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Plant sulphur metabolism is stimulated
by photorespiration
Cyril Abadie1,2 & Guillaume Tcherkez 1*

Intense efforts have been devoted to describe the biochemical pathway of plant sulphur (S)

assimilation from sulphate. However, essential information on metabolic regulation of S

assimilation is still lacking, such as possible interactions between S assimilation, photo-

synthesis and photorespiration. In particular, does S assimilation scale with photosynthesis

thus ensuring sufficient S provision for amino acids synthesis? This lack of knowledge is

problematic because optimization of photosynthesis is a common target of crop breeding and

furthermore, photosynthesis is stimulated by the inexorable increase in atmospheric CO2.

Here, we used high-resolution 33S and 13C tracing technology with NMR and LC-MS to

access direct measurement of metabolic fluxes in S assimilation, when photosynthesis and

photorespiration are varied via the gaseous composition of the atmosphere (CO2, O2). We

show that S assimilation is stimulated by photorespiratory metabolism and therefore, large

photosynthetic fluxes appear to be detrimental to plant cell sulphur nutrition.
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Sulfur is a crucial microelement for plant nutrition, required
by the biosynthesis of sulfolipids, antioxidants, cofactors,
secondary metabolites, and amino acids that are strictly or

conditionally essential for human nutrition (cysteine and
methionine)1,2. Also, grain S content is essential to form protein
disulfide bridges and dictates flour processing properties (such as
dough extensibility) in bread, pasta or biscuit industry3. Sulfur
fertilization of crops represents a demand of ≈15Mt S and an
expenditure of ≈$25B each year globally4. It is often assumed that
S assimilation positively correlates with photosynthesis, because
sulfate incorporation is stimulated by sugars in plant roots5 and
inhibited under non-physiological conditions where CO2 is
omitted from the atmosphere (CO2-free air)6. Nevertheless, the
relationship with photosynthesis has never been tested experi-
mentally and thus it is presently uncertain as to whether S
assimilation can be impacted by environmental conditions that
affect photosynthetic metabolism.

As mentioned above, solving the question of a possible corre-
lation between photosynthesis and S metabolism in the long term
is critically important because CO2 mole fraction in Earth’s
atmosphere inexorably increases and favours plant photosynth-
esis, and also current metabolic engineering aims to increase
photosynthesis by suppressing photorespiration7,8. In the past 20
years, it has been found that plants cultivated in a CO2-enriched
atmosphere contain less elemental S9–13 including in grains,
thereby affecting flour quality14,15. Accordingly, cultivation under
CO2-enriched conditions has been found to alter the content in S-
containing antioxidant (glutathione)16,17. Therefore, present
atmospheric changes (probable CO2 doubling by 2100) seem to
be detrimental to S metabolism. This problem may worsen in the
near future because of limited available S in the environment, due
to decreased pollution-driven SO2 emissions and lower utilization
of S-containing fertilisers (such as superphosphate). However,
possible mechanisms explaining the lower S content when plants
are grown at high CO2 have not been studied.

The question of a possible correlation between photosynthesis
and S assimilation in the short term is also important since in the
field, photosynthesis can vary considerably depending on
environmental conditions, and thus plant S nutrition could be
affected accordingly. Furthermore, S metabolism is involved in
electron consumption and redox metabolism in illuminated
leaves and thus can affect leaf photosynthetic capacity18. In
principle, changes in S metabolism when photosynthesis varies
could stem from metabolic interactions with photorespiration.
The key enzymatic activity of photorespiratory metabolism is the
conversion of glycine to serine (Fig. 1). In this biochemically
complicated reaction, a glycine molecule is cleaved thereby lib-
erating CO2 and ammonium NHþ

4

� �
, and a one-carbon unit is

fixed onto another glycine molecule to form serine. This reaction
involves tetrahydrofolate (H4F) as a cofactor to transfer the one-
carbon unit19. One-carbon (C1) metabolism is thus directly
involved in photorespiration (due to H4F requirement) and this
is visible in, e.g., mutants affected in formyl tetrahydrofolate
deformylase (which regenerates H4F) that have growth defects
and accumulate glycine to very high levels under photo-
respiratory conditions20. Also, C1 metabolism is essential not
only for photorespiration but also for many one-carbon requir-
ing reactions of metabolism, including methionine synthesis21.
The involvement of N-containing compounds (ammonium,
glycine, serine) in photorespiration explains why photorespira-
tion is intimately linked to enzyme activities of N assimilation
and how it may stimulate nitrate reduction22,23. There is no such
direct relationship with sulfur but presumably, photorespiration
may stimulate S assimilation because serine and one-carbon
units are the building blocks used to synthesize S-containing
amino acids methionine and cysteine (Fig. 1). Previous

