 13C, respectively) have largely contributed to 

a better understanding of regulating processes in different environmental conditions and in 

different organs [15-25]. 

Plant 13C-labelling strategies are based on either a global approach using 13CO2 or targeted 

approaches using 13C-labelled metabolic substrates [26]. Overall, 13CO2-based metabolic flux 

analyses have successfully described allocation patterns of newly assimilated carbon in the 

light to the Calvin cycle, sugar and starch biosynthesis, glycolysis, the TCA cycle and nitrogen 

assimilation [4, 16, 18, 23, 27, 28]. However, this approach cannot be used to explore central 

carbon metabolism in non-phototrophic tissues or in non-photosynthetic conditions [26]. 

Targeted approaches combining different 13C-labelled metabolic substrates with Arabidopsis 

mutants provided important new insights into plant metabolism in the light [29]. Such 

studies led to discoveries including: i) The occurrence of three pyruvate-supplying pathways 

for respiration, ii) the central role of malate-citrate exchanges for the TCA cycle, and iii) the 

involvement of specific thioredoxins in regulating carbon flow through the TCA cycle [30-34]. 

The inhibition of TCA cycle activity in the light also relied on the restriction of carbon flux 

towards glycolysis and the inhibition of TCA cycle dehydrogenases by photorespiratory-

produced metabolites in mitochondria [2, 3, 16]. Notably, the restrictive role of glycolysis 

was supported by: i) The inhibition of pyruvate dehydrogenase (PDH) activity in the light 

[35], ii) a higher inhibition of PDH and TCA cycle decarboxylations the light when using 13C-

glucose compared to 13C-pyruvate [36]. However, a recent 13C-labelling study in Arabidopsis 

questioned the importance of PDH in restricting glycolytic carbon flux towards the TCA cycle 

in the light. Indeed, no differences of 13C-redistribution in TCA cycle intermediates were 

observed between a pdk mutant (PDH activated) and control plants after incorporation of 

either U-13C-glucose or U-13C-pyruvate under light conditions [37]. To date, targeted 

approaches in both light and dark conditions have been essentially deployed in guard cells 

[17, 38-40] rather than in whole leaf tissues [41, 42]. Thus, the regulation of TCA cycle 

activity by glycolytic carbon flux remained to be investigated in leaf tissues.  



Winter oilseed rape (Brassica napus) is a major oleaginous crop, important for human and 

animal nutrition and biofuel production (seed oil and cake) [43, 44]. However, its crop cycle 

requires an important amount of mineral nitrogen to achieve maximal seed yield compared 

to other oleaginous crops [45, 46]. Indeed, B. napus has a high nitrogen utilization efficiency 

but a low nitrogen remobilization efficiency [47, 48]. Since TCA cycle activity partially 

supports nitrogen assimilation in the light, the regulation of central carbon metabolism in B. 

napus leaves could substantially differ compared to other crops. Furthermore, B. napus can 

face different environmental stress combinations throughout its crop cycle, including 

intermittent shade, which will decrease nitrogen assimilation, sugar transport and ultimately 

seed yield [49]. Therefore, the identification of carbon allocation processes within central 

carbon metabolism of B. napus leaves under light and dark conditions is an important 

prerequisite for studying the metabolic adaptation of B. napus to intermittent shade. To 

date, few works have investigated central carbon metabolism of B. napus in light and dark 

conditions. It has been proposed that the TCA cycle was fed essentially by stored citrate in 

the light [27]. However, this conclusion also questioned the occurrence of metabolic 

connections between chloroplasts and mitochondria in the light and the inhibition of TCA 

cycle activity by a reduced glycolytic flux in B. napus leaves. Recently, incorporation of U-13C-

pyruvate into B. napus leaf discs under both light and dark conditions raised some doubts 

concerning the possible contribution of a stored citrate pool to mitochondrial TCA cycle 

functioning [42]. In addition, it was proposed that TCA cycle decarboxylations could be 

reassimilated by Rubisco and reallocated to photorespiratory intermediates, thereby 

reinforcing metabolic connections between cell organelles in the light. However, some 

interactions may have been missed by our experimental setup. The use of pyruvate 

necessarily restricted the entry of chloroplastic 3-phosphoglycerate into mitochondrial 

pyruvate. Leaf discs floating on a liquid could also be prone to severe photorespiratory 

conditions, leading to the description of non-physiological metabolic interactions. Finally, the 

glycolytic regulation of TCA cycle activity was not observed, i.e. there were no differences of 
13C-enrichments in TCA cycle intermediates between light and dark conditions. 

The objectives of this study were: (1) To validate the physiological relevance of B. napus leaf 

discs for studying central carbon metabolism under light and dark conditions, (2) to evaluate 

the contribution of glycolysis to TCA cycle activity in light and dark conditions, (3) to identify 

metabolic interactions between different pathways of central carbon metabolism under light 

and dark conditions. For this purpose, we incorporated U-13C-glucose into B. napus leaf discs 

for up to 6 h in either light or dark conditions and performed gas-exchange measurements. 

Then, the relative levels of central metabolites (sugars, organic and amino acids) were 

measured and their 13C-enrichments determined by gas-chromatography mass spectrometry 

(GC-MS). Isotopic analysis identified important differences in carbon allocation processes in 

B. napus leaves in response to light availability. 

  

 

 



2. Methods 

2.1 Plant growth and chlorophyll estimations 

Brassica napus genotype Aviso was grown for two months at a photosynthetic photon flux 

density of 100-150 µmol photons.m-2.s-1 in conditions described previously [13]. All 

experiments were performed on the mature leaf L9 (source status) of plants grown for up to 

60 days after sowing. At this stage (BBCH-19), the two first leaves (L1 and L2) had already 

fallen. The stage of the leaf was also confirmed by measuring the chlorophyll index in SPAD 

units (mean of 36.6 ± 0.98). Plants received 4 h of light prior starting experiments.  

