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RESUMO

As celulas-guarda respondem a diversos estimulos que resultam na alteracdo do seu volume e,
como consequéncia, na abertura ou fechamento do poro estomatico. Diversos estimulos
ocasionam mudancas no volume das células guarda, como por exemplo luz, CO; e
fitohormonios. As células-guarda possuem um metabolismo com diversas particularidades,
em comparacdo com as células mesofilicas. Por exemplo, enquanto o fluxo metabdlico
através do ciclo do acido tricarboxilico (TCA) é inibido pela luz em células mesofilicas,
evidéncias sugerem que o ciclo TCA e a glicélise de células guarda sejam ativados na
presenca de luz. Dentro desta perspectiva, este trabalho objetivou investigar os fluxos
metabdlicos atraveés do ciclo TCA e de rotas metabdlicas associadas, como da gliclise, da
fixacdo de CO. mediada pela enzima fosfoenolpiruvatocarboxilase (PEPc) e da sintese de
amino acidos como Ala, Glu e GlIn. Para isso, foi estabelecido uma abordagem de marcacgéo
isotopica (*3C) posicional utilizando dados previamente publicados de cromatografia gasosa
acoplada a espectrometria de massas. Diversos metabo6litos do ciclo TCA e de rotas
metabolicas associadas foram avaliados em termos de abundéncia relativa do isotopémero,
enriquecimento total de *3C e contetido dos metabdlitos. Os resultados obtidos para células-
guarda foram comparados com resultados de células mesofilicas de plantas C3 e C4, bem
como com os de células mesofilicas de folhas fonte e dreno de plantas C3. Nesse sentido, 0s
resultados sugerem que as células-guarda tém um modo particular de fluxo do ciclo TCA, e
das rotas associadas, com certas similaridades com células-dreno de plantas C3. Além disso,
os resultados indicam que a inibicdo dependente de luz da piruvato desidrogenase restringe
severamente o fluxo do ciclo TCA em direcdo a sintese de glutamato.Os resultados sdo
discutidos no contexto da regulacéo do ciclo TCA e do metabolismo de células guarda.

Palavras-chave: Ciclo do &cido tricarboxilico, fluxo metabolico, glutamina, marcacéo
isotopica posicional, metabolismo de células guarda, regulacdo metabdlica.



ABSTRACT

Guard cells respond to a wide range of stimuli in order to change its volume and, thus, open
or close the stomatal pore. Several stimuli cause changes in guard cells turgor, such as light,
CO., phytohormones, among others. Guard cells metabolism have differences in comparison
with mesophyll cells. For instance, whilst the metabolic flux throughout the tricarboxylic acid
(TCA) cycle is inhibited by light in mesophyll cells, evidences suggest that guard cells TCA
cycle is active in presence of light. In this sense, this work aimed to investigate the metabolic
fluxes through the TCA cycle and other associated pathways, such as glycolysis and CO-
fixation mediated by phosphoenolpyruvate carboxylase (PEPc). For this purpose, we
stablished a mass spectrometry-based 3C-positional isotope labelling approach to analyse
previously published gas-chromatography coupled to mass spectrometry data. Several
metabolites of, or associated to the TCA cycle were evaluated in terms of relative isotopomer
abundance, total 3C-enrichment and metabolite content, and the results from guard cells were
compared with mesophyll cells of C3 or C4 plants, as well as to source or sink C3-mesophyl|
cells. In this sense, the results suggest that guard cells have a particular metabolic flux mode
throughout TCA cycle and associated pathways, with certain similarities with mesophyll cells
of C3 plants. Furthermore, the results indicate that the light-dependent inhibition of pyruvate
dehydrogenase severely restricts the fluxes of carbon to glutamate synthesis. Results are

discussed in the context of TCA cycle regulation and guard cell metabolism.

Key words: C-positional isotope labelling, glutamine, guard cells metabolism, metabolic
fluxes, metabolic regulation, tricarboxylic acid cycle.
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1. GENERAL OVERVIEW

In plants, leaf cuticle is impermeable to water and CO». Thus, gas exchange in leaves
mostly occurs through the stomatal pore, which regulates the balance between CO. uptake for
photosynthesis and water loss by transpiration. Stomatal opening process is controlled by
changes in the metabolism of the surrounding specialized leaf epidermal cells, named guard
cells (GCs). There are several endogenous and environmental signals governing stomatal
movement. For instance, stomatal opening is regulated endogenously by phytohormones,
circadian rhythms (HASSIDIM et al., 2017) and other metabolites coming from mesophyll
cells. In addition, stomatal movement also responds to light (SHIMAZAKI et al., 2007), plant
water status (TARDIEU & SIMONNEAU, 1998), CO, (HEATH & RUSSELL, 1954),
atmosphere vapor pressure (MC ADAM & BRODRIBB, 2015) and temperature (KOSTAKI
et al., 2020). However, many open questions remain open regarding the regulation of guard
cells metabolism to trigger stomatal movement in response to internal e external signals. For
instance, there is still a debate about what are the exact sources of carbon for the synthesis of
osmoticum, required for osmotic regulation of guard cell volume, and about the source of
energy required to support stomatal movements, since guard cells are known to have low
photosynthetic capacity.

It has been argued that guard cell photosynthesis cannot provide all the energy
necessary to guard cells osmoregulation (OUTLAW, 1989). In accordance, evidences have
shown that guard cells have a low number of chloroplasts and low content of ribulose-1,5-
biphosphate carboxylase/oxygenase (RubisCO) and chlorophyll (HUMBLE & RASCHKE,
1971). In contrast, guard cells have a high number of mitochondria and higher respiration
rates (WILLMER & FRICKER, 1996; ARAUJO et al., 2011), when compared to mesophyll
cells, suggesting that respiration is the main source of ATP for these cells. Notwithstanding, it
has been shown that in leaves the pyruvate dehydrogenase complex (PDH), a key enzyme in
the regulation of the TCA cycle, is inactivated by a light-dependent phosphorylation (GEMEL
& RANDALL, 1992; MCDONALD & VANLERBERGHE, 2018). In guard cells, however, a
recent 3C-sucrose labelling study suggested a differential regulation of both glycolysis and
TCA cycle in guard cells in the light (MEDEIROS et al., 2018). Nonetheless, experimental
evidence supporting this idea and several pieces of the guard cell metabolism puzzle are still

missing.

Here we have established a gas chromatography coupled to mass spectrometry-based

(GC-MS) positional *C-positional isotope labelling approach to investigate the distribution of
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the carbon fixed by PEPc over the TCA cycle and glutamate (Glu)/glutamine (GIn). After
establishing this approach, we performed a meta-analysis of previously published data from
13C-isotope labelling experiments carried out in guard cells of Arabidopsis and tobacco, in
leaves of Arabidopsis and maize, and in sink and source leaves of Arabidopsis. Collectively,
our results indicate that the fluxes from glycolysis and PEPc activity toward GlIn synthesis are
higher in guard cells when compared with those observed in C3 or C4 mesophyll cells, and
resemble metabolic fluxes observed in sink C3-mesophyll cells. Our results suggest a
differential regulation of both glycolysis and the TCA cycle in GCs and are, here, discussed in

the context of regulation of the TCA cycle and guard cell metabolism.
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PAPER - C-positional isotope labelling analysis revealed a different mode of 3C-
distribution throughout the TCA cycle and glutamine synthesis in guard cells: a meta-

