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Summary

¢ In gasexchange experiments, manipulating £&hd Q is commonlyused to change the
balance between carboxylation and oxygenatidownstream metabolismutlization of
photosyntheti@and photorespiratory produttmay also be affected by gasemosditions but

this is not well.documented.

e Here, we took advantage of sunflower as a model species, which accsnehlategenate
in additiongto sugars and amino ac{déutamate, alaninglycine and serine We performed
isotopic labelling with*CO, under differenCO,/O, conditions, andletermired **C-contents

to computé3C-allocation patternandbuild-up rates

« The*C-contentin major metabolites vganot found to be a constant proportion of net fixed
carbon butrather, changieramatically with CQ and Q. Alaninetypically accumulated at

low O, (hypoxic responseyhile photorespiratory intermediates accumulated under ambient
conditions‘and at high photorespiration, glycerate accumulation exceeding serine amal glyci
build-up. Chlorogenate synthesis was relatively more important under normal conditions and
at high CQ and its synthesis was driven by phosgimpyruvatede novasynthesis.

e These findingglemonstratehat carbon allocationo metabolites other than photosyritbe
end productgs affected bygaseous conditi@and thereforghe photosynthetic yield of net

nitrogen assimilation varies, being minimal at high,&@d maximal at high ©

Key words: carbon allocation, labelling, nitrogen assimilation, NMR, photorespiration,

photosynthesis.

Introduction

Photosynthetiec®C@assimilation and photorespiration rely on metabolic cycles in which 3
phosphoglycerate (PGA) is used to synthesize triose phosphates and regeneragelriulos
bisphosphate (RuBP), andphosphoglycolate is recycled back to PGA. RuBP consumption
and regeneration are balanced so thladsphorylated metabolic pools are regulated and
photosynthesis operates in the steatife(von Caemmerer & Farquhar, 1981; Sageal,

1988) Similarly, 2phosphoglycolate conversion fihotorespiratory intermediates glycine,
serine and glycerate, and then to PGA should in principle be quantitative so that no
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progressive imbalance in the photorespiratory cycle arises. However, it has been recently
shown that the effective stoichiometric coefficient between , C@volution by
photorespiratory metabolism and, @onsumption by RuBP oxygenation deviates very
slightly from 2, so that glycinéends to accumulate in the illuminated l¢Abadieet al,
2016a). otesynthetic end productich assucrosealso tend toaccumulate in the light,
reflecting the utilization of triose phosphates synthesized by the Calvin (tjwber, 1989)
Therefore both leaf carbohydrate and amino acid content changetingticarboxylatiorte-
oxygenation ratio.However the current knowledgeof general remchestration of leaf
metabolismbeyonddirect photosynthetic anghotorespiratoryroducts when photosynthesis
or photorespiration ratg€£0,/O, ratio) vary is still fragmentaryln addition, it is common
practice torestime that the amount of carbon directed to downstream cwmmpdor end
products)is®a eonstant proportion of net photosynthetic in(Rénning De Vries, 1983;
Hilbert & Reynolds, 1991; Dewaat al, 1998).

To our knowledgea precise flusanalysisthrough sucrose and hexose phosphates
pools under“varyingCO,/O, ratio has never been undertakeSucrose synthesis and
translocation;seems to be scaled to photosynthesis, regardless of the origin of changes in
photosynthetic activity (light or C£) (Servates & Geiger, 1974)except at low C@where
carbon alloeation to sucrogwoportionally increases a IdSharkeyet al, 1985) Also,
photosynthesis in 100% as been found to cause a proportionally lower carbon allocation
(i.e., a lower fraction of net fixed carboto) sugar{Maleszewski & Lewanty, 1972)ut 2%

O, causes little changes in carbon allocation to neutral sugars as compared t0,21% O
(Nakamureaetraly, 1997). leaf sucrose content @etermined by enzymes of sargmetabolism

such as invertase and a synthemgradation futile cyclgGeiger, 1979; Huber, 1989;
Geigenberger & Stitt, 1991), both of which possibly changing with the metabolic cdriext
exampledecreased expression of sucrose phosphate syrtBBS) and cytosolic fructose
1,6-bisphosphatase (cFBPasg)dntisense technologyeésnot lead to the same effects, with
typically much Jless accumulation of phosphorylated intermediates upon SPS activity
reduction compared to cFBPase acti\{iBtrandet d., 2000) This has been suggested to be
caused by the decrease in pyrophosphate content (PPi) and a shift of tydud@de/hexose
phosphate ratio, thereby favouring sucrose synthesis when SPS isretpiated.
Presumably, when photosynthesaries with the CQ/O, ratio, change in metabolite pool
sizes includinginorganic phosphate (Pi) arftlctose2,6-bisphosphate (effect®acting on

sucrose synthegigStitt, 1990)could modulate the flux of net sucrose synthesis.
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In general, there seems to be a relationship between sucrose and amino acid
production and export by illuminated leaves so that the synthesisohfdining compounds
areexpeded to be scaled to photosynthesis (&@yeret al, 2000). However, using isotopic
labelling with **C-citrate, **CO, or **N-nitrate and NMR analyses, it has been shown that
nitrogen (N)=assimilationper seis affected by C@ and G mole fraction, so thade novo
glutamate /synthesis tends to increase as photorespiration inc(Gasgkieret al, 2010;
Tcherkezet'al;"2012; Abadiest al, 2017b) Similarly, increased photorespiration rates have
been shown to be associated with higher electron consumption for N assin{idtiom et
al., 2002, 2014; Rachmilevitckt al, 2004) It has also been demonstrated tpabtein
synthesis 8§ stimulated by light (as opposed to the davk)ile the phosphorylation of
cytosolic translation initiation factois affectedby CO, mole fraction(Piqueset al, 2009;
BoexFontvieilleet al, 2013) Biosynthesis of ell constituents like callose also responds to
photosynthesis, \with more cellulose synthegishigh CQ (but representing less when
expressed as ratio of net photosynthesigoexFontvieilleet al, 2014) Finally, monitoring
the tricarboxylic acid pathway (TCAP) using°C-pyruvate labelling has shown that
respirabry _metabolismresponds to C® and Q, so that the flux associated with

decarboxylations increases with photorespirafitccherkezet al, 2008).