experiments with glycine leaf feeding in the dark or manipula-
tion of glutathione synthesis (via enzyme overexpression) have
suggested that glycine provision by photorespiration might be of
importance for glutathione synthesis and thus S metabolism24,25.
Also, under salt stress, the increase in glutathione content has
been proposed to be due to augmented photorespiration rates,
which increase metabolic availability in glycine and serine26.
Furthermore, the provision in redox power (in the form of
NADH or via the malate valve, for nitrate and sulfate reduction),
and aspartate (for methionine synthesis) may in principle benefit
from photorespiration27,28. When photorespiration is low, N and
S assimilation is believed to be downregulated in leaves because
there is an increase in nitrate reduction in roots resulting in a
generally lower N/C ratio in leaves and higher xylem transport of
organic N from roots to shoots29 and furthermore, C3−C4

Flaveria interspecies grafts suggested that in C4 plants (where
photorespiration is suppressed), glutathione is preferentially
synthesized in roots30. Conversely, the response to S-deficiency
includes an increase in photorespiratory transcripts and meta-
bolites31 and an increase in the photosynthetic CO2 compensa-
tion point32, suggesting that photorespiration participates in S
homeostasis.

Still, there is presently no answer to the question of short-term
metabolic interactions between photorespiration and S assimila-
tion33. Here, we used a low S-demanding C3 crop, sunflower, and
isotopic methods to probe directly the response of the S assim-
ilation flux from sulfate to cysteine and methionine, in vivo.
Leaves from plants cultivated in S-sufficient conditions were
labelled with both 13CO2 and 33S-sulfate under controlled atmo-
spheric O2:CO2 environment, including situations that favour or
disfavour photorespiration compared to ambient conditions. Here,
we used the 33S isotope to allow simultaneous analysis by nuclear
magnetic resonance (NMR) and mass spectrometry (34S is not
visible using NMR and 35S is radioactive). We took advantage of
quantitative 33S-NMR to measure precisely the amount of sulfur
incorporated, high-resolution liquid chromatography/mass spec-
trometry (LC-MS) to determine populations of isotopic species
(isotopologues), and gas chromatography/mass spectrometry
(GC-MS) for metabolic profiling. Because of the relatively low
cysteine and methionine amount in leaves, the modest sensitivity
of 33S-NMR analyses and also the fact that sulfur assimilation
represents a small metabolic flux (about 0.01 µmol m−2 s−1, that
is, between 0.05 and 0.1% of photosynthesis), analyses required a
considerable acquisition time, representing a total of nearly 3000 h
for isotopic measurements.

Results
13C enrichment in methionine, cysteine and their precursors.
We found that leaf cysteine inherited carbon atoms derived from
photosynthesis as shown by the clear 13C-enrichment regardless
of gas-exchange conditions, including at low photorespiration
(inlet air at 0% O2) (Fig. 2a). Methionine was much less 13C-
labelled (a few %) when all C-atoms are averaged. However, LC-
MS analyses with fragmentation showed that the intramolecular
isotopic distribution was highly heterogeneous, with a strong 13C
enrichment in the methyl group and very little 13C in other
C-atoms (Fig. 2a, Supplementary Fig. 1). Such a pattern suggests a
higher turnover of the methyl group (demethylation to homo-
cysteine, and methionine resynthesis) and is typical of photo-
respiration, which leads to the production of highly 13C-enriched
glycine, serine and thus one-carbon units. In fact, the isotopic
enrichment in serine and the methyl group of methionine varied
rather similarly (Fig. 2a–b). Also, the 13C-enrichment in the pool
of metabolically active glycine and one-carbon units was always
very high (≥80%; Supplementary Figure 2A-B) while the
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precursor of non-methyl C-atoms of methionine, aspartate, was
never 13C-enriched above 18% and hardly 13C-enriched when
photorespiration was suppressed under N2 (0% O2) as a back-
ground gas (Fig. 2b).

33S enrichment in methionine, cysteine and sulfate. S reduction
and assimilation appeared to be tightly coupled to the utilization
of C-atoms to form cysteine, since the 33S-enrichment in cysteine
strictly followed the 13C-enrichment (Fig. 2d). The 33S-
enrichment in methionine was always found to be small
(because of the isotopic dilution in pre-existing leaf methionine
pool) and decreased at low photorespiration. Measurements of
the 33S absolute content clearly showed that at high photo-
respiration (low CO2 or high O2), there was a significant increase
in 33S-methionine and 33S-cysteine content (Fig. 2e). These var-
iations were not due to changes in source sulfate, the % 33S of
which remained constant (Fig. 2d). Similarly, variations in % 13C
were not due to changes in the availability of source 13C since
photosynthesis showed a pattern almost opposite to that in
cysteine, with higher 13C assimilation under high CO2:O2 con-
ditions (Fig. 2f).