analysis study

ABSTRACT

The tricarboxylic acid (TCA) cycle provides substrates for numerous metabolic pathways in
prokaryotes and eukaryotes. In plants, the regulation of respiration assumes a higher level of
complexity given that it is tightly coupled to photosynthesis. However, several TCA cycle
enzymes, plus the mitochondrial pyruvate dehydrogenase (PDH), have been shown to be
inhibited by light in leaves, which leads to a restricted carbon flux throughout leaf TCA cycle
and glutamate/glutamine (Glu/GlIn) synthesis during the day. Nonetheless, evidence suggests
that in guard cells (GCs) both glycolysis and the TCA cycle are active in the light, most
probably as a mechanism to support the synthesis of stomatal movement regulators, such as
ATP, malate (Mal) and fumarate (Fum), as well as GIn. It seems reasonable to hypothesize,
therefore, that guard cell TCA cycle is differentially regulated in the light, as compared to
mesophyll cells (MCs). Here we have established a gas chromatography coupled to mass
spectrometry-based !3C-positional isotope labelling approach to investigate the *°C
distribution derived from phosphoenolpyruvate carboxylase (PEPc) activity throughout the
TCA cycle and associated pathways. This approach allowed the tracking of the incorporation
of 13C from PEPc activity into Mal, Glu and GIn. We then performed a multi-species/cell
types meta-analysis of previous metabolic flux studies aiming to compare the *3C distribution
throughout the TCA cycle and associated pathways in GCs with those observed in MCs of C3
(MC-C3) or C4 (MC-C4) plants, as well as with sink or source MC-C3. In general, GCs *C
distribution did not resemble those observed in MC-C4 or MC-C3 and showed similarities
with sink MC-C3. Surprisingly, the 3C incorporation into Mal derived from PEPc CO>
fixation was higher in MC-C3 than in GCs. All tissues showed a high **C-enrichment in
pyruvate (Pyr), being rapidly fully labelled in GCs under *C-Suc and in MC-C3 and MC-C4
under ¥CO.. However, the metabolic fluxes derived from Pyr were substantially different
among GCs and MCs. Whilst GCs showed lower *C-enrichment in alanine (Ala), the **C-
incorporation into Gln derived from PEPc, PDH and the TCA cycle was much higher in GCs
than in both MC-C3 and MC-C4. Similarly, sink MC-C3 had 3-fold higher *3C-enrichment in
GIn than source MC-C3 under 3C-Suc. Despite this similarity with sink MC-C3, only GCs
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showed an increment of the fragment m/z 118 in GlIn, which refers to the M1 isotopologue
derived from PEPc fixation. Interestingly, increased Glu m/z 118 was observed in wild type
(WT) Arabidopsis MCs when they were fed with 3C-Pyruvate (**C-Pyr), but not with *3C-
Glucose (**C-Glc) or *C-Malate (*3C-Mal). However, increased Glu m/z 118 was observed in
both trxol mutant and ntra ntrb double mutant under **C-Glc. These results strongly suggest
that PDH activity severely limits the glycolytic fluxes toward Glu/GIn synthesis in the light,
which is due to the deactivation of this enzyme by phosphorylation and probably by a
negative thioredoxin-mediated redox regulation. Collectively, our results highlight the
effectiveness of our 3C-positional isotope labelling approach and indicate a higher use of the
carbon fixed by PEPc to GlIn synthesis in GCs, compared to MC-C3 or MC-C4. The results

are discussed in the context of regulation of TCA cycle and Glu/GlIn synthesis.

Key words: Guard cell metabolism, metabolic fluxes, metabolic regulation, tricarboxylic acid
cycle, thioredoxin-mediated redox regulation, glutamine.
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Introduction

Respiration is a fundamental process for living organisms and it is separated in three
main steps, namely glycolysis, the tricarboxylic acid (TCA) cycle and the mitochondrial
respiratory chain (Krebs & Johnson, 1937; Beevers, 1961). In animals and most
microorganisms, respiration is responsible for most of the cellular energy produced. In plants,
this task is also accomplished by the photosynthetic process under light conditions. Thus,
plant energetic metabolism has a higher level of complexity, in which a tight regulation
between photosynthetic and (photo)respiratory metabolisms is observed (Mgller &
Rasmusson, 1998; Buchanan, 2016; Obata et al., 2016; Souza et al., 2018b). For instance,
whilst the enzymes of the Calvin-Benson cycle are activated in the light, by a mechanism
dependent of the ferredoxin-thioredoxin plastidial system (Buchanan, 2017), it has been
recently shown that the non-plastidial thioredoxin system deactivates key enzymes of the
mitochondrial (photo)respiratory metabolism (Balmer et al., 2004; Yoshida & Hisabori, 2014,
2016; Daloso et al., 2015b; Reinholdt et al., 2019a; Fonseca-Pereira et al., 2020).
Furthermore, other post-translational regulation mechanisms such as phosphorylation and
lysine acetylation of pyruvate dehydrogenase (PDH) and enzymes of the TCA cycle are also
key points that negatively regulate the carbon fluxes toward the TCA cycle in the light
(Tovar-Méndez et al., 2003; Tcherkez et al., 2005; Finkemeier et al., 2011; Nunes-Nesi et al.,
2013). However, despite outstanding advances in the understanding of the regulatory
mechanisms and the metabolite channelling via metabolon between the enzymes of the TCA
cycle (Nietzel et al., 2017; Zhang et al., 2017, 2018; Fernie et al., 2018), it remains not
completely understood how the fluxes through this cycle are regulated.

Among the metabolic pathways that depend on carbon from respiratory intermediates,
the synthesis of Glu, GIn and associated amino acids depends on the activity of the C6-branch
of the TCA cycle (Araujo et al., 2013). This idea is based on the fact that antisense or
pharmacological inhibition of citrate synthase (CS), isocitrate dehydrogenase (IDH) or 2-
oxoglutarate dehydrogenase (OGDH) alters substantially the amount of Glu and GIn produced
in leaves (Araujo et al., 2008; Sienkiewicz-Porzucek et al., 2010; Sulpice et al., 2010).
However, given that the fluxes toward the TCA cycle are inhibited in the light, the source of
carbon for Glu and GIn synthesis remained mysteriously unanswered until recently. Important
information that partially fulfil this gap was provided by a diel course genome scale metabolic

model which predicted that previous night-stored organic acids, especially citrate, would be
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an important source of carbon to feed the C6-branch of the TCA cycle in the light (Cheung et
al., 2014). According to this model and in agreement with several other studies, plant TCA
cycle does not seem to work as a cycle (Sweetlove et al., 2010). Indeed, several non-cyclic
flux modes have been demonstrated in leaves and seed embryos (Hanning & Heldt, 1993;
Tcherkez et al., 2005, 2009; Schwender et al., 2006; Alonso et al., 2007; Allen et al., 2009;
Gauthier et al., 2010), which highlights the complexity of the regulation of the TCA cycle in

plants.

Detailed information regarding the metabolic fluxes throughout the TCA cycle has
been obtained by both mass spectrometry (MS) and nuclear magnetic resonance (NMR)-based
13C-metabolic flux analyses (Zamboni et al., 2009; Kim et al., 2010; Heise et al., 2014). NMR
has great advantage over MS approaches given that it allows the analysis of the °C
incorporation at specific atom position. However, NMR sensitivity is much lower than MS,
which limits the use of NMR for small metabolic networks (Ratcliffe & Shachar-Hill, 2006;
Antoniewicz, 2013). Thus, the establishment of a MS-based platform to analyse positional
13C-isotope labelling offer the possibility to improve the resolution of metabolic flux analysis.
Positional *C-isotope labelling analysis allows the discrimination of which pathways mostly
contribute to the synthesis of a particular metabolite or to the activation of a metabolic
pathway. For instance, 3C-NMR has been recently used to investigate the source of carbon
for Glu synthesis in leaves under **CO.. The results showed a specific *3C incorporation into
the carbon 1 of Glu, whilst no **C-enrichment was observed in the carbons 2 to 5 of the
molecule (Abadie et al., 2017). This indicates that there is incorporation of one carbon from
the anaplerotic CO> assimilation catalysed by phosphoenolpyruvate carboxylase (PEPc)
activity into Glu and that no carbon from glycolysis, which is derived from the CO; fixed by
ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), is incorporated into Glu under
short time 3CO; labelling (Abadie et al., 2017). Interestingly, whilst these results confirm
predictions from previous metabolic models (Cheung et al., 2014), they are in contrast to
results from 3C-isotope labelling experiments in guard cells (GCs) (Daloso et al., 2015a,
2016; Robaina-Estévez et al., 2017; Medeiros et al., 2018). Therefore, it remains unclear
whether the metabolic fluxes toward the TCA cycle and Glu/GIn synthesis in the light are
differentially regulated in mesophyll (MCs) and GCs.