Takenwas a whole, canmdluxes do not seem to be strictly scaled to photosynthesis,
due to metabolic interactions between photorespiration, N assimilation and othsaymat
(suchinteractionsare further discussed iHodgeset al, 2016). Furthermore lthoughmany
fluxes mentioned abovéon-quantitativity of photorespiratory conversions, TCAP, aled
novo glutamate synthesis)are numerically small (compared to photosynthesis or
photorespiration), thepotential impact of their variation o leaf metabolismmay be
considerabl&™fi*fact, even an imbalance as small as 0.1 pufst in glycine recyclingin
photorespirationgeneratesan excess demanfbr N assimilation ofc. 5 mmol n¥ d?
representing nearly 10% of total leaf N cont@itilarly, the consumptn of PGA at a rate
of 0.1 pmol wif s® by chloroplastic anabolism (for example, to synthesize
phosphenopyruvate, PEP) represents a net consumptian dfmmol RuBP i d?, that is,
much more than total RuBP content of most leg®e80 pmol n¥ in sunflower,Jacob &
Lawlor 1992) Therefore, even very small changes in metabolism downstream of
carboxylation or oxygenatioper secan have pervading consequencefRaBP regeneration,

N assimilation an@nabolic pathways.
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Despite this importangethere is currently ngrecisequantitative data on carbon
allocation patterns (including builgp rates of photorespiratory intermediates) when
photosynthesis varies due @0, and @ mole fraction.Here, we usedteadystate*CO,
labelling on leaves @h'*C-NMR analyses to tracereciselythe fate of fixed carbon in
metaboliespoolsand examine their changes with £€&nd G mole fraction NMR analyses
are less sensitive than mass spectrontaityare highly quantitative, thereby allowing us to
(1) focusonleaf metabolitethat arequantitatively importantor carbon metabolisr{t major
metabolites)and (2)determine absoluté’C amounts (e.g., in mmol f Also, it reveals
information_on_intramolecular isotopic pattesand thus the potential utilization of distinct
metabolic "pools for different -@tom positionsof molecules We have previously taken
advantage/fMR analysis and madsalance calculati@to trace the origin of carbon atoms
used forde"novoglutamate sytnesis (Abadie et al, 2017b). In the present paper, major
metabolites were followed so as to calculate their apparénallocation from net fixed
3C0,. We took advantage of sunflower as a model species, which accumulates chlorogenate
in leaves(Steck,1968; Lehman & Rice, 1972h addition to primary metabolites derived
from sugar.metabolism, photorespiration, or the TCAP (Fig. Ahlorogenate is a
phenylpropaneid synthesized from erythrdsghosphate (E4P) and PERSupporting
Information"Figs"S1, S2). Also, sunflower is a broadly used -pitoducing crop with a
relatively low_earbon use efficiengConnor & Sadras, 1992; Albrizio & Steduto, 20@8)d
therefore carbon allocation and utilization is a question of prime importance in thissspe
We usedsix different CQ/O, conditions, toanswerthe following questions:1j Is carbon
allocation tosucrose, fructose and glucgseolssensitive to C@and G conditions? (2Po
apparent fluxes to amino asidnd chlorogenate accumulation represent a congtaportion
of net photosynthesiq3) Does theresultingmetabolicdemand in N assimilationary with

net photosynthesis?

Materials and-Methods
Plant material

Sunflower seedsHelianthus annuus., var. XRQ) were sown in potting mix and after 14 d,
plantlets were transferred to-1pots. Plants were grown in théaghouse under 2418°C,
60 : 55% relative humidity, 16h : 8 h day : night photoperiod with natural light
supplemented by Lucagrow 490 sodium lamps (JB Lighting, Cheltenham, Austgli
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Plants were watered eve® d supplemented once a week with #.5" nutrient solution
Peter§ ProfessionalPot Plant Specia(Everris, the Netherlands) with a NA®s/K,0
composition of 15/11/29fda nitrogen balance nitrate/ammonium/urea of 8.6/2.0/4.4) and

trace elements.

Gas exchange‘and'sampling

Gasexchange.under controlled G/, conditions was performed in chambers coupled to the
Licor 6400QXT (Licor Biosciences, USA), witlsoft walls that could be cut very quickly and
thusallowedinstant sampling by liquid nitrogen spraying, as descrgredliously(Tcherkez

et al, 2012) The leafchambemasadapted to individual leaves with a surface area ©00
cm?2, Gasexchange conditions wer®@0% relative humidity an®1-23°Cair temperature
Isotopic labelling was performed usimO, (SigmaAldrich, 99%°C) for 2 h after having
reached steady“photosynthesis using ordinary @@ural abundance) far 60 min. For all
CO0,/0O, conditions, tvo series of experiments were done: WiB0,, and with natural C@
Performing experiments with natural €@as strictly required for 98C calculationsusing
NMR data Six"CO,/O, conditions were used her&{umol mol*, ordered by increasy
carboxylationto-oxygenation ratio): 10380, 21140, 21380, 21800, 2380, 3380. In
figures, thex-axis shows these conditions in that ordgsseous conditions used in the present

study are summarized in Table S1.

Extraction'and NMR analysis

Sampleg(100 cm?, i.ec. 2 g FW) were extracted with perchloric acid in liquid nitrogen as
previouslypdescribed ifAubert et al, 1994) Briefly, the sample was groundith liquid
nitrogen with-90Qu| perchloric acid 70%nd 500ul of maleate solution 0.8 (i.e. a total of

125 pmol per.sample, used as an internal standard). The fine powder was poured inh a 50 m
centrifuge_tube and then 10l MilliQ water were added. After centrifugation (15,0015

min), the pellet was rextracted with 3ml perchloric acid 2%and centrifuged. The two
supernatarst were combined, piddjused to 5 with potassium bicarbonate and fredaed.