Relationship with photorespiration. The S isotope signature
(absolute 33S content and % 33S) was then used to compute the
sulfur assimilation flux (i.e., sulfate reduction and synthesis of
cysteine). There was a very clear linear positive relationship
between the relative photorespiration rate (vo/vc) and sulfur
assimilation and a negative linear relationship between sulfur
assimilation and photosynthesis (Fig. 3). The 13C enrichment and
isotopomer populations in glycine, serine (Supplementary Fig. 2)
were used to calculate de novo cysteine synthesis and results were
virtually identical to those obtained with 33S, that is, with a higher
flux at high photorespiration (Supplementary Fig. 3). Con-
sistently, the simultaneous increase in the turn-over of one-
carbon units and sulfur assimilation led to a higher content in

doubly labelled methionine (that is, [33S,13Cmethyl]-methionine) at
high photorespiration. Also, the probability of finding 33S-
molecules amongst the population of 13C-labelled cysteine and
methionine molecules was significantly lower at low photo-
respiration (Supplementary Fig. 3).

Discussion
Altogether, our data clearly show that in the short term, sulfur
assimilation from sulfate and de novo cysteine and methionine
synthesis respond positively to the O2:CO2 ratio of the environ-
ment and thus to photorespiratory activity. It is also possible that
at very low O2 (inlet air at 0% O2), the small flux to S assimilation
is explained not only by low photorespiration but also the
downregulation of the aspartate pathway of amino acid synthesis
(and thus methionine production) under hypoxic conditions34,35.
A stimulating effect of photorespiration has also been found on N
assimilation, with less nitrate reduction at high CO2

22,23 and
higher de novo glutamate synthesis as photorespiration increa-
ses36. In the case of nitrogen, this effect is partly driven by the
increased demand in glutamate to sustain photorespiratory
metabolism due to both the direct involvement of 2-oxoglutarate/
glutamate cycling and the slight incompleteness of glycine-to-
serine production, which must be compensated for by an
increased N assimilation37. By contrast, sulfur metabolism is not
part of the photorespiratory cycle and thus the stimulating effect
of photorespiration must be due to other mechanisms. Since our
experiments demonstrate an effect in the short term, it is unlikely
that drastic changes in transcriptional activity and therefore in
enzyme quantities (such as methionine synthase or cysteine
synthase complex) are involved—although we recognize that the
transcription of genes encoding adenosine 5′‐phosphosulfate
reductase (APR) can vary significantly within 2 h, as shown for
the dark-to-light transition38. Rather, rapid metabolic effects
must cause the stimulation of sulfur assimilation by photo-
respiratory conditions. High photorespiration leads to an
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increased availability in cysteine precursor, serine. In addition,
5,10-methylene tetrahydrofolate formed by photorespiratory
metabolism is more easily interconvertible to 5-methyl tetra-
hydrofolate because photorespiration generates NADH in the
mitochondria, thereby facilitating methionine synthesis21. Pho-
torespiration is also associated with antioxidant metabolism and
in fact, glutathione tended to be less abundant under oxygen-
depleted atmospheres (Supplementary Fig. 4). Thus, S assimila-
tion was stimulated by both supply and demand when photo-
respiration increased. There is a strict requirement in
photosynthetic carbon fixation for S to be assimilated, as sug-
gested by experiments in a CO2-free atmosphere6. Here, we found
that most 33S-labelled molecules were effectively 13C-labelled
(Supplementary Fig. 3). However, the metabolic commitment to S
assimilation was finely regulated as photosynthesis varied (Fig. 3)
and metabolic effectors certainly played a role. O-acetyl-serine
(OAS), cysteine and glucose are recognized effectors under S-
deficiency39. Here, high photorespiration was associated with a
significant increase in leaf glucose-to-sucrose ratio and a decrease
in OAS content (while intermediates of methionine synthesis,
homoserine and cystathionine, did not change significantly)
(Supplementary Fig. 4). This situation is typical of increased
cysteine synthesis and limiting OAS provision, with a stimulation
of OAS-thiol lyase and inhibition of S-acetyl transferase40. The
balance between glutathione and cysteine have also been sug-
gested to play a role in the expression of sulfate transporters41,
but here, changes in cysteine or glutathione are insignificant
(cysteine) or small (glutathione) (Supplementary Fig. 4). Photo-
respiration also involves H2O2 as a byproduct, which has been
found to stimulate both chloroplastic cysteine synthesis and
sulfate reduction by APR42.