GCs are specialized cell types that surround the stomatal pore (Lima et al., 2018a).
Changes in guard cell metabolism regulate stomatal opening, which is an important process

for the regulation of photosynthesis and transpiration (Lawson & Vialet-Chabrand, 2018).
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GCs are known to have few chloroplasts and low chlorophyll content (Willmer & Fricker,
1996), which result in a lower photosynthetic capacity when compared to MCs (Gotow et al.,
1988; Lawson et al., 2003). However, GCs have higher number of mitochondria and higher
respiration rate (Willmer & Fricker, 1996; Araujo et al., 2011a). Therefore, it is reasonable to
assume that mitochondrial metabolism is the main source of ATP for these cells. However,
this assumption implicates that mitochondrial respiratory metabolism should be active in the
light, by contrast of that observed in MCs. Indeed, recent *C-sucrose (*3C-Suc) labelling
study suggests a particular regulation of both glycolysis and the TCA cycle in GCs in the light
(Medeiros et al., 2018). However, a detailed comparison of the metabolic fluxes throughout
the TCA cycle between GCs and MCs is still missing. Here we have established a gas
chromatography coupled to mass spectrometry-based (GC-MS) 3C-positional isotope
labelling approach to investigate the distribution of the carbon fixed by PEPc into Mal, Glu
and GlIn. After establishing this approach, we performed a meta-analysis of previously
published data from *C-isotope labelling experiments carried out in MCs of Arabidopsis C3
(MC-C3) and maize C4 (MC-C4) and sink and source leaves of Arabidopsis plants and in
GCs of Arabidopsis and tobacco. Collectively, our results indicate that the fluxes from
glycolysis and PEPc activity toward GIn synthesis are higher in GCs when compared with
those observed in MC-C3 or MC-C4, suggesting a differential regulation of both glycolysis
and the TCA cycle in GCs. Notwithstanding, our results indicate that the light-dependent
inhibition of PDH severely restricts the fluxes of carbon through Glu synthesis. The results

are discussed in the context of regulation of the TCA cycle and guard cell metabolism.

Material and methods

Data set acquisition

Chromatograms of published works were kindly provided by their authors (Table S1).
The data set comprised 320 chromatograms of primary metabolites identified by GC-TOF-
MS from Arabidopsis rosettes, Arabidopsis and maize leaves and from guard cell-enriched
epidermal fragments of Arabidopsis and tobacco. Details of the data set used in this work are
found in the Table S1. In the following sections we describe the general methodologies
employed in the experiments used by the respective works for the collection of the metabolite
data.
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Plant material and growth condition

Arabidopsis thaliana, accession Columbia-0, was grown in 6-cm-diameter pots, under
8/16-h day/night cycles at an average irradiance of 120 pmol m™ s, temperatures of 22-20°C
(day)/20-18°C (night), and 50% relative humidity and CO concentration around 420 ppm.
Fully expanded rosettes of 5-week-old plants, or paired leaves of single plant rosettes, were
harvested and used for feeding experiments using *CO; or $3C-Suc and for the isolation of
guard cell-enriched epidermal fragments, which were subsequently used for **C-Suc or *C-
NaHCO:s labelling experiments.

Nicotiana tabacum (L.) seeds were germinated in Petri dishes containing MS medium
(Murashige & Skoog 1962) and cultivated in vitro for 15 days. Seedlings were transplanted to
0.1 L pots containing Plantimax® substrate, cultivated for 15 days under photoperiod of 14 h
illumination and light intensity of 120 mol m? s and, then, transferred to 20 L pots under
greenhouse conditions. Completely expanded and non-senescent leaves of non-flowering 3 to
4-months-old plants were used for the preparation of guard cell-enriched epidermal
fragments, which were subsequently used for 13C-NaHCOj3 labelling experiments.

Maize (Zea mays L. cv. B73) seeds were germinated in darkness in Petri dishes on
moistened filter paper (3 d, 28 °C), then transferred to 10-cm-diameter pots, grown for 5 d
under 16/8 h day/night cycles (irradiance 105 pmol photons m 2 5%, 22/18 °C, 70% relative
humidity) and, finally, under 14/10 h day/night cycles (irradiance 480 pumol photons m 2 s2,
25/22 °C, 65% relative humidity). Leaves of 3-weeks-old plants were used for 3CO; labelling

experiments.

13C-isotope kinetic labelling experiments in whole plant Arabidopsis and in leaves of
Arabidopsis and maize

1BCO, feeding experiment of Arabidopsis rosettes was performed by providing a gas
mixture (concentration of 78% N2, 21% Oz, 400 ppm 3CO; and flow of 5 liters mint) inside
of a 380 mL-transparent labelling chamber (Magenta GA-7 plant culture box), illuminated
with a photon flux density of 115 umol m? s* by a FL-460 lighting unit from Walz.
Individual plants in their pots were quickly moved from the growth chamber to the labelling
chamber (<5 s) and quenched at different times after the start of labelling. Metabolism was
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quenched directly in the chamber by pouring a large volume of liquid nitrogen over the rosette
through a funnel placed through a small outlet in the box. All frozen plant material above the
plastic foil was harvested and stored at -80°C.

13C-Suc feeding experiment of Arabidopsis leaves was performed by petiole feeding
assay. The leaf lamina of the “feeding” leaf was removed by a clear scalpel cut and a reservoir
containing labelling solution (30 uL of **C-suc in tap water) was immediately placed to cover
the petiole stump of the remaining petiole that was still attached to the plant. The solution
covered the cut completely and entered the plant via the petiole. P1-P7 or P1-P9 leaves, in
the fresh mass range of 2.5-50.0 mg, were harvested from each rosette and metabolically
inactivated by shock freezing in liquid nitrogen.

1CO, feeding experiment of maize plants was performed by providing a gas mixer
(78% N2, 21% O, and 420 ppm 2CO./COy) into a custom-designed labelling chamber of
320 ml volume. Flow at 10 L min~* was used for pulses of up to 1 min, and 5 L min? for
longer pulses. The chamber was made of copper with a hollow body and a transparent
Plexiglas lid with a hollow vertical tube (internal diameter ~2cm) sealed with transparent film
(Toppits©®) and illuminated with 480 pmol photons m™2 s* by an external lamp (FL-460
Lighting Unit, Walz, Effeltrich, Germany). Plant material was quenched by dropping a pre-
cooled (in liquid N2) copper rod with a sharp machined edge down the hollow tube in the lid
into the labelling chamber, freeze-clamping a leaf disc (1.9 cm diameter, ~65 mg FW)
between this rod and another copper rod fixed in the chamber, protruding into the base of the
chamber and extending well below the outside of the chamber to allow pre-cooling with
liquid N2. Labelling started 2h after the start of the light period, to ensure metabolic steady
state, and harvested at different times after starting labelling. Leaf discs from two plants were

pooled per time point.

Guard cell isolation

A pool of guard cell-enriched epidermal fragments (simply referred here as guard
cells) were isolated following a protocol that was recently optimized for metabolite profiling
analyses (Daloso et al., 2015a). Briefly, guard cells were isolated from pre-dawn harvested
samples by blending approximately 5 Arabidopsis rosettes per replicate, or 2 fully expanded
tobacco leaves, in a Warring blender (Philips, Rl 2044 B.V. International Philips, Amsterdam,

The Netherlands), incorporating an internal filter to remove excess mesophyll cells, fibres and
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other cellular debris. All guard cell isolations were carried out in the dark in order to maintain
closed stomata and simulate opening, following the natural circadian rhythm.

13C-isotope kinetic labelling experiment in guard cells

After isolation, guard cells were transferred to light or dark conditions and incubated
in a solution containing 50 uM CaCl, and 5 mM MES-Tris, pH 6.15 in the presence of 5.0
mM 3C-NaHCOs (Arabidopsis) or in a solution containing 10 mM KCI, 50 pM CaCl, and 5
mM MES- TRIS, pH 6.15 in the presence of 0.1 mM *C-Suc (Tobacco). The experiment
was initiated at the beginning of the day light period. Guard cell samples were rapidly
harvested on a nylon membrane (220 um) and shap-frozen in liquid nitrogen under dark
condition or after different times of light exposure and finally stored at -80°C before

subsequent metabolic analyses.

Metabolomics analysis

GCs, leaves or Arabidopsis rosettes were ground to a fine powder using a Retsch ball-
mill. Metabolites were extracted from ~50-to-100 mg (fresh weight) of frozen plant powder.
Metabolites extraction and their derivatization were carried out exactly as described by Lisec
et al., (2006). Briefly, metabolite extraction was performed in methanol, with shaking at 70°C
for 1 h. Ribitol (60 ul, 0.2 mg mL™) was added as internal standard. Following centrifugation,
the supernatant was taken and the polar and apolar phases were separated by adding
chloroform and deionized water to the tube. A new centrifugation was performed and 150 pL
or 1 mL of the polar (upper) phase of leaves and GCs, respectively, was taken and reduced to
dryness. Metabolites were derivatized by methoxyamination, with subsequent addition of tri-
methyl-silyl (TMS) and finally analysed by GC-EI-TOF-MS, as detailed in Lisec et al.
(2006).