Then the sample was rsuspended inl ml water, pHadjusted to 7with KOH and
centrifuged. 55Ql of supernatant were collected, BDD,O were added and the sample was
poured in a 5nm NMR tube (2107373, Bruker Biospiramples were analyzed with NMR

This article is protected by copyright. All rights reserved



spectrometer Advance 700 Mz (Bruker Biospin). NMR analyzes were performed at 298 K
(25°C) without tube spinning, using protdecoupled (decoupling sequence waltz16) carbon
pulse program (zgig) with 90° pulses f3€ of 10 ps at 50 W, 0.9 s acquisition time, 65 k
size of FID, and a relaxation delay (D1) of 1.2 s. To get a good dmnalse ratio, 20,000
scans eredone; representing 12 h analysis per sample. Since the response of individual
peaks at /different chemical shifts is not perfectly quantitative under such acquisition
conditions™(short“D1), signals were corrected using calibrating samples withnknow
concentrations of standard mtdites (Glu, Asp, Ala and threonine). In practice, correction
factors were within 04.1 and thus we of little importance NMR data presented in the

paper are mea$D ofn = 3 replicates.
LC-MS

Liquid chromatography was performed using a Z{8®&IC column (3.5 um, 200 A, 150 x

2.1 mm, Merck SeQuant®) coupled with a ZIE8LIC column guard (20 x 2.1 mm, Merck
SeQuant®), at 30°C oven temperatungth a LC systemUHPLC' Ultimate 3000 (Dionex
Thermo Scientific, Hemel Hempstead, UKliquots from the NMRextraction were diluted

10 times “in‘ water/acetonitrile (v:v, 50:5Gnd an internal standard (trifluonethyl
phenylalanine;“TFMP) was added to monitor the signal response of tHdSLG-or
guantificationgcalibration curves with a mixture of standardnanaicids (includingrlFMP)

were done before and after sample batches. The saraplavas set at 4°C (constant
temperature). Injection volume was 1 pL and elution was done at a flow raterof g™

with a binary gradient. Mobile phase A was acetoeitnihter (v:v, 25:75) and mobile phase

B was acetonitrile/water (v:v, 95:5) both with ammonium acetate (5 mM). The gradient
applied was 72% B at 0 min down to 36% B at 13 min and maintained for 2 min, and then
back to 72% B at 16 min (total run time of 21 min). For MS analysis, an Orbitrap @Vexac
Plus (Thermo_Eisher Scientific) with a HEBIprobe was operated in positive polarity using
the full MSssean-mode with the following settings: source voltage 3,500 V, resolfij000,

AGC target=2=1f) mass san range 600 m/z, sheath gas 40, auxiliary gas 10, sweep gas
1.5, probestemperature 300°C, capillary temperature 250°C dedsRF ével 50. Mass
calibration ‘was, performed with the LTESI positive ion calibration solution (Pierce®,
Thermo Fisher Scientific) immediately before each analysis batch. The software Xcalibur was
used to handle L®IS data.LC-MS data presented in the paper are mi&&hofn = 6

replicates.
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Calculations

The percentage it'C was calculated as the ratio of the NMR signal of tketdn position
obtained=tpenC-labelling ¢S) to that obtained with ordinary GQnatural abundance)
(*%S): %"3a’="%S/°S x 1.1/99x 100 where 99 and 1.1 stand for the isotopic enrichment in
inlet CO,."Calculation of accumulation fluxes for glycine, serine and glycerate were
performedgusingnassbalance equations and convergence of the solution of the differential
equation describing®C pools(see Fig. S3 for calculation detaildhe rate of oxygenation
was estimated_as, = 2v.C/c; where C is the ci-based C® compensation point in the
absence of'dayyrespiration (40 umol Mplandv, = (A + Ry)/(1 — C'/c;) whereRy is day
respiration §eré0.5 pmol nf s%), with I" and Ry obtained using the Laisk method (for a
recent description ofhis method seeTcherkezet al, 2017) Note thatv, is not used to
compute™*C allocation fluxes and is not critical at al.proper value of/, (with I” andc,
determined, using internal conductance) would only change the scale 81Fig.

Results
Major metabolites in leaf extracts

The *C-NMR spectrum in sunflower leaf extract is shown in FigEven at™*C natural
abundance (in blue), themgere visible peaks associated with fumaratea(@ms 2 + 3),
sugars and, chlorogenate, demonstrating their relatively high amount in |E@sgenate
was formally=identified using®C chemical shifts values and comparison with an authentic
standard (FigS4 Table S2. Upon*®C labelling detected*C was mostlyfound in sugardut

also in chlerogenate, serine, glycine, glutamate and aldredespectrum in Fig2). Some
COOH groups“wes also labelled but the spectral resolution (peak widtly twa poorto
identify them precisely Considering™>C-metabolites observed here, these COOH groups
mostly corresporetl to malate, glycine, serine, and chlorogenate. All visiBlatoms in
chlorogenate appezatto be labelled (black arrowheads Fig. 2 and magnification in Fig.
S5 showing’C labelling in precursors E4P and PEP. The amount of these two compounds
was nevertheless too small to be visible'#y NMR here (typically< 10 umol ni?. It is
worth noting that two metabolites appegto be insensitive t6°C labelling(i.e., with a very
slow turnover rate): fumarate araimetabolite with a peak at 53.4 ppm (likely corresponding
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to magnesium phytate @ CH—NH; groupof a metabolite of the betaine familgtter'b’ in
Fig. 2).