2.2 Gas-exchange measurements 

Net CO2 assimilation and dark respiration were measured on either a leaf attached to the 

plant or leaf discs. Gas-exchange measurements were performed with a portable 

photosynthesis system (LI 6800-F, LiCOR, Lincoln, Nebraska, USA). Standard measuring 

conditions were: 120 µmol photons.m-2.s-1 of light intensity, a leaf temperature of 25-26°C, 

65-80% relative humidity (leaf VPD ranging from 0.8 to 1.2), 430 µL CO2.L-1 and 0.21 L O2.L-1. 

Steady-state parameters were measured after 30-45 min of light (net CO2 assimilation) 

followed by 20-30 min of dark (dark respiration). Measurements on attached leaves were 

performed with a 6800-01A chamber (LiCOR) comprising a light source. After measurements, 

20-30 leaf discs (0.8 cm2) were taken from the attached leaf and incubated for 5 min in a 

petri dish containing 30 mL of 10 mM MES-KOH (pH 6.5). Then the petri dish was placed into 

a custom chamber connected to the LI 6800-F using the 6800-19 Custom Chamber Adapter 

(LiCOR; Figure S1). The custom chamber had a volume of 1-1.4 dm3, contained 4 small fans 

that allowed a 95% air renewal in approximately 2 min. The custom chamber was placed 

under a light source (120 µmol photons.m-2.s-1) and on a magnetic stirrer to allow a 

moderate orbital shaking of leaf discs. For other experiments, leaf discs were incubated in 

the same conditions described for U-13C-glucose incorporations (section 2.3). Gas-exchange 

measurements were performed before the incubation (T0) and after either 6 h of light (CO2 

assimilation) or 6h of dark (dark respiration). Steady-state parameters were measured after 

15-30 min of adaptation to the custom chamber.  

2.3 U-13C-D-glucose incorporations 

For each labelling kinetic, 66 leaf discs of 0.8 cm2 were taken and incubated in a 10 mM MES-

KOH (pH 6.5) buffer for 15 min to avoid leaf dehydration. Labelling was initiated by 

incubating leaf discs with the same buffer containing 10 mM 13C6-D-glucose (13C isotopic 

purity of 99%, Cambridge Isotope Laboratories (Eurisotop, France)). Each time point (0.5, 1, 

2, 4, 6 h) corresponded to the incubation of 6 leaf discs in a well (of a 6-well microplate) 

containing 4 mL/well of 13C-labelled buffer. For timepoint 0, leaf discs were directly 

harvested in liquid nitrogen prior to the incubation procedure. All incubations were 

performed at 20 °C with 70 rpm orbital shaking under either a continuous light of 120 μmol 

photons.m-2.s-1 or under dark conditions using multiple opaque plastic bags, similar to a 

previous experimental set-up used for dark-induced senescence [14]. Sampling was done by 

freezing leaf discs in liquid nitrogen after a rinsing step (3 times 10 s in a neutral buffer (10 

mM MES-KOH (pH 6.5)). 



2.4 Measurements of Carbon Isotopologue Distribution (CID) and metabolite contents by 

GC-MS 

Polar metabolites were extracted in a mixture of methanol/chloroform/water containing 200 

µM adonitol (internal standard) as described in [13]. Sample derivatization, metabolite 

identification/analysis by GC-MS and carbon isotopologue distribution (CID) analysis have 

been described in detail elsewhere [42]. Briefly, metabolites were derivatized with 

methoxyamine (MEOX) and N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA), 

producing MEOX-TMS and TMS derivatives. Then derivatized metabolites were separated on 

a GC-MS device (TG-5MS column), followed by ionization by electronic impact (70 eV) and 

mass spectra analysis. Samples were analysed in three runs, each containing additional 

controls such as alkane mixtures (C7 to C40) for retention time recalibration and mixtures of 

derivatized authentic standards for metabolite identification according to retention time 

index and mass spectra (Table S1). The second eluted peak (corresponding to isomer 2) was 

used for both Glucose_MEOX5TMS and Fructose_MEOX5TMS given that plant extracts 

lacked the isomer 1 for Glucose_MEOX5TMS in our experiments. Integration of CID for 

organic and amino acids was performed for specific TMS-derivatives, which produced mass 

fragments previously validated for their accuracy in 13C-labelling measurements [42]. For 

glucose, fructose and sucrose, mass fragments harbouring carbon skeletons identified in 

previous studies were used: m/z 160 (C1-C2) and 319 (C3-C6) for Glucose_MEOX5TMS, m/z 

364 (C1-C4) and 307 (C4-C6) for Fructose_MEOX5TMS and m/z 361 (60% C1-C6 and 40 % C7-

C12), 437 (C8C12 only) and 451 (C7C12) for sucrose_8TMS [50-53]. The relative contribution 

of fructosyl and glucosyl moieties of Sucrose_8TMS to the m/z 361, 437 and 451 was 

measured using sucrose-D(fructose-13C6) and sucrose-D(glucose-13C6) (13C isotopic purity of 

98%, Cambridge Isotope Laboratories (Eurisotop, France)) injected at 300 µM on our GC-MS 

set-up (Figure S2). The isotopic pollution previously observed for Glucose_MEOX5TMS_C1C2 

[34] was checked by examining glucose, 1,2-13C2-glucose and U-13C-glucose (13C isotopic 

purity of 98%, Cambridge Isotope Laboratories (Eurisotop, France)) on our GC-MS (Figure 

S3). The isotopic pollution was corrected using the known isotopic distribution for the 

Glucose_MEOX5TMS_C3C6 fragment, but the mathematical framework proposed in a 

previous work [34] was modified. Our corrective step was performed on raw areas and by 

considering the isotopic pollution generated by the natural isotopic abundance of each 

fragment used (see Figure S4). Raw areas of CID were corrected for the contribution of 

naturally occurring isotopes and normalized to the 13C abundance of the tracer with a 

specific GC-MS dedicated methodology [54, 55]. An example file for GC-MS outputs is given 

in supplemental files to help the reader to reproduce the method on their own instrument. 

In this file, the fragment names already contain information about the metabolite targeted, 

its derivatives, the isotopic cluster associated and the m/z used. Fractional CIDs and mean 
13C enrichments were directly obtained from IsoCor outputs (isotopologue_fraction and 

mean_enrichment) (see dataset in Table S2). For metabolite content measurements, 

corrected areas of isotopologues were summed for each isotopic cluster of each fragment. 