Establishment of the 3C-positional isotope labelling approach

In order to investigate the *C-positional isotope labelling in metabolites of, or
associated to, the TCA cycle, we first searched for fragments of the metabolites of this
pathway from metabolomics data derived from a well-established gas chromatography-
electron impact- time of flight-mass spectrometry (GC-EI-TOF-MS) platform (Lisec et al.,
2006) and also from studies involving TMS-derivatization. We further revisited the Golm

Metabolome Database to identify the chemical structure of the TMS-derivatized compounds
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of interest and also reviewed the literature, aiming to find which carbons are included in each
molecule fragment obtained from electron impact (EI) fragmentation of TMS-derivatized
compounds. We searched the pattern of EI-mediated fragmentation of metabolites belonging
to the groups of amino acids, organic acids and sugars (Dejongh et al., 1969; Petersson, 1972;
Leimer et al., 1977; Antoniewicz et al., 2007; Abadie et al., 2017; Souza et al., 2018a;
Okahashi et al., 2019). In parallel, an in silico analysis was performed to identify the major
well-known fragmentation patterns resulting from EI ionization using the software
ChemBioDraw 12.0 (CambridgeSoft, Cambridge, MA, USA). Finally, a small El-based
fragmentation map of TMS compounds was assembled, containing the estimated cleavage
groups and resulting carbon skeletons for each metabolite of interest. Here we only present

the results from metabolites associated to the TCA cycle, following the focus of the study.

Determination of the 3C-enrichment in metabolites associated to the TCA cycle

We revisited 320 chromatograms/mass spectra, identified and selected seven
metabolites of interest (Pyr, Ala, Mal, Fum, succinate, Glu and GIn) in all tissue types,
although not all metabolites were found in every work (Table S1), and analysed the *C-
enrichment in these metabolites. We determined the relative isotopomer abundance (%) of the
isotopologues (M, M1, M2...Mn) and the total 3C-enrichment was calculated as described
previously (Lima et al., 2018b), by assuming the multiplication of the relative isotopomer
abundance of the isotopologues by the number of 3C atoms incorporated in each isotopomer
(MO*0+M1*1+M2*2...Mn*n) and then dividing by the number of C of the molecule. Given
that experiments had different labelling times, we also determined the total *C-enrichment
per min, dividing the total *3C-enrichment obtained at the last time-point by the *3C-
enrichment at time 0 and then normalizing the data by the experiment labelling time. We are
aware that the *C incorporation into metabolites is not linear and that our results may not
reflect the real rate of 3C incorporation min. Thus, our comparisons of the total 3C-
enrichment min™* obtained from experiments performed with different 3C labelling times
should be taken with caution. Yet, we found this approach worth to use for the comparison
between GCs and MCs subjected to 60 minutes of labelling.

Statistical analysis
All data are expressed as mean * standard error (SE). Data from different experiments

were compared using ANOVA and Dunnet’s test (P < 0.05). Exception is made for the data
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from MC-C4 experiment, which contained only one biological replicate and, thus, did not
allowed the calculation of averages and SEs, as well as a statistical comparison to other
experiments. Punctual comparisons of GCs with MC-C3 and with source or sink MC-C3 were
carried out by Student’s t-test (P < 0.05), as indicated in the legend of each figure. All
statistical analyses were performed using Sigma Plot 12® (Systat Software Inc., San Jose,
CA, USA).

Results

Establishment of the GC-EI-TOF-MS-based **C-positional isotope labelling approach
To identify the **C-positional isotope labelling in different metabolites, we established
a GC-EI-TOF-MS-based approach to investigate the distribution of the carbon fixed by PEPc
over metabolites of, or associated to, the TCA cycle. Similar strategy has been used to analyse
positional isotope labelling in metabolites associated to photorespiration (Souza et al., 2018a).
Here, we first assemble a map of fragmentation of metabolites associated to the TCA cycle,
which includes TCA cycle intermediates, Pyr and amino acids (Figure 1). This was obtained
by reviewing literature and the Golm Metabolome Database to identify chemical structures of
TMS-derivatized compounds and metabolite fragmentation patterns. Then, we performed an
in silico simulation of metabolite fragmentation using the software ChemBioDraw. For
instance, after El-based fragmentation of the Glu 3TMS, the mass-to-charge (m/z) ratio 246 is
the fragment that shows the highest intensity and that has been widely suggested to contain
the carbons 2, 3, 4 and 5 of the Glu backbone (Leimer et al., 1977; Huege et al., 2007). We
then reproduced this fragmentation using ChemBioDraw and estimated that Glu and Gln are
cleaved at the TMS-carboxyl group in the carbon 1 position, resulting in two major fragments
namely m/z 117 and m/z 246 for Glu, and m/z 117 and m/z 245 for GlIn (Figure 1). Since the
incorporation of *C atoms in a fragment causes a shift in the m/z ratio observed in the mass
spectra (Okahashi et al., 2019), we deduced that after *3C-labelling the Glu fragment m/z 117
should change to 118 and the fragment m/z 246 should range from 246 to 250, according to
the number of labelled carbons incorporated. Acknowledging a recent *C-NMR metabolic
flux study that indicates that the carbon 1 position of both Glu and Gln is derived from PEPc
activity (Abadie et al., 2017), we considered that the fragment m/z 117 carries the carbon 1

position of both Glu and GIn and, most important, that this carbon is derived from PEPc
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fixation, rather than from acetyl-CoA, as a product of PDH activity, or from the TCA cycle
(Figure 2). Thereafter, we used the analysis of *C-enrichment in m/z 246, m/z 245 and m/z
117 fragments to distinguish the relative contribution of glycolysis and TCA cycle pathways
(m/z 246 and m/z 245) from that of the CO- fixation via PEPc (m/z 117) to the synthesis of
Glu and Gln.

We repeated this same strategy for each major fragment of other metabolites
associated with the TCA cycle. Interestingly, m/z 117 is a common fragment obtained after
El-fragmentation of metabolites of the TCA cycle (see Mal m/z 117 in the Figure 1 and the
blue identification in the Figure 2, which represent fragments with m/z 117). Taking in
consideration recent studies showing that the carbon assimilated by PEPc is directly
incorporated into the carbon 4 of oxaloacetate (OAA) and subsequently incorporated into the
carbon 4 of Mal (Abadie et al., 2017), and that the fragments m/z 117 and m/z 233 contains,
respectively, the carbon 4 and the carbons 2, 3 and 4 of the Mal backbone (Okahashi et al.,
2019), we thus used the m/z 117 fragment to investigate the *C enrichment in Mal as an
indirect product of PEPc fixation (Figure 3). The GC-EI-TOF-MS-based 3C-positional
isotope labelling approach developed in this work showed that the analysis of the 3C-
enrichment in the fragment m/z 117, through the increase in the intensity of m/z 118,
represents an indirect and effective tool to measure PEPc activity in vivo.

13C-isotopomer relative abundance analysis

In order to facilitate comparisons with GCs and considering that great portion of the
leaf is composed by MCs, the results of 3C-feeding experiments performed in leaves are
described as MC-C3 (for C3 plants) and MC-C4 (for C4 plants). Given the similarity in the
labelling time used in some *C-feeding experiments, we first compared the metabolism of
MC-C3 and MC-C4 under 3CO, with that of GCs under *C-Suc or **C-HCOs. For this, we
analysed total *C-enrichment, metabolite levels and relative isotopomer abundance of Pyr,
which is the end-product metabolite of glycolysis, and of the TCA cycle-intermediates
succinate (Succ), Fum and Mal. In addition, we analysed three amino acids whose
biosynthetic pathways are associated to the TCA cycle. These amino acids are Glu and GIn,
which depends on carbon derived from 2-oxoglutarate (2-OG), and Ala, that is synthetized
through alanine aminotransferase (AlaAT) using Pyr as substrate.