Of particular significance is the lower 13C and 33S content in
cysteine (Fig. 2a, d) and a slightly below-the-line flux of S
assimilation at high CO2 (arrow, Fig. 3). Accordingly, leaves
were generally less rich in methionine and associated metabo-
lites (homoserine, cystathionine) at high CO2 (Supplementary
Fig. 4). This depressing effect of high CO2 seen here in the short
term may also be relevant when plants are grown under high
CO2 conditions, since CO2-enrichment is generally detrimental
to S content in tissues11, including in trees17. Also, in the long
term, high CO2 is associated with a decrease in expression of
genes encoding proteins involved in S acquisition such as sul-
fate transporters, and enzymes of glutathione metabolism43. Of
course, in the field, this effect must be modulated by soil S
content as well as N and water availability. In particular,
drought conditions lead to low CO2 conditions (because low
stomatal conductance reduces internal CO2 mole fraction) and
promote photorespiration. If the stimulating effect of photo-
respiration we see here also applies during drought conditions,
it should be associated with an increased S assimilation18. In
fact, an increase in methionine content has been found
in water-stressed leaves44 and it correlates to drought tolerance
in wheat45. Our results also raise the question of whether S
assimilation could be linked to the photosynthetic metabolic
type (C3, C4) since it directly impacts on photorespiration
activity. Can the beneficial effect of photorespiration on S
assimilation contribute to explaining photorespiration persis-
tence in the C3 lineage? In fact, despite its negative impact on
plant carbon balance, photorespiration has not been eliminated
during plant evolution, except in species that contain a carbon-
concentrating mechanism such as C4 plants. While the histo-
logical location of S-assimilating enzymes in C4 plants is rather
controversial46,47, recent data on transcript levels of genes
encoding for APR suggest that the flux of S assimilation is
actually higher in C4 species compared with their C3 relatives.
This might be due to the higher demand in reduced S caused by

recurring oxidative stress in dry and warm habitats where C4

plants grow naturally48.
Taken as a whole, in illuminated leaves, the S assimilation flux

appears to be dictated by metabolic fluxes in photosynthesis and
photorespiration, which are directly determined by the gaseous
composition of the atmosphere. The metabolic interaction we
described here has consequences for plant physiology since
drought and high temperature are common situations that may
happen in the field and impact on atmospheric and/or inter-
cellular gaseous composition (O2:CO2 ratio). Also, the interaction
between photorespiration and sulfur metabolism opens the
questions of whether S-assimilation has to be examined more
closely in plants where photorespiration is manipulated by
molecular engineering7,8, or whether changes in S-fertilization
practices have to be anticipated due to future Earth’s atmosphere
composition.

Methods
Plant material. Sunflower seeds (Helianthus annuus, var. XRQ) were sown in
potting mix and after 14 days, plantlets were transferred to 15 L pots filled with
Martins potting mix (made of coir, sand, composted bark fines, and a fertiliser
mixture containing gypsum, superphosphate, iron sulfate and Magrimax®) at
0.21% S (i.e., 6.3 g SO4

2– kg−1). That way, plants had a sufficient available sulfate
content to grow. On average, mature leaves used in this work contained 2.9 mmol
m−2 free SO4

2–. Plants were grown in the greenhouse under 24/18 °C, 60/55%
relative humidity, 16/8 h photoperiod (day/night), with natural light supplemented
by Lucagrow 400W sodium lamps (JB Lighting, Cheltenham, Australia). Plants
were watered every 2 days supplemented once a week with 1.5 g L−1 nutrient
solution Peters® Professional Pot Plant Special (Everris, Netherlands) with a N/
P2O5/K2O composition of 15/11/29 (and a nitrogen balance nitrate/ammonium/
urea of 8.6/2.0/4.4) and trace elements, but not containing sulfur. Plants were used
for experiments 50 d after sowing (DAS), thus 36 d after transfer to experimental
soil conditions. We used leaves of rank 5 to 7, which are the mature source leaves
with maximum photosynthetic capacity at this developmental stage.