The summed areas were normalized to the area of the internal standard (adonitol) and to 

the sample dry weight, giving relative unit values (relative amount per gDW). Finally, 



metabolite contents were normalized to the experimental time 0 (mean value set to 1) and 

expressed as Log2 fold-changes. 

2.5 Data management, visualization and statistical analysis 

Raw data were retreated and visualized using custom R scripts based on the packages tidyr, 

dplyr, ggplot2 [56-58]. All values are expressed as the mean ± standard deviation (SD) from 4 

biological replicates (13C-kinetics) or 4-6 biological replicates (gas exchange measurements). 

For leaf gas exchange measurements, comparison of two groups of means was achieved 

with a student test (p-value < 0.05, equal variances, bilateral assumptions) while comparison 

of multiple groups of means was achieved with a one-way ANOVA (p-value < 0.05). For 

relative metabolite levels and mean 13C enrichments, statistical analysis of the two factors 

and their interactions were evaluated with a two-way ANOVA test (p-value < 0.05). Post-hoc 

tests were focused on a single effect and either i) a student test (p-value < 0.05, equal 

variances, bilateral assumptions) was used to compare light and dark conditions at each time 

point, or ii) a post-hoc Tukey HSD test (p-value < 0.05) was used to identify isotopologue 

groups that were significantly different at each time point. All statistical tests were carried 

out using the built-in functions (package “Stats”) of Rstudio v2022.07.2 build 576 [59]. 

3. Results 

3.1. Incorporation of U-13C-glucose into B. napus leaf discs introduced minor variations of 

net CO2 assimilation and metabolite contents but not dark respiration  

A comparison of gas-exchange measurements of attached leaves and leaf discs performed at 

the same light intensity showed minor differences. Net CO2 assimilation was significantly 

reduced by up to 18% in leaf discs compared to attached leaves (4.6 versus 5.6 µmol CO2.m-

2.s-1) however dark respiration was not significantly changed (Figure 1A). The 6 h kinetic time 

course and the incubation with glucose did not introduce any additional variations of these 

parameters (Figure 1B). Following U-13C-glucose incorporations, the levels of glucose and 

fructose were not significantly modified in both light and dark conditions (metabolic pseudo 

steady-state), perhaps reflecting the presence of large pre-existing pools (Figure 1C). 

Therefore, glucose levels remained at physiological concentrations in leaf discs throughout 

the kinetic experiment. Besides this, the levels of sucrose, alpha-alanine and aspartate 

decreased slightly but significantly during the 6 h period while the level of succinate 

increased significantly. Serine and malate levels were significantly altered during the time 

course of the kinetic experiment but this essentially depended on the light/dark condition 

(significant interaction CxT). Some minor but significant differences were observed between 

light and dark conditions for succinate, aspartate and serine, as previously described in other 

experiments with B. napus leaf discs [42]. It should be noted that some important metabolic 

markers of stress response were not observed: i) An accumulation of alpha-alanine (hypoxia 

stress) [60], ii) an accumulation of glycine (highly photorespiratory conditions) [61-63]. 

Overall, U-13C-glucose incorporations into B. napus leaf discs only weakly impacted the 

activity of core leaf metabolic pathways (photosynthesis, photorespiration and respiration). 

Therefore, the experimental setup was used to study the impact of light availability on B. 

napus central carbon metabolism. 



 

Figure 1. Gas-exchange measurements and metabolite contents of B. napus leaf discs fed 

with 10 mM U-13C-glucose for up to 6 h under light and dark conditions. (A) Comparison of 

net CO2 assimilation (An) and dark respiration (Rdark) for attached leaves and leaf discs, (B) 

Net CO2 assimilation (An) and dark respiration (Rdark) of leaf discs before and after 6 h of 

glucose incorporation, (C) Heatmap representation of relative metabolite levels during the 

time course of U-13C-glucose incorporation. Metabolite contents were normalized to the 

internal standard adonitol and sample dry weights and expressed as log2 fold-changes with 

respect to time 0 of the experiment (coloured boxes represent the mean values (n=4). 

Values for gas-exchange measurements represent the mean ± SD (n=4-6). Statistical 

differences for gas-exchange measurements were assessed with a Student’s t-test (***, p-

value<0.001) for (A) and a one-way ANOVA (p-value<0.05, ns: not significant) for (B). For 

relative metabolite levels, the effect of the two factors (“condition” (C) and “time” (T)) and 

their interactions (CxT) was assessed with a two-way ANOVA (ns: not significant; *, p-

value<0.05; **, p-value<0.01; ***, p-value<0.001). When C and/or CxT effects were 

significant, statistical differences between light and dark conditions were assessed at each 

time point with a Student’s t-test, denoted with black stars (*, p-value<0.05; **, p-

value<0.01; ***, p-value<0.001). Relative metabolite levels are given in Figure S5. 



3.2. Redistribution of U-13C-glucose within TCA cycle intermediates identified glycolysis as 

a major contributor to light-dependent inhibition of TCA cycle activity  

To investigate carbon allocation processes between glycolysis, the TCA cycle and 

photorespiration, 13C-enrichment in some sugars, organic and amino acids was analysed by 

GC-MS for each time point during U-13C-glucose incorporation. Overall, mean 13C enrichment 

was increased during the kinetic time course for most of the metabolites detected (“T” 

effect at p-value<0.001) (Figure 2). For Glucose_MEOX5TMS, the mean 13C-enrichement 

increased rapidly for fragments C1C2 and C3C6 until 30 min and then reached an isotopic 

pseudo steady-state (Figure 2A). Given the metabolic pseudo steady-state observed for 

glucose (Figure 1C), U-13C-glucose uptake by leaf discs was relatively similar between light 

and dark conditions. Conversely, mean 13C-enrichment in fructose and sucrose fragments 

showed a progressive and significant increase over time for both conditions. Only fructose 

showed a significantly higher enrichment in light conditions after 4 h and 6 h compared to 

dark conditions. Interestingly, mean 13C-enrichment in glycolysis and TCA cycle organic acids 

(pyruvate, citrate, succinate, malate) was significantly higher in dark conditions compared to 

light conditions (Figure 2B). A number of differences were observed from 2 h that became 

more important up to 6 h. There were no statistically significant differences for fumarate, 

perhaps due to its weak detection accuracy as previously observed in B. napus leaves [42]. 