MC-C4 showed a large increase in the isotopomer M4 (m/z 249) of Fum under 2*COy,

reaching maxima of 38 % at 40 minutes, when then it decreased towards 60 min. GCs had
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increases in M2 (m/z 247) over time, whilst both M3 (m/z 248) and M4 (m/z 249) showed
slight increases after 16 mins under *C-HCOs (Figure 4). By contrast, Fum labelling pattern
in MC-C3 was highly stable under *3CO. over time, with slight increases in M3 and M4 at 60
min. The decline in Fum M (m/z 245) and the labelling patterns of M1-M4 indicate that Fum
was fully labelled in all tissues analysed, although MC-C4 was labelled with less time,
followed by GCs and MC-C3, subsequently. The results of the relative isotopomer abundance
of the Mal m/z 233 fragment was similar to those observed for Fum m/z 245, especially in
MC-C4. MC-C3 had a 12 %-increase in M3 (m/z 236) after 60 minutes of light exposure,
whilst GCs increased ~6% in M1 (m/z 234), M2 (m/z 235) and M3 (m/z 236) after 40 minutes
of light exposure. GCs had lower M values of Fum than Mal at 60 min, and the opposite was
observed in MC-C3, which, in this case, was due to a higher increase in both M3 and M4 of
Fum from 20 to 60 min (Figure 4). Interestingly, the labelling of the carbon 4 of Mal,
analysed here through the relative increase of m/z 118, raised linearly up to 26% at 60 min in
MC-C3, highlighting a higher incorporation of $3C derived from PEPc in Mal over time. As
expected, MC-C4 showed a rapid and the highest increase (46% at 40 min) in this isotopomer,
while GCs showed an intermediate increase (25 % at 40 min). Succ was similarly labelled in
MC-C4 and GCs, whilst it was not detected in MC-C3 samples (Figure 4).

Pyr and Ala were not detected in GCs under **C-HCOs. The comparison of these
metabolites between GCs and MCs was then based in results from GCs under *C-Suc. Pyr
was rapidly fully labelled in all tissues, in which M3 (m/z 177) reached maxima of 36, 73 and
48 % in MC-C3, MC-C4 and GCs, respectively (Figure 5). A similar labelling pattern was
observed in Ala in MC-C3 and MC-C4, but GCs showed much lower increase in M2 and
decrease in M over 60 min (Figure 5). These results indicate that Pyr is rapidly fully labelled
in MCs and GCs, but this carbon is rapidly transferred to Ala through AIaAT only in MC-C3
and MC-C4 (Figure 5).

We next evaluated the relative isotopomer abundance in Glu and Gln, two amino acids
that are potential fates for carbons derived from Pyr. In this analysis, we only detected Glu
m/z 246 in GCs under *3C-HCOs, but all isotopomers of Glu m/z 246, Glu m/z 117, GIn m/z
245 and GIn m/z 117 were detected in GCs under 3C-Suc and MC-C3 and MC-C4 under
13CO, (Figure 6). GCs under 3C-Suc showed the highest decrease in Glu m/z 246 (M)
(reaching 35 % at 60 min) and increase in Glu m/z 248 (M2) (reaching 27 % at 60 min)
(Figure 6), suggesting a fast incorporation of two carbons into this metabolite, which can be

derived from the TCA cycle or from acetyl-CoA (AcCoA) produced by PDH activity (Figure
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2). Increases in Glu m/z 249 (M3) and Glu m/z 250 (M4) in GCs under $3C-Suc were also
observed. GCs under 3C-HCO3 showed a slight decrease in M over time, and a slight
increase in both M3 and M4 of Glu from 32 to 40 min (Figure 6). MC-C4 also have a
decrease in Glu m/z 246 (M) over time, with slight increases in M2, M3 and M4 of Glu after
20 min. MC-C3 had no expressive changes in the isotopomers of Glu m/z 246, in which an
increase of 3% in M2 was observed, while M3 and M4 increased 1.8% and 0.44% (Figure 6).
The relative isotopomer abundance of the Glu m/z 118 did not change in MC-C3 and
was slightly increased (3.9 %) in MC-C4 over time. In contrast, GCs had a 19%-increase in
Glu m/z 118 (M1) (Figure 6). No 3C enrichment in GIn m/z 245 of MC-C3 and in GIn m/z
117 of MC-C4 was observed. GIn m/z 245 was slightly labelled in MC-C4, while a rapid and
large increase (31%) in M3 (m/z 248) and M4 (m/z 249) coupled to a linear decrease in M
(m/z 245) in GCs under *C-Suc was observed (Figure 6). These results indicate that MC-C3
have null or minimum *3C incorporation of carbons from 3CO; into Glu and GIn in the light,
with a maximum of 2 carbons being incorporated into Glu but not in GIn under this condition
(Figure 7). By contrast, the carbons from *C-Suc were rapidly incorporated into the fragment
m/z 246 of Glu in GCs, that contains the carbons 2, 3, 4 and 5 of the Glu backbone (Figure 7).
The higher increase in M2 than in M3 and M4 in GCs under *C-Suc suggests a higher
contribution of the TCA cycle or of PDH to this labelling pattern of Glu. In this vein, the
absence of 3C enrichment in Mal, Fum or Succ under 3*C-Suc (Figure 7) strongly suggests a
great contribution of PDH for Glu labelling in GCs. Furthermore, only GCs showed clear
increases in Glu and GIn m/z 118, indicating that this metabolite is fully labelled in GCs in the
light by carbons coming from glycolysis, the TCA cycle and PEPc (Figure 7). Finally, no *C
derived from PEPc was incorporated into Gln in both MC types, highlighting a specific

labelling pattern of these metabolites in GCs.

Total *C-enrichment analysis

The previous isotopomer analysis highlights how many carbons have been
incorporated into each metabolite from the labelled substrate over time and the velocity of this
incorporation. We next calculated the total **C-enrichment found in each metabolite. The data
presented are normalized by the total **C-enrichment found at the time 0 of each experiment
(Figures 8-10). No C-enrichment in Mal, Fum and Succ in GCs under *C-Suc was
observed. The total **C-enrichment in Mal (m/z 117 and m/z 233), Fum (m/z 245), Succ (m/z
247), Pyr (m/z 174) and Ala (m/z 116) was higher in MC-C4 than in both MC-C3 and GCs
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(Figures 8,9). The total *C-enrichment in Fum m/z 245 and Mal m/z 233 increased in both
GCs and MC-C3 over time, but GCs showed significant differences in Fum and Mal after 16
min and 24 min, respectively, while MC-C3 showed significant difference in these
metabolites only at 60 min (Figure 8). Increased labelling in Succ m/z 247 in GCs under *3C-
HCO3 was observed, reaching maxima of 17% at 32 minutes, when then decreased towards 40
min (Figure 8).

GCs showed a high total *3C-enrichment in Pyr derived from 3C-Suc, reaching 51%
of increase at 60 min, whilst MC-C3 showed 45%-increase in Pyr at the same time point
(Figure 9). The pattern and the magnitude of Ala labelling in MC-C3 and MC-C4 resembled
those observed in Pyr in each of these cells. GCs also showed a significant increase in Ala
total 13C-enrichment over time. However, the magnitude of this increase was lower than that
observed for Pyr (Figure 9). These results indicate that carbons photosynthetically fixed are
highly directed to Pyr and Ala in both C3 and C4 MCs, while in GCs the carbon from 3C-Suc
is relatively lesser incorporated into Ala, as compared to Pyr. The total 3C-enrichment in Glu
m/z 246 observed in GCs under *C-HCO; resembled that observed in MC-C4. GCs under
13C-Suc had the highest total **C-enrichment in Glu m/z 246 and GIn m/z 245. GIn had an **C-
enrichment of 65.8% in the carbons 2 to 5 (m/z 246) after 60 min in the light (Figure 10).
Regarding the carbon 1 of Glu and GIn (i.e. m/z 117), GCs had an increase of 37 and 26 % in
the total *C-enrichment of Glu and GIn, respectively, while MC-C3 and MC-C4 showed
slight changes over time, although the total *3C-enrichment in MC-C3 at 60 min was

statistically different from the time 0 (Figure 10).

Changes in metabolite content

We further analysed whether the level of metabolites changed over time. Fum content
increased significantly only in GCs under both labelled substrates, but at greater extent under
13C-Suc. Interestingly, Fum showed an accumulation peak in GCs at 10 and 24 min under
13C-Suc and ¥C-HCO;3, respectively, when then its levels started to decrease (Figure 11). The
changes in Mal content over time was similar to those of Fum in GCs under 3C-Suc, with an
accumulation peak at 10 min after light exposure. No statistical difference was found in the
contents of Fum and Mal in MC-C3 over time. Similarly, Fum, Mal and Succ levels did not
change substantially in MC-C4 over time and in GCs under *3C-Suc Succ levels did not
change either (Figure 11). However, in GCs under 3C-HCOs, Succ increased linearly until 24

min and then decreased towards 40 min (Figure 11). In MC-C3, no statistical difference was
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found in the contents of Pyr, Ala, Glu and GlIn over time. Pyr decreased, while no difference
in Ala was observed in GCs. Both metabolites tended to decrease in MC-C4 (Figure 12).
Notably, Glu and GIn increased only in GCs under *C-Suc. Whilst Glu showed an
accumulation peak at 10 min, followed by a decrease in its content, GIn showed a progressive
and large increase over time (Figure 13). In summary, GCs had large alterations in metabolite
levels over time, whilst no significant change was observed in MC-C3. The reductions in Pyr
levels and the accumulation of GIn over time in GCs suggest a possible connection among
these pathways, as previously suggested by the *C analysis. Furthermore, the accumulation
peaks observed in Fum and Succ suggest that these metabolites were degraded over time, as
suggested by the total $3C- enrichment of Succ m/z 247 under 3C-HCOs.