Gas exchange and sampling. Plants used for gas-exchange and labelling were
taken from the glasshouse at fixed time (4 h after the onset of light) so as to avoid
potential diel cycle effects. Gas-exchange under controlled O2/CO2 conditions was
performed in a chamber coupled to the LI-COR 6400-XT (LI-COR Biosciences,
USA) and having soft walls allowing instant sampling by liquid nitrogen spraying,
as described previously36. The leaf chamber was adapted to individual leaves with a
surface area of about 100 cm2. Light was supplied by an LED panel RGBW-L084
(Walz, Germany). Gas-exchange conditions were: 400 µmol m−2 s−1 photo-
synthetically active radiation (PAR), 80% relative humidity, gas flow 35 L h−1, and
21–23 °C air temperature. Isotopic labelling was performed using 13CO2 (Sigma-
Aldrich, 99% 13C) and 33S-suphate (Sigma-Aldrich, 98% 33S; fed via the petiole) for
2 h after 1 h of photosynthetic induction to reach the photosynthetic steady-state.
For all O2/CO2 conditions, two series of experiments were done: with 13CO2+
33SO4

2−, and with natural CO2 and sulfate. Performing experiments with natural
compounds was strictly required for calculations of isotopic enrichment using
NMR data. The five O2/CO2 conditions presented here are (%/µmol mol−1,
ordered by increasing carboxylation-to-oxygenation ratio): 100/380, 21/140, 21/
380, 21/800, 2/380 and 0/380. In a separate experiment, leaves were labelled with
13C-5-methionine (99% 13C on the methyl group) instead of 13CO2 and 33S-sulfate,
in order to examine methionine redistribution, that is, to check whether methio-
nine utilization (to proteins, secondary metabolites, etc.) was small within 2 h in
the light. Results are shown in Supplementary Fig. 5. For all 13CO2/33S-sulfate
experiments, seven biological replicates (experiments done twice with n= 4 and
n= 3, here pooled together in graphs) were done for each gaseous O2/CO2 con-
dition. For 13C-methionine labelling (Supplementary Fig. 5B-C), n= 3 biological
replicates were done for each gaseous O2/CO2 condition.

NMR isotopic analyses. Samples were extracted with perchloric acid in liquid
nitrogen. Briefly, the sample was ground with 900 µL perchloric acid 70% and
500 µL maleic acid 0.5 M (i.e. a total of 125 µmol per sample, used as an internal
standard). The powder was poured in a 50-mL centrifuge tube and then 10 mL
MilliQ water were added. After centrifugation (15,000 × g, 15 min), the pellet was
re-extracted with 3 mL perchloric acid 2% and centrifuged. The two supernatants
were combined, the pH was adjusted to 5 with potassium hydroxide, a 10 µL
aliquot was collected for LC-MS analysis and the sample was frozen-dried. The
frozen-dried extract was resuspended in 1.6 mL MilliQ water and centrifuged, and
the pH was adjusted to 7. For 13C-NMR (13C-methionine labelling experiment),
the sample was mixed with D2O and analysed. For 33S-NMR (sulfate labelling
experiment), the sample was oxidized first. To do so, 600 µL of the sample was
mixed with 650 µL H2O2 (30% v-v) with 0.5 mg of methyltrioxorhenium VII as the
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catalyst. This step oxidized quantitatively methionine to methionine sulfone and
cysteine to cysteic acid. Oxidized forms of methionine and cysteine are much more
easily visible by 33S NMR than methionine and cysteine themselves. After 3 h at
ambient temperature, the sample was vacuum-dried to remove excess H2O2 and
MTO (which volatilizes under vacuum). The dry extract was then resuspended in
550 µL phosphate buffer (pH 7) and 50 µL D2O was added. 25 µmol taurine (100 µL
at 0.25M) was added (internal standard for 33S-NMR). The sample was vortexed,
and poured in a 5-mm NMR tube (Z107373, Bruker Biospin). 33S-NMR analyses
were performed at 298 K (25 °C) without tube spinning, using a standard pulse
program (zg) with 90° pulses for 33S (15 µs). Acquisition parameters were: 0.09 s
acquisition time, 12.8 k size of FID, and a relaxation delay (D1) of 10 ms.
300,000 scans were done, representing about 12 h analysis per sample. Since the
responses of the S atoms at different chemical shifts were not perfectly identical,
calibration curves were done with known concentrations of standard metabolites
(methionine sulfone, cysteic acid, sulfate). Signals obtained by NMR were decon-
voluted as Lorentzian curves to calculate 33S amounts. 13C-NMR analyzes were
performed at 298 K (25 °C) without tube spinning, using an inverse-gated pulse
program (zgig) with 90° pulses for 13C (10 µs). Acquisition parameters were: 1.3 s
acquisition time, 114 k size of FID, and a relaxation delay (D1) of 15 s. 2600 scans
were done, representing about 10 h analysis per sample.