Mean 13C-enrichment in some TCA cycle-derived amino acids (alpha-alanine, glutamate and 

aspartate) followed the same trend observed for organic acids. However, significant 

differences were already seen after only 1 h (Figure 2C). Mean 13C-enrichment in 

photorespiratory intermediates (glycine and serine) increased in light conditions, thereby 

reflecting the previously reported reassimilation of PDH and TCA cycle decarboxylations  

[42]. In dark conditions, mean 13C-enrichment in serine also increased while the mean 13C-

enrichment in Glycine_3TMS_C2 was significantly lower after 6 h compared to light 

conditions. Thus, the commitment of U-13C-glucose to serine biosynthesis in the dark was 

probably independent of glycine. To summarize, light conditions drastically reduced the 

reallocation of glycolytic carbons towards respiratory substrates (pyruvate, alanine, malate) 

and TCA cycle intermediates compared to dark conditions. Since U-13C-glucose uptake was 

similar between light and dark conditions, the regulation of glycolysis by light availability 

largely contributed to the inhibition of the TCA cycle in the light. Conversely, redistribution 

of 13C towards serine biosynthesis was similar in light and dark conditions but appeared to 

involve different pathways due to the absence of photorespiration in the dark. To evaluate 

the contribution of metabolic pathways to the mean 13C-enrichment measured, we analysed 

the carbon isotopologue distribution (CID) of each fragment. 



 

Figure 2. Mean 13C enrichment in sugars, organic and amino acids of B. napus leaf discs fed 

with 10 mM U-13C-glucose for up to 6 h under light and dark conditions. Mean 13C 

enrichment for (A) sugars, (B) organic acids and (C) amino acids. Values represent the mean 

± SD (n=4). The effect of the two factors (“condition” (C) and “time” (T)) and their 

interactions (CxT) was assessed with a two-way ANOVA (ns: not significant; *, p-value<0.05; 

**, p-value<0.01; ***, p-value<0.001). When C and/or CxT effects were significant, statistical 

differences between light and dark conditions were assessed at each timepoint with a 

Student’s t-test, denoted with red stars (*, p-value<0.05; **, p-value<0.01; ***, p-

value<0.001). The complete dataset in available in Table S2. 



3.3. Contribution of both 13C6-glucose and 13C6-fructose to sucrose biosynthesis  

Analysis of CID in Glucose_MEOX5TMS identified an analytical bias for the M1 isotopologue 

of the C1-C2 fragment, leading to a constant abundance of 5% starting from the time point 

0. Nevertheless, there were some important increases of fully labelled Glucose_MEOX5TMS 

fragments (M2 isotopologue of C1C2 and M4 isotopologue of C3C6) during the kinetic 

analysis in both light and dark conditions (Figure 3A). Thus, there was no significant 

rearrangement of label in glucose during the experiment. Fully labelled fragments of 

Fructose_MEOX5TMS were also dominantly increased during the kinetic time course in both 

conditions (M4 isotopologue for C1C4 and M3 isotopologue for C4C6). Regarding the 

biosynthesis of sucrose (glucose + fructose), we also observed dominant increases for fully 

labelled fragments of Sucrose_8TMS: M6 isotopologue of C7C12 fructosyl, M5 isotopologue 

of C8C12 fructosyl and M6 isotopologue of C1C6glucosyl/C7C12fructosyl (Figure 3B). There 

was a 60/40 ratio for the contribution of glucosyl/fructosyl moieties in Sucrose_8TMS_ 

C1C6glucosyl/C7C12fructosyl (Figure S2). Thus, the maintenance of similar abundances for 

the M6 isotopologue of C7C12 fructosyl and C1C6glucosyl/C7-C12 fructosyl fragments clearly 

confirmed that both 13C6-glucose and 13C6-fructose were used for sucrose biosynthesis 

(Figure 3C). Mean 13C enrichment of sucrose was much higher compared to glucose and 

fructose (20% versus 1-4% at 6 h) probably due to the presence of inactive non-labelled 

pools of glucose and fructose. 



 

Figure 3. Carbon isotopologue distribution for glucose, fructose and sucrose in B. napus 

leaf discs fed with 10 mM U-13C-glucose for up to 6 h under light and dark conditions. 

Carbon Isotopologue distribution of GC-MS fragments of (A) glucose and fructose and (B) 

sucrose. (C) Metabolic map of carbon transitions supporting our results (red circles = 13C 

atoms, white circles= 12C atoms). The effect of the two factors (“isotopologue” (I) and “time” 

(T)) and their interactions (IxT) was assessed with a two-way ANOVA (ns: not significant; *, p-

value<0.05; **, p-value<0.01; ***, p-value<0.001). When I and/or IxT effects were 

significant, statistical differences were assessed at each timepoint with a post-hoc Tukey 

HSD test (p-value < 0.05). Isotopologue groups that were significantly separated are 

indicated with different letters. The complete dataset is available in Table S2.  

 

 

 

 

 



3.4. Light-dependent regulation of serine biosynthesis pathways introduced specific CIDs 

into serine fragments  

The increase of mean 13C-enrichment of serine fragments in the light was essentially driven 

by an increase in M1 isotopologues (Figure 4A). M2 isotopologues weakly increased during 

the time course but always remained lower than M1 isotopologues.  Thus, the production of 

fully 13C-labelled serine was relatively negligible. The M1 isotopologue of the 

Glycine_2TMS_C2 fragment was also significantly increased with time. These results reflect 

the commitment of decarboxylations (13CO2) to photorespiration through Rubsico 

reassimilation and the Calvin cycle [42, 64]. Among these 13C-decarboxylations, the glucose-