Photosynthesis-and sugaetabolism

As expected, net photosynthesis (denoted)asicreased as the G&@o-O, ratio increased
However,at.0%.0 A was 1 pmol rif s* lower than at 2% @showing the impact of hypoxic
conditions_on..photosynthetic metabolis(kig. 3a) Total assimilated carbon during
experimental time (2 h witl’CO;) increased as the G@o-O; ratio increased and the most
abundant®*C"p60ol was found to bsucrose (Fig. 3b). Fructose, glucose and other metabolites
represented @ minor proportion of I€8€. *3C non visible in perchloric extracts (mostly
representing=exported sugars and starch, and marginally other fractions sucleias prot
CO, lost by.day respiration) always represente@0% of net assimilated carbon, except at
low CO, (@40~fimol mol) where is represented nearly 50%. When plotted against net
assimilatedearbon, tH€C amount found in leaf fructose and glucose appeared to be nearly
linear while that found in sucrose was hyperbolic suggesting a satuedtect at high
photosynthesi (Fig. 3c). In particular, thi€C amount in sucrose at high €800 pmol mal

Y typically'was low (arrow in Fig. 3c)suggesting a change in carbon redistributioder
suchconditiehs The %°C in sucrose also decreased at high photosynthesis (Figh@a)ng

a decline in turrover. This effect was visible in all @tom positions of sucrose (Figs&h.
Interestingly, the average positional*® across symmetrical sucrose positions (both
fructosyl and-glucosyl moieties) had a flat profile, with nansigant differences between-C
atom positions<(Fig. S6, ingetThis indicates tha{l) source triose phosphates used to
synthesizethexoses and sucrose likely had a homogeneous intramdfeediatribution, and

(2) differences=between positions in sucrose were dué>Qo redistribution by sugar
metabolism, such as triose phosphate isomerization and aldolization, and isomerization

between glucosé-phosphate and fructose-6-phosphate.

The 9%%C in glucose plateaueshd was always relatively low (a few %JFig. 3e),
simply refleeting the isotopic dilution by tmaturallyvery large glucose content in sunflower
leaves(data not shown). The ¥ in fructose showed a consideraliereaseat high CQ
(Fig. 3f). Expected%'*C valuesin sugarswerecalculated from>C allocation (obtained from
integrals insugars oNMR spectum after °C labelling expressed as a % of total spectrum

integra) and the total contentrOom NMR spectrunat natural abundance). The comparison of
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expected%"™C with observedralues(Fig. S7)shows that at high CQ sucrosewas less'*C-
enriched than expected and tHiC-depletionmatchednearly perfectlythe highetthan
expected *C-enrichment in fructose. This demonstmtthat at high CO,, changes in
active/inative pool distribution occurred so that mdf€-sucrose was cleaved generas
freefructose:

3C-labelling pattern of chlorogenate and its precursors

The 9%°C ifi chlorogenate was always7% but variedwith atmospheric O, and Q@ mole
fraction Maximal **C-enrichment in chlorogenate was not observed at high photosynthesis
(low oxygen)/but undeambient CQ and Q (‘usual’ condition$ or high CQ (Fig. 4a). This
effect was.ebserved not only for the whateleale average %C (Fig. 4a)but for all G

atom positions/(Fig. &). This suggests thdhe utilization of bothPEP and E4For
chlorogenate“synthesmgasimpeded byboth high photorespiration (high £or low CG,) and

very low oxygenr Accordingly, the totafC-amount represented by accumulated chlorogenate
was higher under ‘usual’ conditions and at high,@Eig. 4b). As a result, chlorogenate was

not related at all to net assimilated carbodrepresented EC allocation< 1% (Fig. 4c).

The **C-ehrichment in intermediates of chlorogenate synthesis, phenylalanine and
quinate, was“determined using IMS (their amount wa far too low toallow analysisby
NMR). Phenylalanine and quinate followed tkame pattern as in chlorogenate, with
maximal %*C"under ‘usual’ conditions (Fig. 4d). Despite the relatively f@renrichment
of the chlofogenate podf’C-chlorogenate molecules formedringlabelling were associated
with {**C-*C} coupling, showing the simultaneous labelling in adjacestdn positions
(Fig. S5).This was also the case in phenylalanine and quinatehich the M+9 and M+7
masses, respectively, waybserved by LEMS and increased under 21/380, 21/800 and 2/380
CO,/O, condtions (Fig. Dab). This showe the simultaneous labellingf adjacent Catom
positions. Hewever, it is worth noting that phenylalanine showed a specific eantimthe
M+3 signal(regardless of G@D, conditions) (Fig. Sa) demonstrating the additiof @>°C
unit (in praetice,*Cs-PEP during thesynthesis of chorismate froshikimate pathway

recalled inFig. S2).

Line-fitting NMR signal deconvolutiomlsoallowed us to determine the proportion of

molecules simply, doubly or tripf{’C-labelled ateach Gatom positionin chlorogenateAs
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expected, there was a general increase¥8-{°C} couplings with photosynthesis, showing
increased®C-labelling in E4P and PEP pools as the photosynthetic input increased (Fig. S8b).
However, £3C-*C} coupling was less pronounced at low oxygen, thereby following the

pattern seen fo¥"C.

Build-up of‘phetorespiratory intermediates

Three photorespiratory intermediates were visible here: glycine, serine and glyEeyale (
see Fig. S10 forthe NMRIentification of glycerate The'*C-amount(corrected for natural
abundancejepresented by glycerate was always larger than that in glycine and serine (Fig.
5a). In fact, glycine represented0.5 mmol**C m? (that is,< 1% of net assimilated carbon
regardless-of-C@O0, conditions). While accumulatedC-glycine increased with increased
photorespiration (decreased photosynthesis), the amoti@-sérine was more variable, and
was maximaltnder ‘usual’ conditionSC-glycerate represented 2 mmol m except at low
oxygen (<0:5*mmol n¥) and low CQ (c. 1.2 mmol rif). Total carbon flux represented by
glycerate, [serin®r glycine accumulation (escaping from the photorespiratory cycle) was
calculated taking into accourgotopic dilution éeeFig. S3for further details For glycine
and serineyscalculated fluxes were based on the visid®@ position (€2). In fact, for
glycerateys€alculations yielded the same result regardless of-#tenCposition used (Fig.
S11) showing that there was no bias due pmtential heterogenous intramolecul&fC-
distribution. in photorespiratory intermediateBhis agrees with the rather homogeneous
intramoleculart’C-distribution in triose phosphates (see abhdvig. S§. The accumultion
(build-up) flux was always very sma(Fig. 5b), much< 0.1 umol nf s* for glycine and
serine. Observed fluxes were all very close to zero at low oxyyehserine and glycerate
accumulationmwas maximal under ‘usual’ conditions. Glycinedayil ageared to correlate
to photorespiratiorfincreased as net photosynthesis decred$égl) 5a) This was consistent
with the absolute total amount of glycine and serine measured BM3 CFig. 5, inset),
which tended to increase as photorespiration incdeaBeat said, this effect was more
pronouncedor glycine than for serine, so that the glyetoeserine ratio increased from0.2
mol mol* at low' photorespiration te 1 mol mol* at high photorespiratioriThe apparent
difference in glycine content between high £&hd 100% O represented. 0.6 mmol i,
suggesting that glycine accumulation flux due to high photorespiratios @&% pmol rif s