LC-MS isotopic analyses. Liquid chromatography was performed after Abadie
et al.49. MS analysis was operated in positive polarity using two different runs: in
the full MS scan mode first (for molecular average isotopic enrichments) and then
in the AIF mode (All Ion Fragmentation; for positional isotopic enrichment in
methionine) with an HCD (Higher energy Collision-induced Dissociation) set at
35% (mass scan range 50–750 m/z). The following source settings were used for
both scan modes: source voltage 3500 V, resolution 70,000, AGC target 1·106, mass
scan range 60–600 m/z, sheath gas 40, auxiliary gas 10, sweep gas 1.5, probe
temperature 300 °C, capillary temperature 250 °C and S-lens RF level 50. Equations
associated with the calculation of isotopic enrichment are provided in Supple-
mentary Notes 1.

Metabolomics. GC-MS analyses were carried out as in ref. 50, using gas chro-
matography coupled to mass spectrometry (GC-MS), via methanol:water extrac-
tion followed by derivatization with methoxylamine and N-methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA) in pyridine. Data were extracted using
the online processing software Metabolome Express.

Flux calculations. 33S, 13C isotopic data (absolute contents in mmol m−2 and %)
were used to compute the flux of leaf sulfate reduction, in µmol m−2 s−1. Equations
used and model description are provided in Supplementary Notes 2 and 3.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in this published article in
figures (and its supplementary information files), or are available from the corresponding
author on reasonable request. Metabolomics data are available on the public Metabolome
Express server (www.metabolome-express.org), with the accession reference
33SCOMPLET. The source data underlying Figs. 2 and 3 are shown in Supplementary
Data 1.

Received: 25 July 2019; Accepted: 16 September 2019;

References
1. Hawkesford, M. J. & De Kok, L. J. Managing sulphur metabolism in plants.

Plant, Cell Environ. 29, 382–395 (2006).
2. Stipanuk, M. H. Sulfur amino acid metabolism: pathways for production and

removal of homocysteine and cysteine. Annu. Rev. Nutr. 24, 539–577 (2004).
3. Zhao, F. J., Hawkesford, M. J. & McGrath, S. P. Sulphur assimilation and its

effects on yield and quality of wheat. J. Cereal Sci. 30, 1–17 (1999).
4. Messick, D., Fan, M. & De Brey, C. Global sulfur requirement and sulfur

fertilizers. FAL—Agric Res 283, 97–104 (2005).
5. Brunold, C. et al. Effect of glucose on assimilatory sulphate reduction in

Arabidopsis thaliana roots. J. Exp. Bot. 54, 1701–1709 (2003).
6. Kopriva, S. et al. Interaction of sulfate assimilation with carbon and nitrogen

metabolism in Lemna minor. Plant Physiol. 130, 1406–1413 (2002).
7. Kebeish, R. et al. Chloroplastic photorespiratory bypass increases

photosynthesis and biomass production in Arabidopsis thaliana. Nat.
Biotechnol. 25, 593–601 (2007).

8. South, P. F., Cavanagh, A. P., Liu, H. W. & Ort, D. R. Synthetic glycolate
metabolism pathways stimulate crop growth and productivity in the field.
Science 363, eaat9077 (2019).

9. Jia, Y. et al. Effects of elevated CO2 on growth, photosynthesis, elemental
composition, antioxidant level, and phytochelatin concentration in Lolium
mutiforum and Lolium perenne under Cd stress. J. Hazard. Mater. 180,
384–394 (2010).

10. Loladze, I. Rising atmospheric CO2 and human nutrition: toward globally
imbalanced plant stoichiometry? Trends Ecol. Evolution 17, 457–461 (2002).

11. Loladze, I. Hidden shift of the ionome of plants exposed to elevated CO2

depletes minerals at the base of human nutrition. eLife 3, e02245 (2014).
12. Peñuelas, J. & Matamala, R. Changes in N and S leaf content, stomatal density

and specific leaf area of 14 plant species during the last three centuries of CO2

increase. J. Exp. Bot. 41, 1119–1124 (1990).
13. Ågren, G. I. & Weih, M. Plant stoichiometry at different scales: element

concentration patterns reflect environment more than genotype. New Phytol.
194, 944–952 (2012).

14. Högy, P. & Fangmeier, A. Effects of elevated atmospheric CO2 on grain
quality of wheat. J. Cereal Sci. 48, 580–591 (2008).

15. Högy, P. et al. Effects of elevated CO2 on grain yield and quality of wheat:
results from a 3-year free-air CO2 enrichment experiment. Plant Biol. 11(s1),
60–69 (2009).