Total 2*C-enrichment per min analysis

Our previous results showed the incorporation of *C derived from PEPc activity into
Mal of GCs under *C-HCO3; and MCs of C3 and C4 plants under *CO,. We statistically
compared the total *C-enrichment in Mal from MC-C3 and GCs at 60 and 40 min,
respectively, which was higher in MC-C3 in both m/z 117 and m/z 233 fragments (Figure 14).
MC-C4 had the highest rate of 13C incorporation into Mal, suggesting a higher PEPc activity.
Given that the labelling time used in MCs experiments was different from that used in the
GCs experiment, we normalized the total *3C-enrichment by the respective labelling time, i.e.
60 min for MCs and 40 min for GCs, generating the rate of enrichment, given as the total **C-
enrichment min™. After data normalization, the total *C-enrichment min™ in Mal m/z 117
was still significantly lower in GCs, whilst the rate of **C-enrichment in m/z 233 was slightly
higher, suggesting a differential labelling pattern of the carbons 2 and 3 of the Mal backbone,
when comparing MCs and GCs. Regarding the other metabolites of the study, GCs had a
higher total 2*C-enrichment min™ in Pyr, Fum and GIn and lower 3C-enrichment min in Ala,
when compared to MC-C3 (Figure 15). In summary, the highest rates of total **C-enrichment
in Pyr, Ala, Mal, Fum and Succ were observed in MC-C4, whilst GCs had the highest total

13C-enrichment min in Glu and Gln.

Sink and source Arabidopsis (C3) mesophyll cells under 3¥C-sucrose

We further analysed chromatograms of sink and source MCs of Arabidopsis plants fed
with 3C-Suc for 240 min. The aim was to investigate the differences among sink and source
MC-C3 and qualitatively compare them to GCs, which is believed to have several

characteristics of sink cells. Our meta-analysis showed that there are strong differences
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between the sink and source MC-C3 in regard to the total *C-enrichment of metabolites of, or
associated to, the TCA cycle. For instance, sink MC-C3 showed higher total **C-enrichment
in Mal, Fum and Succ than source MC-C3, although the levels of these metabolites were not
different between these cell types. No statistical difference was found for total **C-enrichment
and metabolite levels of Ala when comparing source and sink MC-C3, although source MC-
C3 tended to show higher values for this metabolite. In contrast, the total 3C-enrichment and
metabolite levels of both Glu and GIn were higher in sink MC-C3. Comparatively, both GCs
and sink MC-C3 showed a higher use of the carbon derived from *C-Suc to the synthesis of
Glu and GIn. However, it is worth mention that the isotopomer analysis performed by
Dethloff and collaborators showed the incorporation of only three carbons labelled into Mal
and Fum and two into Glu, which would distinguish GCs from sink MC-C3 (Dethloff et al.
2017). Furthermore, sink MC-C3 had higher maltose content, but no *3C-enrichment in this
metabolite (Figure 16). This suggests starch degradation in sink MC-C3 and that this starch
was most probably synthesized before 3C-Suc feeding.

Insights into the source of carbon for Glu synthesis in C3 mesophyll cells

In order to obtain better insights into the source of carbon for Glu synthesis and
whether the mitochondrial thioredoxin (TRX) system is involved in the regulation of this
pathway, we revisited chromatograms of 3C-feeding experiments carried out with MC-C3
from Arabidopsis wild type (WT), trxol mutant and ntra ntrb double mutant fed with 3C-
Glc, 3C-Mal or 3C-Pyr. In WT plants, the total **C-enrichment min™ in Pyr m/z 174 was
higher under 3C-Glc than under 3C-Mal, highlighting that glycolysis is probably the major
source of carbon for Pyr synthesis in MC-C3. Nevertheless, a significant *3C-enrichment
under *C-Mal was also observed, which indicates activity of the malic enzyme (ME) under
this condition (Figure 17). As expected, Fum had higher total **C-enrichment min under 3C-
Mal than under *C-Glc or **C-Pyr. However, no difference was observed in the total 3C-
enrichment min* in both Mal and Fum when comparing **C-Glc and **C-Pyr treatments. This
suggests that the glycolytic fluxes toward Mal and Fum pass through Pyr, which is probably
converted into OAA by the activity of Pyr carboxylase (PC) (Figure 17). Lastly, the total *C-
enrichment mint in Glu m/z 246 is higher under 3C-Pyr than under the other labelled
substrates. Furthermore, 3C-enrichment in Glu m/z 117 is only observed under *3C-Pyr
(Figure 17). These results suggest that the enhancement of PDH activity by increasing
substrate availability (**C-Pyr treatment) leads to higher enrichment in the Glu-fragments
containing the carbons 1 (m/z 117) and 2-to-5 (m/z 246) of the Glu backbone.
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We further analysed Glu m/z 117 in MC-C3 of plants lacking TRX ol or both
NADPH-dependent thioredoxin reductases NTRA and NTRB (Figure 18). Under $3C-Mal, no
13C-enrichment in Glu m/z 117 was observed. Under *3C-Pyr, we observed *C-enrichment in
all genotypes but with no difference among them. However, when we analysed the data under
13C-Glc, we observed significant 3C-enrichment in Glu m/z 117 only in the mutants, with no
difference between them (Figure 18). This result highlights that the PEPc-mediated
incorporation into the carbon 1 of the Glu backbone is probably regulated by the
mitochondrial NTR/TRX system (Figure 19). Taken together, the data presented here suggest
that GCs have a particular mode of metabolic fluxes throughout the TCA cycle and associated

pathways (Figure 20).

Discussion

Insights into in vivo PEPc activity and the source of carbon for Glu and GlIn synthesis
revealed by 3C-positional isotope labelling

13C-metabolic flux analysis (MFA) is an extremely powerful approach to unveil
pathways activation, in comparison to other regular approaches that measure the accumulation
of particular metabolites in a specific time (Ratcliffe & Shachar-Hill, 2006), particularly
considering that metabolic fluxes do not necessarily correlate either with the accumulation of
metabolites or with the level of transcripts and proteins of the pathway under investigation
(Williams et al., 2008; Fernie & Stitt, 2012; Szecowka et al., 2013). However, although it
may seem straightforward to perform, identifying the fate of the *C released by a certain
labelled substrate and to identify the precise atom position of the *C incorporation are of the
major challenges in plant metabolomics. This is particularly due to both the intrinsic
complexity of plant cell metabolism and the technical limitations available for metabolomics.
Given the possibility to identify *C-labelling at the level of atom position, 3C- NMR is one
of the best tools for MFA. However, NMR is less sensitive than MS (Silva et al., 2016). This
explains why NMR has not been used for guard cell MFA yet (Medeiros et al., 2019), given
that an enormous amount of guard cells would be required for such analysis. An alternative
possibility to overcome this limitation and to improve guard cell MFA is the development of a
method to determine positional isotope labelling in compounds identified by MS. In this
context, the data from GC-EI-TOF-MS is extremely useful for the establishment of such
method, given that it offers high resolution/sensibility with a stable fragmentation pattern due
to the strong energy used in El. However, the lack of a clear fragmentation map has hampered