! as effectivelyfound by isotopic maskalance (Fig. 5b)Taken as a whel the otal buildup
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flux (glycerate + serine + glycine) representechgbon flux< 0.7 pmolC m? s* (maximal
value, observed under ‘usual’ conditions), accounting Tet0% of the carbon flux
represented bgxygenation fig. S2).

3C-labelling in downstream metabolites (alanine, malate and glutamate)

Alanine accumulation was visible under all conditions but was high at low oxygen,ngachi
nearly 0.3"umol M's* under 0% @ (Fig. 5b). Since alanine is typically accumulated under
hypoxia, this suggests that illuminated leaves experienced hypoxic conditionsukferiexl

to an atmosphere at 0 o#20,. Glutamate also accumulated to small amounts (Figatta)

low rate (Fig. 6b),typically < 0.06 umol rif s* regardless of gaseous conditions. However,
when expresséd as a proportion of net assimilation, the fli3Ctglutamate accumulation
increased as photosynthesis decreased, except at,2fhdde the value was similar tbait

found at 21% @380 pmol mof (Fig. 6b, inset) The *C-amount in malate was calculated
using the Catom position € and multiplied by 3 gssuming no heterogeneous
intramolecular distribution) so that the4Catom position was not accounted for (it derives
from bicarbenate and its isotope composition is difficult to determimégrefore, it
represented thpotentialflux of **C-PEP to anaplerotic eity. The resulting**C-flux was

rather variablealthough tended to be higher at low photosynthesis and lower under 0% O
(Fig. 6b). When expressed as a proportion of net photosynthesis, it clearly increased up to
1.6%as photosynthesis decreagEdy. 6b, inset).

Discussion
Is sucrose/metabolism alteratlhigh photosynthesis (high GOr low O,)?

Despite argeneral increase in tot¥T amount inleaf sugarsas well as starch + exported
carbonas phetesynthesis increased with the (@ ratio, the carbon allocation (in % of
assimilated.carbortp leaf sugars did not remain constant (Fig. 3c). It has also been found that
the metabolieccommitment to starch synthesmcreasest the expense of sucrosgy occur
duringgrowth at high CQ, whensucrose production (or exporgaltered, or under moderate
phosphorus limitatior(Stitt, 1991; Rao & Terry, 1995; Suet al, 2011) We previously
showed a small decreaisethe sucrose content at high €@ Arabidopsisrosette{Abadieet

al., 2016b).Here, weprovide an explanation of this phenomenon whetébyflux ofsucrose
synthesis was redirected fimctoseaccumulation at high CO Since noconcurrent increase
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was seen in glucose, this suggests that sucrose was cleaved by sucrose (Sudiarather

than invertasethereby generating fructosand UDP-glucose, the latter being recycled to
sucrose by sucrose phosphate synthase (SPSArdbidopsis phosphoproteomics have
shown that SPS phosphorylation vavith CO,/O,, the SPSLF isoform being preferred at

low photesynthesis and SR& at high photosynthetic activifiBoexFontvieille et al, 2014;
Abadieet al, 2016b) Conversely,n 0% G, there is also a decrease in carbon allocation to
sucrose, likely“due“to the hypoxic effect. In fact, hypoxia may have impeded cytosolic ATP
synthesis and thus UDBgtucose, the substrate of sucrose synthesis by(BRSchetet al,
2017).Taken as a wholeur results suggest thatchange in the balance betweersypand

SPS activitiesnay be at the origin of the observed change in sucroseottgnwhen gaseous

conditions yvary.

Photorespiratory intermediates accumidatrate

The accumulation of photorespiratory intermediates is a-$tagding question that recently
attracted attentiondrause if its potential impact on photosynthetic efficiency. However, the
precise measurements of the rate at which photorespiratory intermediatasaumulates

still a matter.ofdebate (for a review, seékcherkez, 2013)Here, ve find thatthree visilbe
photorespiratory intermediates glycine, serine and glycerate accunfkigte5), and this
agrees with ouprevious observation that glycine is not completely utilizethieyconversion

to serine (via the glycine decarboxylase serine hydroxymethylférase complex) so that
the effectivesstoeichiometric coefficient between oxygenation (glyeiodudion v,) and CQ
evolution (serine synthesis) is slightly higher thgBadieet al, 2016a) The present results
further providedirect evidence that serine and glycerate also accumulated and tha such
build-up*earbonfluxvasvery sensitive to CQ and G conditions. It is worth noting thahe
average imbalance in glycine utilization was found t@.l8% (with respect to,) in (Abadie

et al, 2016a)while here, it is found to be. 0.5%. There are presently two possible
explanations. First, the sunflower variety was different (XRQ here v&snsch and the
spectrum_of  accumulated metabolitflike serine and glyceratejliffered In another
sunflower variety lflennonit®, using*“CO, labelling Atkins & Canvin (1971) have shown
that serine represented as much as 12% of leaf radioactivity while glycine and

glycolate +glycerate represented only 4 and 5%, respectig#gonddespite a similar NPK
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balance, fertilization conditions differed in that urea was included in thiemutnixtureused

in the present stugyikely leading to a difference in N utilization by metabolism.