6-phosphate (G6P) shunt was not considered here because it would lead to an important 

production of fully 13C-labeled serine [16] and this was not observed. Given the weak 

plastidial PDH flux compared to mitochondrial PDH [16, 23], only mitochondrial 

decarboxylations (PDH, TCA cycle enzymes) were considered (Figure 4B). Analysis of CID for 

serine and glycine revealed contrasted patterns between light and dark conditions. The M1 

isotopologue of Glycine_3TMS_C2 was not significantly changed with time (in comparison to 

the zero-time point). Both M1 and M2 isotopologues of serine fragments were produced in 

relatively similar proportions (Figure 4A). Among known serine biosynthesis pathways, the 

phosphorylated and the glycerate pathways can both produce serine under non-

photorespiratory conditions by using glycolytic 3-phosphoglycerate (3-PGA) [65]. Thus, fully 
13C-labelled serine may have been produced in the dark from glycolytic 3-PGA, leading to an 

increase of M2 isotopologues for the C1C2 and C2C3 fragments of serine (Figure 4C). Dark 

production of M1 isotopologues of serine is more difficult to explain. However, the oxidative 

branch of the pentose phosphate pathway has a higher activity in the dark compared to light 

conditions [66, 67]. By combining oxidative and non-oxidative branches of this pathway, 

fructose-6-phosphate molecules (F6P) labelled on C1-C2 or C3-C6 carbons could be made 

from 13C-labelled sugars (interactions with 12C pools). Then, the commitment of such F6P 

molecules to glycolysis could produce 3-PGA labelled on either the C3 or C1C2 carbons, 

thereby explaining the occurrence of an M1 isotopologue of the Serine_3TMS_C2C3 

fragment. Overall, these isotopic patterns infer contributions from multiple metabolic 

pathways to the biosynthesis of serine according to light availability.  



 

Figure 4. Carbon isotopologue distribution for glycine and serine from B. napus leaf discs 

fed with 10 mM U-13C-glucose for up to 6 h under light and dark conditions. (A) Carbon 

Isotopologue distribution for glycine and serine fragments. (B) and (C) Metabolic maps of 

carbon transitions supporting our results in light and dark conditions (red circles = 13C atoms, 

white circles = 12C atoms). Direct contribution of G6P shunt to serine biosynthesis through 

the Calvin cycle was not observed in light conditions because the production of fully 13C-

labeled serine was negligible. Plastidial PDH was not considered due to its low flux compared 

to mitochondrial PDH in light conditions [16, 23]. Red circles = 13C atoms, white circles= 12C 

atoms. The effect of the two factors (“isotopologue” (I) and “time” (T)) and their interactions 

(IxT) was assessed with a two-way ANOVA (ns: not significant; *, p-value<0.05; **, p-

value<0.01; ***, p-value<0.001). When I and/or IxT effects were significant, statistical 

differences were assessed at each timepoint with a post-hoc Tukey HSD test (p-value < 0.05). 

Isotopologue groups that were significantly separated are indicated with different letters. 

The complete dataset in available in Table S2.  

 

 

 

 

 

 

 



3.5. Decarboxylations from mitochondrial PDH and the TCA cycle in the light are rapidly 

reallocated to TCA cycle by the Calvin cycle, photorespiration and glycolysis 

Given the low accuracy of the Pyruvate_MEOXTMS_C1C3 fragment at low 13C enrichments 

(see timepoint 0), we used the fragment Alphaalanine_2TMS_C2C3 as a proxy accurately 

evaluate 13C-labelling of pyruvate (Figure 5A). Both M1 and M2 isotopologues of alpha-

alanine increased significantly during the time course and suggested that pyruvate was 

labelled at C2-C3 positions and only labelled at either C2 or C3 (Figure 5B). Interestingly, the 

contribution of U-13C-glucose and light-produced 13C-serine could lead to this pattern in 

Alphaalanine_2TMS_C2C3. Analysis of glutamate and succinate also revealed an important 

increase of both M1 and M2 isotopologues (Figure 5A). Their M3 and M4 isotopologues 

were always lower than their M1 and M2 isotopologues and remained rather affected over 

time. Overall, these fragments mirrored the CID of 2-oxoglutarate. Given the large biological 

variability and the weak isotopologue abundances observed, citrate fragments were 

discarded from the analysis. To evaluate the metabolic origin of the M1 isotopologue in 

succinate and glutamate fragments, a survey of carbon atom transitions was performed 

using as inputs U-13C-glucose (red circles), photorespiratory 13C-serine (blue circle), and their 

respective 12C-pools (white circles, M0 isotopologue) (Figure 5B). The contribution of PEPc 

and a first turn of the TCA cycle were considered for the biosynthesis of glutamate, succinate 

and malate. Interestingly, our analysis showed that the occurrence of M1 isotopologues was 

only explained by the commitment of photorespiratory 13C-serine to the TCA cycle (blue 

circles). Indeed, in the absence of 13CO2 refixed by the Calvin cycle, M1 and M3 

isotopologues for glutamate and succinate cannot be produced by the first turn of the TCA 

cycle (Figure S6). Overall, our results suggested that 13C from mitochondrial PDH and TCA 

cycle decarboxylations were reallocated to the TCA cycle by photorespiration and glycolysis 

in B. napus leaves. CID analysis for the Malate_3TMS_C1C4 fragment revealed a higher 

increase of M1 isotopologue compared to M2 isotopologue but also a significant increase of 

M3 isotopologue during the time course (Figure 5A). Here, the abundance of M2 

isotopologue was relatively similar in both malate and glutamate fragments. Thus, the higher 

level of M1 and M3 isotopologues in malate probably reflected the additional contribution 

of PEPc activity. A detailed analysis of M3 isotopologues showed that PEPc contributed to 

nearly 75% for the production of this isotopologue compared to 25% by the TCA cycle 

(Figure S7A). In the metabolic map, M1 isotopologue of malate could be produced by the 

fixation of H12CO3
- on photorespiratory-derived 13C backbones or the fixation of H13CO3

- on 
12C backbones. Here, leaf discs were in a 12CO2 atmosphere during the experiment and their 

photosynthetic activity would favour the decarboxylation of 12CO2 by photorespiration (GDC) 

Hence, the M1 isotopologue of malate also reflected the commitment of photorespiratory 
13C-serine (blue circles), as for glutamate and succinate (Figure 5B). 