the analysis of 1*C-enrichment at different carbon positions within the molecule.
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Here, aiming to overcome the technical limitations of MS-based MFA, and inspired by
the works from Tcherkez group that have provided great contribution to our knowledge
concerning the regulation of leaf TCA cycle and Glu synthesis by *C-NMR MFA, we created
a fragmentation map of TCA cycle-related metabolites. This allowed us to investigate the *C
distribution from PEPc activity into Mal, Glu and GIn. By following the intensity of the
fragments m/z 117 and m/z 118, we could obtain insights into the *C incorporation into Mal,
which indirectly refers to the in vivo PEPc activity. Moreover, we could investigate the
contribution of glycolysis, the TCA cycle and PEPc activity for the synthesis of Glu and GIn.
Our results are in close agreement with recent 3C-NMR MFA. For instance, it has been
shown that leaves under 3CO, and light conditions have a specific **C incorporation into the
C1 of Glu, whilst no 3C enrichment in the carbons 2-to-5 is observed (Abadie et al., 2017).
This indicates that one of the carbons incorporated into Glu comes from the anaplerotic CO>
assimilation mediated by the activity of PEPc. Our results reinforce this hypothesis and
highlight that GCs have much higher *C incorporation from PEPc into Glu and especially
GIn in the light, as compared to MCs. We also showed that MC-C4 have higher *C
incorporation into Mal derived from PEPc than MC-C3. These results highlight the
effectiveness of our 3C-positional isotope labelling approach, which can be further applied to
establish a protocol to measure PEPc activity in vivo using GC-EI-MS data. Noteworthy the
direct measurement of PEPc activity in vivo will require specific 3C-experiments using *C-
HCOs as labelled substrate and sample harvesting over a scale of seconds to minutes. An
alternative approach for the determination of PEPc activity in vivo has been recently
established by 3C-NMR (Abadie & Tcherkez, 2019). Here, we provide the first evidence that
this determination can also be achieved by an easier way, through data analysis of GC-EI-
TOF-MS-based 3C-isotope labelling studies. Additionally, it is important to highlight that
this approach is not limited to plant cells, given that GC-EI-MS is one of the most common
platforms used in metabolomics, offering thus a possibility to improve the resolution of

metabolic flux maps in a variety of organisms.

Non-cyclic metabolic flux modes of guard cell TCA “cycle” in the light

Respiratory metabolism represents the major source of ATP in a wide range of
organisms. In plants, beyond feeding the oxidative phosphorylation system (OxPHOS) with
NADH and Succ, both glycolysis and the TCA cycle are important to provide carbon
skeletons for the synthesis of amino acids, fatty acids, plant hormones and secondary
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metabolites (Meyer et al., 2019). In GCs, given their low photosynthetic capacity, which is
associated to the low content of RubisCO and of chloroplast number (Willmer & Fricker,
1996), respiration seems to be the major source of the ATP needed to support stomatal
opening in the light. This idea is additionally supported by the facts that, first, GCs have more
mitochondria and higher respiration rate in comparison to MCs (Vani & Raghavendra, 1994;
Araljo et al., 2011c) and, second, that ATP treatment stimulates light-induced stomatal
opening (Wang et al., 2014a). Given the role of TCA cycle intermediates for stomatal
movements regulation and the importance of ATP for sustaining guard cell plasma membrane
ion activity (Flltsch et al., 2020), the better understanding of the regulation of guard cell
respiratory metabolism in the light becomes crucial to fully comprehend the mechanisms
behind stomatal movement regulation, which will have direct and positive implications for
metabolic modelling and plant metabolic engineer (Daloso et al., 2017; Medeiros et al.,
2019).

The results obtained here reinforce the idea that the TCA cycle of GCs shows different
non-cyclic flux modes, which run accordingly to the labelled substrate used. For instance, the
13C derived from *C-Suc degradation was not incorporated into Mal, Fum or Succ. In
contrast, a high 3C enrichment was observed in Glu and GIn. This suggests an activation of
the TCA cycle-C6 branch (from citrate to 2-OG) rather than of the C4 branch (from Mal to
Succ) in GCs under light and *C-Suc. However, the data obtained for the rate of total **C-
enrichment min! indicate that GCs under **C-HCOs have high *3C incorporation into Fum,
greater than that observed in MC-C3 under 3CO- (Figure 15). Given that the **C from 3C-
Suc was not detected in Mal, Fum and Succ and that an increase in M1 (m/z 118) was
observed in both Glu and GlIn over time (Figure 6), which refers to the carbon derived from
PEPc activity, we hypothesize that labelled CO> is potentially being released from other
metabolic reactions and subsequently incorporated into Glu/GIn through the C6 branch of the
TCA cycle (Figure 20). The CO: released could be derived from reactions catalysed by
different enzymes associated to the TCA cycle, such as malic enzymes (ME), PDH and IDH
(Figure 19), in addition to the mitochondrial OGDH and the cytosolic oxidative pentose
phosphate pathway. The results from Arabidopsis MCs from WT, trxol mutant and ntra ntrb
double mutant strongly suggests that PDH is an important source of labelled CO> for PEPc
(discussed below in the section “The glycolytic fluxes toward Glu synthesis, via PEPc and
PDH, seems to be negatively regulated by the mitochondrial TRX system in C3 mesophyll

cells in the light”). However, plants have several metabolic reactions that are able to release
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CO:2 (Sweetlove et al., 2013). We thus cannot exactly conclude what are the exact sources of
CO: labelled used by PEPc in GCs. Furthermore, the fate of GIn, to which extent and how it
contributes to regulate stomatal opening are still open questions. Thus, the biological reason
behind such *C incorporation into GlIn is still unclear and thus require further experiments.
Nonetheless, the activation of the TCA cycle-C4 branch is important for the synthesis of Mal
and Fum, which are key regulators of stomatal movements, acting as respiratory substrate in
the mitochondria, as K™ counter-ion in the vacuole and/or as signalling compounds by
activating chloride channels in the cytosol (Fernie & Martinoia, 2009; Araujo et al., 2011b;
De Angeli et al., 2013; Eisenach & De Angeli, 2017; Hedrich & Geiger, 2017). Additionally,
the synthesis of Succ is important to feed the complex Il of the OXPHOS. Thus, on one hand,
the C6 branch of guard cell TCA cycle seems to run to support the synthesis of GIn, whilst, on
the other hand, the activation of the TCA cycle-C4 branch of GCs potentially acts as a
mechanism to support stomatal opening by contributing to the osmotic balance of the cell
and/or by stimulating ATP synthesis, which is then used by plasma membrane H*-ATPases
and the cell metabolism in general (Wang et al., 2014a,b; Medeiros et al., 2016, 2017).

Does guard cell TCA cycle occur in a non-cyclic, partially reverse mode?

It has been shown that the TCA cycle has several non-cyclic flux modes, that function
accordingly to the organism, tissue and environmental condition (Sweetlove et al., 2010;
Steinhauser et al., 2012). The C6 and C4 non-cyclic flux modes described on the previous
section are commonly observed in leaves under light conditions (Tcherkez et al., 2005, 2009;
Gauthier et al., 2010; Abadie et al., 2017). However, other non-cyclic flux modes are found in
microorganisms. For instance, certain bacteria, such as Chlorobium, show a completely
reverse TCA cycle, which is an important pathway for CO; fixation in these organisms (Evans
et al., 1966; Buchanan & Arnon, 1990). In this context, it is interesting to note that in GCs
under ¥C-HCOs, Succ content significantly increased from 0 (dark) to 24 min after light
imposition and decreased substantially afterwards (Figure 11). Similarly, the total =*C
enrichment in Succ m/z 247 significantly increased on the first 32 min upon light and then
decreased towards 40 min (Figure 8). These results indicate that the carbon from *C-HCOs is
used to the synthesis of Succ and that this metabolite is degraded over time after a brief
exposure to light. Intriguingly, the total *C-enrichment in Glu m/z 246 showed a rapid
increase from 32 to 40 min in GCs under **C-HCOj3 (Figure 10), in parallel to an increase in
the intensity of both Glu M3 (m/z 249) and M4 (m/z 250) (Figure 6). Glu m/z 246 contains
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four carbons of the Glu backbone, in which two carbons are derived from PDH activity and
the other two from the TCA cycle (Figure 2). Although we did not detect Glu m/z 117-118 in
this experiment, the results from *C-Suc showed an increase in Glu m/z 118 after 30 min in
the light (Figure 6). Given that no *3C enrichment in the C4 branch of the TCA cycle under
13C-Suc was observed, these results indicate that the carbon from PEPc is directed to Glu via
TCA cycle-C6 branch (Figure 7). Thus, Glu is fully labelled in GCs during dark-to-light
transition by a combination of *C derived from PEPc, glycolysis, which enters the TCA cycle
through PDH, and the TCA cycle. Assuming that the TCA cycle does not work in a cyclic
mode in the light, a reasonable hypothesis to explain fully labelled Glu in GCs under 3C-
HCOs is an association of Succ degradation and Glu synthesis. In this scenario, the TCA
cycle would run in a non-cyclic, partially reverse mode. In terms of functionality for guard
cell metabolism, this partial reverse mode would contribute to the overall CO; fixation of the
cell, given that a molecule of CO2 would be fixed from succinyl CoA to 2-OG (Figure 20).
However, the results observed here per se do not allow us to conclude that GCs TCA cycle
shows a non-cyclic, partially reverse mode. Fully labelled Glu m/z 246 could also be
interpreted by a combination of labelled carbons entering the TCA cycle through the activity
of PDH, pyruvate carboxylase (PC) and PEPc using fully labelled pyruvate and PEP and
producing fully labelled OAA and AcCoA (Figure 17). In this scenario, the reduction
observed on Succ labelling and content could be interpreted as a potential consumption of this
metabolite by OxPHOS. Further 3C-feeding experiments and enzymatic characterization of
guard cell TCA cycle enzymes are thus necessary to test the hypothesis that guard cell TCA
cycle runs in a non-cyclic, partially reverse mode. Our study contributes to emphasize that the
TCA cycle display different patterns of regulation amongst cell types and that the
identification of distinct TCA cycle flux modes and their regulatory mechanisms is a

challenge to overcome.