Our direct measurement of carbon allocation usirg**C-labelling method shows
that the accumulation rate of glyciaad serineis of the same order of magnitude (.05
umol m? s1).as N assimilatiorestimated concurrently usingjutamatede novosynthesis
(Fig. 6b). Leavesalsocontained*C-labelled glyceratén amounts even larger than serine and
glycine (Fig=5)=Glycerateaccumulation due tehotorespirationimplies that some carbon
atoms required.for PGA and RuBP recovery are misfieg, photorespiratory cycle not
closed) Presumably, this has to be compensated for by a lower triose phosphates utilization

for starch and'sucrose synthe&iiger & Servaites, 1994).

Chlorogenate. synthesis by the shikimate pathway is impacted by gaseous conditions

Interestingly,maximal*C flux values in glycerate were found to occur in ‘usual’ conditions
and at high_ C@uin which chlorogenate synthesis was also maxifaither, metabolomics
have shown 'acovariation between quinate (intermediate of chlorogenate synthesis) and
glycerateyras*well as an increase in caffeate and caffeoylquinate wheg@,Cfecreases
(Abadie et al,.2016a) Here, we found that quinate and phenylalanine followedstrae
isotopic' patterras total °C in chlorogenate (Fig. 4)n other words, it seems there was
stimulation of the shikimate pathwawhen glycerate accumulated Since chlorogenate
requires chloroplastimetabolitesas well ATP(shikimate kinase)the covariation between
3C contehts in chlorogenate and glycerateuld reflect the competition between
photorespiratory recyclingglycerate kinasepnd secondary metabolism for chloroplastic
ATP. Alternatively, the slightly lower PGAand thus triose phosphategjoduction by
photorespiratorys recycling could have caused a sligtitalance intransaldolaseandbr
transketolas@ctivitiesduring the Calvin cycle and thus excess E4P could have been used for
chlorogenate,synthesis fact,aslight decrease in transketolase activity in transgenic tobacco
leaves hasgbeen shown to causesignificant reductionin aromatic amino acids and
downstreamametabolites such as phenylpropan@igsmkeset al, 2001) The relationship
between chlorogenate and glycerate could also be due to compartmental@btienate is
transported by an antipomrotein (glycolate-glgerate translocatoy of the chloroplast
envelopgPick et al, 2013)but may also be translocated using an alternative;dighendent

pathwaythat operates in the antiporter mutéwalker et al, 2016) Thus, the efficiency of
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glycerate transpomnight depend on gaseous conditigisit to our knowledge, this has not

been documented yet).

The shikimate pathwayitself could also be regulated by photosynthetind
photorespiratoryconditions. For examplejarying PEP production could be at the origin of
the observed.changes in the carbon allocation to chlorogenate. PEP can be synthesized by
both chloraplastic and cytosolinetabolismsand in the latter ceasPEP enters the chloroplast
via the PER/phesphate translocator (Fig. S2,saed zin & Galili, 2010; Tohgeet al, 2013)
Potentially, PERP,can be synthesized(byenolase from phosphoglyceratg?) pyruvate Pi
dikinase(PPDK)from pyruvate, ang3) PEP carboxykinase from oxaloacetate. Cytosolic and
plastidic glycolysis operates at light, so that PEP production by enolase does occur in
illuminated leavesand in fact antisense technolobgs suggested thanobse activity is
critical for thesshikimee pathwayVoll et al, 2009) The regulation of enolase activity is not
well documentedalthough hypoxia has been shown to increase cltognolase activity in
maize Lal et'al,1994). PPDK activity has been shown to increase in the light compared to
the dark via“phoesphorylatioand a nearlysignificant (P = 0.052) CO,/O, effect has been
foundin (Abadieet al, 2016b) PEP carboxykinase is involved in gluconeogenesis and is not
associated witlany changes ints phosphorylatiorwith CO,/O, so that its involvement in the

control of PER, production mmtherunlikely.

Variation'in therecyclingof storedmetabolic poolgan alsanfluencethe **C build-up
in chlorogenateHere, we find that totally labellesholecules werémportant isotopic species
in both quinate and phenylalanine (Figa3® indicating that fully turnegver PEP and E4P
chloroplasticpools have been used to synthesize new quinate and phenylalanine molecules.
However, the clear appearance of the M+3oigimt species in phenylalanineggess that
fully labelled PEP *fCs-PEP) was combined tononlabelled shikimate by -5
enobpyruvylshikimate-3phosphate (ESH synthase to synthesiEPSP(and then chorismate
and phenylalanife That is,'old’ (slow turnedover) shikimate (or quinate) was remobilized
and such a-remobilization appeared to depend on gaseous conditions (Fig. BAtifisst
glance remabilizationdoes not appear to be consistent with the concurrent synthesis of fully
13C-labelled quinatephenylalanine@nd chlorogenatbecause albf the enzymatic steps up to
phenylalanineare believed tdake place in the same compartment (chloropl@dgeda &
Dudareva, 2012)Thus, remobilized shikimate (or quinateamefrom either the vacuole or
the cytosol and ented the chloroplastpr there is a cytosolic ESPsynthase in sunflower
consuming cytoplasmit®Cs-PEP (derived from triose phosphajeand remobilized non-
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labelledshikimate Sunflower XRQ genome contains three gene sequences that are predicted
to encode EPSP synthases (Ha4g0122731, Hal5g0497011, and Hal6gOfzadodinet
al., 2017)but their subcellular localization @urrentlyunknown and no chloroplastic transit

peptide can be identified with certainty in any of them.

Since_.gveral intermediates of chlorogenaty/nthesis seem to be affected
simultaneously by C&O, conditions (phenylalanine, quinatend caffeatd, it is possible
that severalssteps of the shikimate pathwegmetaboliccontrol poins at the origin of the
pattern seengher&-deoxy-Darabino heptulosonatéphosphate synthase (DAHPS) is the
first step of the pathway, and has been shown to be redox controlled via thior¢Hokiset
al., 2002) Also, 3-dehydroquinate synthase is a NABependent enzyme and thus could
depend on chloroplastic free NARoncentration (although NADH represents only a few %

of total chlereplastic NAD including in the lighjeber & Santarius, 1965).

Taken as a wholeour results show there is a regulationtbé flux through the
shikimate pathway by CQ and Q conditions. This maynvolve photorespiratioariven
changes inPEP» availability remobilization and postranslational regulation byedox

conditions; but further work is required to clarify this aspect.