 

 

 



 

Figure 5. Carbon isotopologue distribution for TCA cycle derived metabolites from B. napus 

leaf discs fed with 10 mM U-13C-glucose for up to 6 h under light conditions. (A) Carbon 

isotopologue distribution for alpha-alanine, pyruvate, citrate, succinate, glutamate and 

malate fragments. (B) Metabolic map of carbon transitions supporting our results (red circles 

= 13C atoms from U-13C-glucose, blue circles = 13C atoms from photorespiratory-derived 13C-

serine, white circles = 12C atoms). The metabolic map considered the contribution of glucose 

and photorespiratory-derived serine to the biosynthesis of glycolytic metabolites. For TCA 

cycle intermediates, we considered the contribution of PEPc and a first turn of the TCA cycle 

to the biosynthesis of glutamate, succinate and malate. The effect of the two factors 

(“isotopologue” (I) and “time” (T)) and their interactions (IxT) was assessed with a two-way 

ANOVA (ns: not significant; *, p-value<0.05; **, p-value<0.01; ***, p-value<0.001). When I 

and/or IxT effects were significant, statistical differences were assessed at each timepoint 

with a post-hoc Tukey HSD test (p-value < 0.05). Isotopologue groups that were significantly 

separated are indicated with different letters. The complete dataset in available in Table S2.  

 

 

 

 

 

 



3.6. Contribution of glycolysis and the pentose phosphate pathway to fuel the TCA cycle in 

the dark 

Analysis of CID in dark conditions revealed a dominant and significant increase of M2 

isotopologues compared to light conditions for the following fragments: 

Alphaalanine_2TMS_C2C3, Citrate_4TMS_C1C5, Glutamate_3TMS_C2C5 and 

Succinate_2TMS_C1C4 (Figures 5A, 6A). Since these M2 isotopologues can come from U-13C-

glucose catabolism (Figure S6), these results confirmed a major contribution of glycolysis to 

TCA cycle activity in the dark (Figure 2). Besides this, a significant increase of M1, M3 and M4 

isotopologues was also observed for all of these fragments. M3 and M4 isotopologues of 

glutamate and succinate fragments corresponded to the combined contribution of PEPc 13C-

refixation and the TCA cycle and showed higher levels in the dark than in the light (Figures 

5A, 6A, S6). These results suggested a higher rate for TCA cycle activity in the dark than in 

the light. Given the isotopic profile of serine in the dark (Figure 4C), a survey of carbon atom 

transitions was performed using as inputs U-13C-glucose (red circles), 13C-3PGA derived from 

pentose phosphate pathway enzymes (blue circle), and their respective 12C-pools (white 

circles, M0 isotopologue) (Figure 6B). The analysis showed that M1 isotopologues in 

glutamate and succinate fragments could be due to 13C-3PGA derived from pentose 

phosphate pathway enzymes. CID analysis for the Malate_3TMS_C1C4 fragment revealed a 

similar increase of M1, M2 and M3 isotopologues along the studied time course (no 

statistical differences between them) while the M4 isotopologue increased more slowly 

(Figure 6A). This pattern strongly differed from glutamate CID, notably for the M3 

isotopologue. Specific analysis of the M3 isotopologue suggested that PEPc activity had a 

higher contribution to this isotopologue in the dark compared to the TCA cycle (75% versus 

25%, Figure S7B). Similar to light conditions, PEPc activity in a 12CO2 atmosphere probably 

preferentially fixed 12C at the C4 position of malate. Thus, the M1 isotopologue of malate in 

dark conditions could reflect the commitment of 13C-PGA derived from pentose phosphate 

pathway enzymes (Figure 6B). Overall, these results highlighted the higher contribution of 

glycolysis to the TCA cycle in dark conditions compared to light conditions. The pentose 

phosphate pathway could also contribute to TCA cycle activity in the dark.  



 

Figure 6. Carbon isotopologue distribution for TCA cycle derived metabolites from B. napus 

leaf discs fed with 10 mM U-13C-glucose for up to 6 h under dark conditions. (A) Carbon 

isotopologue distribution for alpha-alanine, pyruvate, citrate, succinate, glutamate and 

malate fragments. (B) Metabolic map of carbon transitions supporting our results (red circles 

= 13C atoms from U-13C-glucose, blue circles = 13C atoms derived from pentose phosphate 

pathway enzymes, white circles = 12C atoms). The metabolic map considered the 

contribution of glucose and pentose phosphate pathway enzymes to the biosynthesis of 

glycolytic metabolites. For TCA cycle intermediates, we considered the contribution of PEPc 

and a first turn of the TCA cycle to the biosynthesis of glutamate, succinate and malate. The 

effect of the two factors (“isotopologue” (I) and “time” (T)) and their interactions (IxT) was 

assessed with a two-way ANOVA (ns: not significant; *, p-value<0.05; **, p-value<0.01; ***, 

p-value<0.001). When I and/or IxT effects were significant, statistical differences were 

assessed at each timepoint with a post-hoc Tukey HSD test (p-value < 0.05). Isotopologue 

groups that were significantly separated are indicated with different letters. The complete 

dataset in available in Table S2.  

 

 

 

 

 



4. Discussion 

Central carbon metabolism is an important target to consider for future crop improvement 

in a changing climate context [68]. Recent developments of 13C-based tracing and modelling 

approaches to study plant metabolism have paved the way for a better integration of 

metabolic regulations within complex plant primary metabolism networks [22, 69, 70]. That 

said, the use of targeted approaches with 13C-metabolic probes has been deployed only to a 

limited extent on crops. This experimental strategy could help identify the topology of 

carbon allocation processes within central metabolism of crop plant leaves as a function of 

fluctuating environmental conditions such as light availability. 

 

Here, we validated a leaf disc method and U-13C-glucose incorporation to decipher carbon 

allocation processes in source leaves of B. napus with respect to light versus dark. Overall, 

the introduction of glucose into leaf discs during a 6 h time course period did not impact net 

CO2 assimilation in the light and respiration in the dark (Figure 1). In other leaf disc 

experiments with Arabidopsis, incubations with different exogenous metabolites (sugars, 

glycolytic intermediates, organic acids and amino acids) at 10 mM concentrations in dark 

conditions did not significantly increase respiratory rates after 6 h, except for 3-PGA [71, 72]. 