16. Badiani, M., D'annibale, A., Paolacci, A., Miglietta, F. & Raschi, A. The
antioxidant status of soybean (Glycine max) leaves grown under natural CO2

enrichment in the field. Funct. Plant Biol. 20, 275–284 (1993).
17. Schulte, M., Von Ballmoos, P., Rennenberg, H. & Herschbach, C. Life-long

growth of Quercus ilex L. at natural CO2 springs acclimates sulphur, nitrogen
and carbohydrate metabolism of the progeny to elevated pCO2. Plant, Cell
Environ. 25, 1715–1727 (2002).

18. Chan, K. X., Wirtz, M., Phua, S. Y., Estavillo, G. M. & Pogson, B. J. Balancing
metabolites in drought: the sulfur assimilation conundrum. Trends Plant Sci.
18, 18–29 (2013).

19. Douce, R., Bourguignon, J., Neuburger, M. & Rébeillé, F. The glycine
decarboxylase system: a fascinating complex. Trends Plant Sci. 6, 167–176
(2001).

20. Collakova, E. et al. Arabidopsis 10-formyl tetrahydrofolate deformylases are
essential for photorespiration. Plant Cell 20, 1818–1832 (2008).

21. Hanson, A. D. & Roje, S. One-carbon metabolism in higher plants. Annu. Rev.
Plant Biol. 52, 119–137 (2001).

22. Bloom, A. J., Burger, M., Asensio, J. S. R. & Cousins, A. B. Carbon dioxide
enrichment inhibits nitrate assimilation in wheat and Arabidopsis. Science 328,
899–903 (2010).

23. Rachmilevitch, S., Cousins, A. B. & Bloom, A. J. Nitrate assimilation in plant
shoots depends on photorespiration. Proc. Natl. Acad. Sci. USA 101,
11506–11510 (2004).

24. Noctor, G. et al. Synthesis of glutathione in leaves of transgenic poplar
overexpressing [gamma]-glutamylcysteine synthetase. Plant Physiol. 112,
1071–1078 (1996).

25. Buwalda, F., Stulen, I., De Kok, L. J. & Kuiper, P. J. C. Cysteine, γ-glutamyl-
cysteine and glutathione contents of spinach leaves as affected by darkness and
application of excess sulfur. II. Glutathione accumulation in detached leaves
exposed to H2S in the absence of light is stimulated by the supply of glycine to
the petiole. Physiologia Plant. 80, 196–204 (1990).

26. Herschbach, C. et al. Changes in sulphur metabolism of grey poplar (Populus
x canescens) leaves during salt stress: a metabolic link to photorespiration.
Tree Physiol. 30, 1161–1173 (2010).

27. Scheibe, R. Malate valves to balance cellular energy supply. Physiologia Plant.
120, 21–26 (2004).

28. Novitskaya, L., Trevanion, S. J., Driscoll, S., Foyer, C. H. & Noctor, G. How
does photorespiration modulate leaf amino acid contents? A dual approach
through modelling and metabolite analysis. Plant, Cell Environ. 25, 821–835
(2002).

29. Kruse, J. et al. Elevated pCO2 favours nitrate reduction in the roots of wild‐
type tobacco (Nicotiana tabacum cv. Gat.) and significantly alters N‐
metabolism in transformants lacking functional nitrate reductase in the roots.
J. Exp. Bot. 53, 2351–2367 (2002).

30. Gerlich, S. C., Walker, B. J., Krueger, S. & Kopriva, S. Sulfate metabolism in C4

Flaveria species is controlled by the root and connected to serine biosynthesis.
Plant Physiol. 178, 565–582 (2018).

31. Hoefgen, R. & Nikiforova, V. J. Metabolomics integrated with transcriptomics:
assessing systems response to sulfur-deficiency stress. Physiologia Plant. 132,
190–198 (2008).

32. Herath, H. M. & Ormrod, D. P. Temperature and sulfur nutrition effects on
CO2 compensation values in barley, peas, and rape. Plant Physiol. 49, 443–444
(1972).

33. Kopriva, S. & Rennenberg, H. Control of sulphate assimilation and
glutathione synthesis: interaction with N and C metabolism. J. Exp. Bot. 55,
1831–1842 (2004).

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0616-y

6 COMMUNICATIONS BIOLOGY |           (2019) 2:379 | https://doi.org/10.1038/s42003-019-0616-y | www.nature.com/commsbio

http://www.metabolome-express.org
www.nature.com/commsbio


34. Abadie, C., Blanchet, S., Carroll, A. & Tcherkez, G. Metabolomics analysis of
postphotosynthetic effects of gaseous O2 on primary metabolism in
illuminated leaves. Funct. Plant Biol. 44, 929–940 (2017).