Downstream metabolism is affected bbgth CQ and Q, causing changes in photosynthetic

yield of net N assimilation

One of the.maesvisible effects of low oxygen vgatheincreasediosynthesisof alanine, a
biomarker“of hypoxic conditions(for a review, see Limamet al, 2014) Under our
conditionsgralthough inlet gas was at 0%, @he atmosphere surrounding the leaf was not
completely-anoxic but at 0.03% Q simply because of Oevolution by photosynthesi®ur
previous netabolomics analysdsave showrthat low gaseous oxygen triggerachypoxic
responsdn illuminated leaveswith a reorchestration of nitrogen and sulphur metabolism
(Abadie et al, 2017a) Here, absolute quantitation usingC-labelling showed that alanine
accumulation under 0% Owas considerable, af. 0.3 pmol nf s?, that is, 1.4% of net
photosynthesigmportantly, alanine production utilizes pyruvate and thus its increase under
hypoxia wasat the expense of other pathways consuming Pdtieh( aschlorogenate

synthesis) (Fig. 4) or pyruvate (TCAP and glutamate synthesis, Fig. 6).
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Glutamate was also affected by gaseous conditions and representéddrarenmol
m?) at high photosynthesis (21% 380 pumol ThaO,, or 2% Q) compared to high
photorespirationlgw CO, or 100% Q) (Fig. 6. However, when expressed % of net
photosynthesis, it represented more at high photorespiration, meaning that dadaiom
to glutamaterincreased. d@istimulating effect of low C@on carbon allocation to glutamate
and TCAP/intermediates has been obseivesveral specig&authieret al, 2010; Tcherkez
et al, 2012; Abadiect al, 2017b) The present results showcancurrenteffect of CQ and
O, mole fraction, suggesting dh glutamate synthesis regulatiaa influenced by both
photorespiratory demand and carbon availability by photosynthesis. This would explain why

at 2% Q, carbon allocation to glutamate appeared similar to that under ‘usual’ conditions

Fluxes calculated here were thased to compute the photosynthetic yield of net
nitrogen assimilation (net N demand divided by net assimilatibig. 7). Net nitrogen
assimilationcalculated here was the sum of glycine, serine, alanine latainae
accumulation.” It did not includechlorogenate since there is n@et N requirement,
phenylalanine“being deaminated to form cinnamate (and then caffielatega & Dudareva,
2012). While the N demand (in umol ns?) is much higher at 0% ©Odue to alanine
accumulation, the yield is the highest at 100% i@eaning that high photorespiration triggers
arelatively high neeih N assimilation, here af. 1.4% of net photosynthesis. Although the N
demand.ealculated here is certainly underestithgieotein synthesis, and other amino acids
are not accounted for) the order of magnitude is within-@@pmol nf s* and matches
valuesof N'assimilation obtainedsing the assimilatory quotie(Rachmilevitchet al, 2004)

Our result clearly show thander ‘usual’ conditionsan important proportion dff demand is
represented,by.the accumulation of photorespiratory intermediates glycine and sating. Th
photorespifatory”’ metabolism is responsible for an excess need irtN2ahmol N n¥ d*

which issubstantialvhen compared to leaf N contewt 50 mmol N n¥). We nervertheless
recognize that serine accumulation could have also been caused by metabolic patievays ot
than photorespiration, such as cytoplasmic phosphoserine synthesisefmvwg seeRoset

al., 2014) Because of the correlation between glycine and serine total content across the
range of CQ/O, conditions, we suggest thidte contribution of the cytoplasmic pathwaysva

marginal under our conditions.

Perspectives
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The present studghows that most carbon fluxes in metabolism are not just proportional to net
photosynthesis (C input). Further,@mphasizes interactions between carbon and nitrogen
metabolism wherebyhe accumulation of photorespiratory intermedidtzsds to arextra
demand in nitrogen assimilation. Even thodlgixes involved herelook rather smallat first
glance(<=0:5=pumol rif s%), the impact on N assimilation &vident with an increased™N
(Gauthieret'al, 2010)and™>C allocation (here) to Mdssimilates as photorespiration increases

In fact, leaf'N"assimilation requirement doubles at high photorespiration compdcesdial’
conditionsy(Fig. 7)Nitrogen assimilation is not the sole pathway to be influenced bya©®

O, mole fraction: weshow herechanges irboth sucrose andecondary metabolisnthereby
altering the requirement in nucleotides (typically, UTP required for sucrose signthad

ATP for chlorogenate synthesighd PEPWe anticipateall of these metabolic changes to
have potentially twosignificant consequencegor plant carbon balanceFirst, the day
respiration rate (nephotorespiratory C@evolution in the light) shouldary concurrently

with CO, and @ mole fraction(for a review, sedélcherkezet al, 2017) Second, if the
accumulation of photorespiratory intermediates is not compensated far [éyer triose
phosphates. utilization, this may impact on RuBP regeneration and causgessive decline

in photosynthesigHarley & Sharkey, 1991; Geiger & Servaites, 199Me latter effect
might be ofimportance undeatural, transientonditions that promote photorespiration, such
as lowinternal€0, upon stomatal closure. We recognize that our study was conducted on
sunflower, which accumulates metaboliteslswas chlorogenatéwvhile other species may
accumulate other secondary compounds, like glucosinolates in Brassicaceae, for example).
But in principle, our resultsshould bevalid in other G species considering th&milar
influence of CQ and G on glutamate biosynthesis in a range of spefidmdie et al,
2017b) It is likely, however, that the impact of GQand @ on N metabolism varies
depending.on nitrogen source and availability. For example, nitrate and ammonium based
nutrition has been shown to have a differential effect on thedd@pensation poirgnd thus

on the carboxylatioto-oxygenation ratiqGuoet al, 2005) Similarly, sulphur availability is
likely to influence the metabolic response to fd G owing to the involvement obne-
carbon metabolism in photorespiration. The impact of such nutrient conditions will be

addressed in‘a,subsequent study.
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Figures