Given that some of these compounds were highly accumulated in leaf discs only after 4 h 

[72], the physiological response of leaf discs to exogenous metabolites may require several 

hours to be effective. Indeed, glucose was not significantly accumulated after 4 h in [72], in 

agreement with our observations after 6 h (Figure 1). Non-aqueous fractionation 

experiments using Arabidopsis showed that nearly 60% of glucose was located to the 

vacuole [18, 73, 74]. Again, in source leaves of tomato, up to 90% of glucose was found in 

the vacuole [75]. A recent 13C-metabolic flux analysis showed that vacuolar sugar pools are 

largely inactive in light conditions. Thus, a large amount of metabolically inactive glucose in 

our experiment could restrict U-13C-glucose uptake and could also dilute the measurement 

of U-13C-glucose taken up by leaf discs [76]. As a consequence, 13C-enrichment for glucose 

could be lower than for other metabolites. Here, mean 13C-enrichment for glucose and 

fructose, the metabolic precursors of sucrose, was relatively low compared to sucrose. Thus, 

the presence of a large amount of metabolically inactive glucose contributed to maintain 

glucose levels at physiological concentrations during the kinetic time course.  

Overall, the experimental setup proposed allowed us to investigate the response of central 

carbon metabolism of B. napus leaves to light availability in physiologically reliable 

conditions. At similar 13C-enrichments for glucose, fructose and sucrose in light and dark 

conditions, a reduced commitment of 13C carbons towards pyruvate was observed in the 

light combined with a reduced TCA cycle activity, as judged by the differences of mean 13C 

enrichments in TCA cycle intermediates between light and dark conditions (Figures 2, 4, 6). 

Previous studies suggested that some thioredoxins (TRX) are involved in the inhibition of TCA 

cycle activity in the light in Arabidopsis [29, 33, 37]. However, the regulation mediated by 

TRXo1 and TRXh2 was independent from light conditions and its associated glycolytic 

regulation [41]. Recently, two mitochondrial phosphatases were identified as key regulators 

of some TCA cycle enzyme activities [37]. However, a comparison between U-13C-pyruvate 



and U-13C-glucose labelling suggested that they acted independently of glycolysis. Therefore, 

a reduced glycolytic flux in the light when compared to the dark could actively participate to 

the observed lower TCA cycle activity in the light. Three pyruvate-supplying pathways 

sustaining respiratory metabolism have been identified: The transport of pyruvate, the 

transport of alanine and the transport malate (derived from PEP) [30, 31, 77]. When one of 

the transport pathways was blocked, the activity of the remaining pathways maintained 

mitochondrial TCA cycle activity. Thus, suggesting that the restriction of TCA cycle activity in 

the light would require all three pathways to be down-regulated. Here, we observed a 

significant reduction of 13C-enrichments in pyruvate, alanine and malate under light 

conditions compared to dark conditions. These results confirmed that glycolysis strongly 

controlled the availability of these respiratory substrates for TCA cycle activity. In previous 

experiments with B. napus leaf discs, incorporation of U-13C-pyruvate did not identify a 

significant reduction of mean 13C-enrichment in TCA cycle intermediates [42]. In other 

words, bypassing glycolysis in B. napus leaf discs completely suppressed the inhibition of TCA 

cycle activity in the light. Therefore, our 13C-labelling experiments showed that glycolysis was 

the major pathway regulating TCA cycle inhibition in the light in B. napus source leaves 

(Figure 7). 

 

 

Figure 7. Proposed flux modes in B. napus source leaves during U-13C-glucose incorporation 

in light and dark conditions. (A) Light and (B) dark conditions. Glycolysis is inhibited in the 

light and constrains TCA cycle activity by restricting the availability of major respiratory 

substrates. Mitochondrial decarboxylations (TCA cycle and PDH) rather than from the G6P 

shunt are actively assimilated by photosynthesis, leading to the reallocation of some 

photorespiratory carbon backbones towards the TCA cycle. Both glycolysis and the pentose 

phosphate pathway could be involved in the biosynthesis of serine in the dark and in the TCA 

cycle activity in the dark. Thicker arrows correspond to higher metabolic fluxes. 

 



By combining CID measurements and analysis of carbon transitions in plant metabolic 

networks, we provided isotopic evidence for the light/dark modulation of serine biosynthesis 

pathways (Figure 4). Notably, our results supported the reassimilation of 13C-labelled 

decarboxylations by the Calvin cycle rather than a direct contribution from U-13C-glucose. A 

recent U-13C-glucose incorporation in Arabidopsis also identified 13C-redistribution towards 

serine, but isotopic data did not confirm or rule out the contribution of the G6P shunt [78]. 

Here, M2 isotopologue for Serine_3TMS fragments remained weakly labelled or unlabelled 

during the time course. If ribulose-5-phosphate, the product of the G6P shunt, was 

committed to the Calvin cycle, then a significant increase would be expected for this 

labelling pattern [66]. Thus, the observed labelling pattern could have reflected the specific 

use of plastidial G6P for this shunt. The transport of G6P into plastids is essential for the G6P 

shunt in non-photosynthetic tissues [79, 80]. Plastidial G6P dehydrogenases can retain a 

significant activity in illuminated leaves to allow flux through the G6P shunt [67]. Here, the 

presence of an important photosynthetic activity (Figure 1) in a 12CO2 atmosphere is 

expected to produce poorly 13C-labelled plastidial G6P in the light, even when considering 

the reassimilation of 13C-labelled decarboxylations. However, a recent 13C-MFA proposed 

that this shunt operated with cytosolic G6P and partially used 12C-sugars from the vacuole 

[28]. Another explanation for the low presence of M2 isotopologue Serine_3TMS fragments 

could be the weak flux of the G6P shunt compared to RuBiSCO activities: 20-fold lower for 

carboxylation, 8-fold lower for oxygenation [16, 28]. Nevertheless, decarboxylations from 

the G6P shunt can represent up to 90% of decarboxylations in the light compared to only 

10% for TCA cycle enzymes [28]. In others words, the G6P shunt could still contribute to the 
13C-labelling of serine in the light (M1 isotopologue) through the production of 13CO2. In fact, 

a metabolic flux analysis (MFA) showed that mitochondrial TCA cycle enzymes, the G6P 

shunt and plastidial PDH are the major contributors of CO2 production in plant cell cultures 

[81]. However, two 13C-MFA showed that plastidial PDH had a negligible flux compared to 

mitochondrial PDH in illuminated leaves [16, 23]. In previous experiments, we observed the 

appearance of the same labelling pattern at equivalent speeds and isotopic enrichments for 

glycine and serine when performing U-13C-pyruvate incorporations [42]. Given that 

gluconeogenesis is not observed with U-13C-pyruvate, the contribution of the G6P shunt to 

the 13C-labelling of serine during U-13C-glucose incorporation in the light can be questioned. 