35. Planchet, E., Lothier, J. & Limami, A. M. Hypoxic respiratory metabolism in
plants: reorchestration of nitrogen and carbon metabolisms. In Plant
Respiration: Metabolic Fluxes and Carbon Balance Vol. 43 (eds Tcherkez G. &
Ghashghaie J.). 209−226 (Springer, New York, 2017).

36. Tcherkez, G. et al. Short‐term effects of CO2 and O2 on citrate metabolism in
illuminated leaves. Plant, Cell Environ. 35, 2208–2220 (2012).

37. Abadie, C., Boex-Fontvieille, E. R., Carroll, A. J. & Tcherkez, G. In vivo
stoichiometry of photorespiratory metabolism. Nat. plants 2, 15220 (2016).

38. Lee, B., Koprivova, A. & Kopriva, S. The key enzyme of sulfate assimilation,
adenosine 5'-phosphosulfate reductase, is regulated by HY5 in Arabidopsis.
Plant J. 67, 1042–1054 (2011).

39. Davidian, J. & Kopriva, S. Regulation of sulfate uptake and assimilation—the
same or not the same? Mol. Plant 3, 314–325 (2010).

40. Wirtz, M. et al. Mitochondrial cysteine synthase complex regulates O-
acetylserine biosynthesis in plants. J. Biol. Chem. 287, 27941–27947 (2012).

41. Jobe, T. O. et al. Feedback inhibition by thiols outranks glutathione depletion:
a luciferase-based screen reveals glutathione-deficient γ-ECS and glutathione
synthetase mutants impaired in cadmium-induced sulfate assimilation. Plant
J. 70, 783–795 (2012).

42. Queval, G. et al. H2O2-activated up-regulation of glutathione in Arabidopsis
involves induction of genes encoding enzymes involved in cysteine synthesis
in the chloroplast. Mol. Plant 2, 344–356 (2009).

43. Leakey, A. D. B. et al. Genomic basis for stimulated respiration by plants
growing under elevated carbon dioxide. Proc. Natl. Acad. Sci. USA 106,
3597–3602 (2009).

44. Habash, D. Z. et al. Systems responses to progressive water stress in durum
wheat. PLoS ONE 9, e108431 (2014).

45. Yadav, A., Carroll, A., Estavillo, G., Rebetzke, G. & Pogson, B. Amino acid
responses under glasshouse predict field derived yield based drought tolerance
in wheat. J. Exp. Bot. https://doi.org/10.1093/jxb/erz224 (2019).

46. Gerwick, B. & Black, C. Sulfur assimilation in C4 plants. Plant Physiol. 64,
590–593 (1979).

47. Koprivova, A. et al. Assimilatory sulfate reduction in C3, C3-C4 and C4 species
of Flaveria. Plant Physiol. 127, 543–553 (2001).

48. Weckopp, S. C. & Kopriva, S. Are changes in sulfate assimilation pathway
needed for evolution of C4 photosynthesis? Front. Plant Sci. 5, 773–773 (2015).

49. Abadie, C., Bathellier, C. & Tcherkez, G. Carbon allocation to major
metabolites in illuminated leaves is not just proportional to photosynthesis
when gaseous conditions (CO2 and O2) vary. New Phytol. 218, 94–106 (2018).

50. Cui, J., Abadie, C., Carroll, A., Lamade, E. & Tcherkez, G. Responses to K
deficiency and waterlogging interact via respiratory and nitrogen metabolism.
Plant, Cell Environ. 42, 647–658 (2019).

Acknowledgements
The authors thank the Joint Mass Spectrometry Facility and the NMR Facility of the
Australian National University for giving access to instruments. The authors also thank
Shoko Okada (CSIRO) for GC-MS analyses of standard compounds. The authors thank
the financial support of the Australian Research Council via a Future Fellowship, under
contract FT140100645.

Author contributions
C.A. conducted experiments and data acquisition; G.T. carried out data integration and
modelling; C.A. and G.T wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s42003-
019-0616-y.

Correspondence and requests for materials should be addressed to G.T.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-019-0616-y ARTICLE

COMMUNICATIONS BIOLOGY |           (2019) 2:379 | https://doi.org/10.1038/s42003-019-0616-y | www.nature.com/commsbio 7

https://doi.org/10.1093/jxb/erz224
https://doi.org/10.1038/s42003-019-0616-y
https://doi.org/10.1038/s42003-019-0616-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Plant sulphur metabolism is stimulated by�photorespiration
	Results
	13C enrichment in methionine, cysteine and their precursors
	33S enrichment in methionine, cysteine and sulfate
	Relationship with photorespiration

	Discussion
	Methods
	Plant material
	Gas exchange and sampling
	NMR isotopic analyses
	LC-MS isotopic analyses
	Metabolomics
	Flux calculations
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