Fig. 1 Major metabolic redistribution of fixed carbon in sunflower leaves. This dighrows(names in bold)
metabolites that are most visible BZ-NMR, that is, representing most significdf€ pools after*CO, labelling

(NMR spectrum in Fig. 2). Metaboliaghways are highly simplified to facilitate reading. Chlorogenaisyiithesis
is further described in Supporting Informatibiy. S2. PEP, phospboopyruvate; RuBP, ribulosg,5-bisphosphate;
TP, triose phosphates

Fig. 2°C-NMR speetrasof sunflower leaf extracts, showing the signals of chlorogenate. Aveeatraabtained
without (blue) andwith' (red) labelling with**CO, at 380 pmol mét CO,, 21% Q, 400 pmol rif s* PAR and 21°C
are shown on bottom. The spectral r&tf€ enrichment spectrum) is shown on top (green). Peaks associated with
chlorogenate (exceptforthose of the sugar region) are indicated with black arrowhadbddegcfiption of peaks
associated with individual-@tom positions is given iBupporting Informatiorrig. S1. The region of COOH groups
and sugars is simply‘indicated by a bracket. Note that the signal of maleate (intedsb3t@rsensitive to pH and
thus has a slightly variable chemical shift, causing artificially a sigrthkimatio (*). The peak of fumaratevsry

high (elevated content of fumarate at natural abundance in leaves) but is not [@pellelanine €3; b, non

labelled compound.of the betaine famiy;serine €; g, glycine G2 + malateC-3.Red arrowheads stand fordfom

positions in glutamate«@, 3 and 4 from left to right).

Fig. 3 *C-fixation and"*C-labelling pattern in sugaaf sunflower leavesnder different gaseous conditioh&et CO;
assimilation in umolm?s* (a); *C amount§mmol m?) represented by net assimilated C, sugars, chlorogenate, other
metabolites represented.in NMR spectra, and starch + exported carbon (b), relakietvegn net assimilatéiC
and™*C found in leaf:suerose (dark grey), glucose (light grey) and fru¢adsiee), allin mmol m? (c); **C percentage

in sucrose (d), glucese (e) and fructosel(f\b), note that’C-amounts represented by chlorogenate and other
compounds are smalfhe.ihset in (b) is a magnification of tH€-amount in other compoungsesent in the leafn

(c), continuous linessstand fproportionalitylinear regressiong = a.x slopes obtained therefrom are 0.39 (sucrose),
0.087 (glucose) and.0.044 (fructose). The dashed line standbkyfpeebolic regression. All regressions are
significant P<0.05) Letters stand for statistical clasg@sova P < 0.05)when gaseous conditions are compaiféduzt
x-axis shows @and,CO conditions(%-pumol mol*, respectively) ordered by increasing carboxylatimn

oxygenation ratio from left taght. A magnification of thé*C-content in chlorogenate is shown in FigV4lues

shown are meatsD.
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Fig. 4 *C-labelling in chlorogenate and internieigs of chlorogenate synthesissunflower leavesa—9, analysis of
3C_content in chlorogenate by NMEBC-percentage in chlorogenate (8, amount represented by leaf chlorogenate
due to either chlorogenate at natural abundance (1.1%; coarse hatched) or labelleatcfiad}b), and relationship
between total net assimilat&C and"C represented biabelledchlorogenated). (d) **C-percentage in phenylalanine
and quinate measured by iMS. In (b), note that no labelling in chlorogenate was fountf@ot larger than 1.1%)
and thus there is onlynatural chlorogenate (coarse hatchedi). (c), the continuous line represents théo
proportionality line(i.e.y = 0.01x). Letters stand for statistical classesdya, P < 0.05)when gaseous conditions are
compared(in (b), statistical classes refer to labellig (fine hatched), not totafC). In (a), (b) and (d)the x-axis
shows Q and CQ conditions (% mol mol*, respectively) ordered by increasing carboxylatimoxygenation ratio

from left to right Values shown are me&8D.

Fig. 5 **C-labelling pattern in glycerate, serine, glycine and alaimirseinflower leaves under different gaseous
conditions *C amount (in mmot’C m?) allocated to these compounds during labelling (a), calculated iqufldx

(e valuesin pmol m#stpseethe Materias andMethodssectionfor calculation details) (b), artdtal leaf amounin
glycine(light grey)and.serinddark grey)measured by L@®/S (c). Thex-axis shows @and CQ conditions (%
umol mol*, respectively)iordered by increasing carboxylatimmxygenation ratio from left to right. Values shown

are meatiSD.

Fig. 6 Labelling pattéfi‘ifi‘malate and ¢dmatein sunflower leavesnder different gaseous conditiomC amount
(corrected for naturalbundance) allocated to glutamate (calculated as 5/3 times the amount obsered G3Cr
C-4) and malate (calculated asi®es the amount observed iR2Cso doesot comprig the G4 position) (a),
apparent®C-flux to glutamate (in pmadfC m? s?) and malate (in pmol malates™) synthesis (bandglutamate
and malate synthesis:expressed as % of net assimilation: % C (glutamate) and % mJl(fhaleters stand for
statistical classe@nova P < 0.05)when comparing gaseoaenditions.The x-axis shows @and CQ conditions (%
pumol mol?, respeetivelyyordered by increasing carboxylatmoxygenation ratio from left to right. Values shown

are meatiSD.

Fig. 7Net N demand driven by metabolite synth@sisunflower leavesnderdifferent gaseous condition&@) Net
nitrogen demand drivemby synthesis-i-alanine *C-glutamate and accumulation of photorespiratory assimilates
(ealy + eser) Without (black) or with (white) remobilization &fC-skeletons accounted for (assumihgttglutamate

and alanine neosynthesis is fed by 80% and 20% remobilized carbon, respec¢hy&iptosynthetic yield of net N
assimilation, calculated as the ratio of net N demand (white bars in (a)) to passiilationLetters stand for

statisti@l classesAnova P < 0.05)when comparing condition$he x-axis shows @and CQ conditions (%umol
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mol™?, respectively) ordered by increasing carboxylatimoxygenation ratio from left to right. Values shown are

meanrtSD.
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