Overall, our results provided additional isotopic evidences for the reassimilation of 

mitochondrial decarboxylations from PDH and the TCA cycle by the Calvin cycle, leading to a 

rapid labelling of photorespiratory intermediates (Figure 7A). So, the reassimilation of 

respiratory CO2 could have an important contribution to the final plant net carbon balance 

under environmental conditions affecting stomatal aperture [15].Indeed, most of the 

synthetic biochemical bypasses for photorespiration are based on the reassimilation of CO2 

produced from chloroplast glycolate catabolism [82, 83]. The use of 13C-metabolic probes (U-
13C-glucose, U-13C-pyruvate) to evaluate the reassimilation of CO2 respiratory losses will be 

highly relevant for future crop improvement.  

Regarding serine biosynthesis in the dark, we identified the contribution of glycolysis-derived 

pathways for the production of M2 isotopologues (Figure 4). Since multiple steps of 

glycolysis can work both in the cytosol and in plastids, both the plastidial phosphorylated 



serine pathway and the cytosolic glycerate pathway could be involved [65, 84, 85]. 

Arabidopsis mutant analysis for the phosphorylated serine pathway confirmed its 

preponderant role for serine biosynthesis in non-photorespiratory conditions and in non-

photosynthetic tissues [86-89]. However, the importance of the glycerate pathway has not 

yet been studied in detail, notably for dark conditions in C3 plants [90].  Thus, the specific 

contribution of each pathway will strongly depend on the transport of 13C-labelled glycolytic 

intermediates between cytosol and plastids. Here, the occurrence of M1 isotopologue of 

serine fragments in the dark suggests the contribution of pentose phosphate pathway 

enzymes using both 13C and 12C-labelled sugar pools (Figure 4C). Since both photosynthesis 

and photorespiration are not active in the dark, it is likely that the direct contribution of U-
13C-glucose to the activity of the pentose phosphate pathway was more pronounced and 

easily visible on serine fragments compared to light conditions. Total G6P dehydrogenase 

activity is much higher in leaves subjected to dark conditions compared to light conditions 

[67]. However, the activation of starch degradation in the dark could also produce 12C-

glucose for this pathway. The plants used here received 4 h of light before the beginning of 

the kinetic time course, which could produce a substantial amount of starch to remobilize. 

The transport of 13C-labelled G6P from cytosol to plastids needs to be tested in the dark to 

further validate the pentose phosphate pathway hypothesis. The rate of this transport will 

also help to separate the respective contribution of the phosphorylated serine pathway and 

the glycerate pathway to serine biosynthesis (Figure 7B). The other hypothesis to explain the 

presence of M1 isotopologue of serine fragments in the dark could be the activation of 

gluconeogenesis. H13CO3
- labelling experiments in dark conditions showed that 

gluconeogenesis could operate from TCA cycle intermediates, leading to the labelling of 

carbon atoms 3 and 4 of glucose [34, 39]. However, only the M4 isotopologue of 

Glucose_MEOX5TMS_C3C6 fragment increased in the dark. Thus, gluconeogenesis from TCA 

cycle intermediates was either inactive or negligible during the labelling time course. 

Our results also showed that 13C-labelled carbon backbones from photorespiratory 

intermediates were actively committed to the TCA cycle in the light, producing the M1 

isotopologue in both Glutamate_3TMS_C2C5 and Succinate_2TMS_C1C4 fragments (Figure 

5). Since such 13C-labelled photorespiratory intermediates appeared to come from 

mitochondrial decarboxylations, our results provide isotopic evidences for an active 

metabolic connection between the TCA cycle, glycolysis and photorespiration in the light 

(Figure 7A). Previous isotopic studies confirmed that photorespiratory glycine was more 

committed to organic acid biosynthesis, possibly via glycolysis and the TCA cycle, rather than 

to gluconeogenesis[62, 78]. Recently, an important molecular connection between 

chloroplasts and mitochondria has been shown in Arabidopsis and supported their physical 

interaction in vivo [91]. Multiple glycolytic enzymes (phosphoglycerate mutase, enolase, 

pyruvate kinase) can form a glycolytic complex in vivo (metabolon) with a chloroplast triose 

phosphate translocator and a mitochondrial voltage-dependent anion channel [91]. This 

could facilitate an efficient substrate channelling of 3-PGA and 2-PGA towards pyruvate. 

Since photorespiratory 3-PGA is produced in chloroplasts [92], the functioning of this 

metabolon could contribute to the production of M1 isotopologue of succinate and 

glutamate fragments in our study. Overall, our 13C-labelling experiments strongly support 



active metabolic interactions between chloroplastic and mitochondrial metabolisms in the 

light (Figure 7A). 

5. Conclusions 

In this study, the effect of light and dark on central carbon metabolism was studied in B. 

napus source leaf discs using gas-exchange measurements and U-13C-glucose incorporation. 

Overall, our results suggested that: i) Leaf discs are a relevant material to explore short-term 

changes in plant metabolism; ii) glycolysis is the major pathway involved in the inhibition of 

the TCA cycle in the light by controlling the availability of respiratory substrates, iii) 

mitochondrial decarboxylations from PDH and the TCA cycle are actively reintroduced back 

into the TCA cycle by the concerted action of photosynthesis, photorespiration and 

glycolysis. As recently shown with the glycolytic metabolon linking chloroplasts to 

mitochondria for rapid channelling of 3-PGA [91], the metabolic connections between 

chloroplasts, mitochondria and peroxisomes appear to be an important gap to be filled in 

the future.  
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