Similarities and differences between guard cells and sink-C3 mesophyll cells.

Recently, sink and source Arabidopsis leaves were evaluated under *3C-Suc, revealing
substantial differences in their metabolism (Dethloff et al., 2017). We took advantage of this
well-performed work to check the similarities of the C distribution observed throughout the
TCA cycle between GCs with and sink and source MC-C3. However, given that the labelling
time used in this study differs substantially from those of GCs, we did not compare them

statistically. We used this qualitative comparison with the aim to identify the typical labelling
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patterns derived from Suc degradation in sink and source MC-C3 and to compare them to the
pattern observed in GCs. GCs are known to have several characteristics that resemble sink
MCs (Daloso et al., 2016). In close agreement with this idea, we found that the distribution
pattern of the carbon derived from *C-Suc in GCs is more similar to sink rather than to
source MCs. For instance, sink MC-C3 showed 3-fold higher total $3C-enrichment in GIn than
source MC-C3 (Figure 16). Similarly, GCs had higher total *C-enrichment min in GIn from
13C-Suc, when compared to MC-C3 or MC-C4 under *CO; (Figure 15). However, sink MC-
C3 showed higher total *3C-enrichment in Mal than source MC-C3 (Figure 16), and this was
not observed in GCs compared to MC-C3 under **CO; (Figure 15). This is probably due to the
fact that MC-C3 under 3CO, showed higher *C incorporation into Mal derived from PEPc
activity, as evidenced by the higher values of total **C-enrichment min™ on the Mal m/z 117
(Figure 14). However, no difference was observed in the total **C-enrichment min in Mal
m/z 233 between GCs under *C-HCO3z and MC-C3 under *COy, indicating that labelling of
the carbons 2 and 3 of Mal backbone do not differ or is higher in GCs than in MC-C3.
Furthermore, the analysis made by Dethloff and collaborators (2017) of the fragment Mal m/z
245, which contains the four carbons of the Mal backbone, showed that only three carbons
have been labelled in sink MC-C3 after 240 min under *C-Suc (Figure 16). This indicates
that one carbon is not labelled under this condition, which could represent the carbon derived
from PEPc activity. However, the lack of data from Mal m/z 117-118 for sink MC-C3 under
13C-Suc hampers us to conclude that there was no incorporation of **C from Suc into the
carbon 4 of Mal.

A remarkable difference found between GCs and MCs was the 3C incorporation into
Ala. Whilst sink and source MC-C3 had no difference in the content or in the total 3C-
enrichment in Ala (Figure 16), GCs under 3C-Suc had higher total **C-enrichment min* in
Pyr and much lower total *3C-enrichment min in Ala, as compared to MC-C3 under *CO;
(Figure 9). Furthermore, whilst Pyr content reduced substantially over time, Ala content did
not change in GCs under C-Suc (Figure 12). This indicates that, during dark-to-light
transition, glycolysis pathway has a minor importance in providing carbon for the synthesis of
Ala in GCs (Figure 7). Instead, we observed a high incorporation of carbon derived from Pyr
into Glu/GIn in GCs, as evidenced by the progressive increase in Glu M2 (m/z 248) over time.
Taken together, these results indicate that PDH offers no, or at least lesser, restriction to the
entrance of carbon into the TCA cycle in GCs upon light, when compared to MC-C3 under

13CO; (discussed below in the topic “The glycolytic fluxes toward Glu synthesis, via PEPC
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and PDH, seems to be negatively regulated by the mitochondrial TRX system in C3
mesophyll cells in the light™).

Another notable difference observed in GCs, when compared to MCs, is the number
of 13C incorporated into Glu and GIn. Whilst in GCs Glu m/z 246 and, in particular, GIn m/z
245 clearly had the incorporation of four labelled carbons after 60 min under 3C-Suc, only
two labelled carbons were incorporated into Glu in sink MC-C3 under *C-Suc (Figure 16)
and in MC-C3 under 3CO, (Figure 7). Furthermore, no *C-enrichment in GIn m/z 245 was
observed in MC-C3 and MC-C4 under *CO; (Figure 7). These results evidence that GCs
have a higher metabolic flux of carbon toward Glu and Glin in the light, with preference for
GlIn synthesis. It is important to highlight, however, that non-fully labelled Glu observed in
sink MC-C3 could be a result of an isotope dilution due to the incorporation of previous
stored '?C in the form of citrate (Cheung et al., 2014; Abadie et al., 2017; Dethloff et al.,
2017). Furthermore, sink MC-C3 showed higher maltose content with no 3C-enrichment
from 13C-Suc, suggesting that the degradation of previous stored starch in sink MC-C3 would
also contribute to dilute the *3C incorporation, if we consider that carbons derived from starch
are directed to TCA and Glu synthesis. Interestingly, GCs also show starch degradation in the
first hour of light (Horrer et al., 2016; Antunes et al., 2017), as a mechanism to speed up
light-induced stomatal opening (Flutsch et al., 2020). Taken together, these results evidence
that GCs have intrinsic metabolic characteristics of sink cells in terms of a high allocation of
carbon to the synthesis of GIn and starch degradation in the light, but with a particular
difference in the carbon contributions from glycolysis pathway and the TCA cycle to Glin

synthesis.

Role of PEPc in providing carbon for the TCA cycle and Glu/GIn synthesis

The anaplerotic CO fixation mediated by PEPc involves the incorporation of HCO3
into OAA using PEP as substrate with the production of Pi (Melzer & O’Leary, 1987;
O’Leary et al., 2011). Whilst the role of PEPc for CO. assimilation in C4 cells is well-
documented, the importance of anaplerotic CO fixation mediated by PEPc have often been
neglected in C3 plants and not taken into account in gas exchange measurements. The PEPc
activity in C3 plants have been attributed to generate OAA that is further used for the
synthesis of metabolites associated to the TCA cycle (Abadie and Tcherkez, 2019). Indeed, a
remarkable study showed that Arabidopsis plants lacking PEPc 1 and 2 have severe reduced

growth, which was associated to a disruption in the accumulation of nitrate, Mal, citrate and
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of diverse amino acids, including Asp and Glu (Shi et al., 2015). Given the instability of
OAA, an alternative to analyse PEPc activity is by measuring the incorporation of the *C
derived from PEPc activity into Asp or Mal, which are direct products of OAA degradation
catalysed by aspartate aminotransferase (AspAT) and malate dehydrogenase (MDH),
respectively (Abadie & Tcherkez, 2019). Here we identified and used the fragment m/z 117 of
Mal that contains the *C fixed by PEPc into the carbon-4 of OAA and subsequently
transferred to the carbon-4 of Mal (Figure 3). We also analysed the *C-enrichment in the
fragment m/z 233 of Mal that contains the carbons 2, 3 and 4 of the Mal backbones (Figure
14).

As expected, our results showed that the total **C-enrichment in Mal m/z 117 is higher
in MC-C4 than MC-C3, evidencing the feasibility of the positional isotope labelling approach.
Surprisingly, however, MC-C3 under *CO, had higher both total *C-enrichment and total
13C-enrichment min? in Mal m/z 117 than GCs under *C-HCOj3, although the total **C-
enrichment min! in malate m/z 233 was slightly higher in GCs than MC-C3 (Figure 14).
Considering that the *C enrichment in Mal m/z 233 also includes the intensity found in the
carbon-4, which was higher in MC-C3, this suggests that the incorporation of 3C into the
carbons 2 and 3 of the Mal backbone is higher in GCs. In this scenario, GCs would have
higher activity of pyruvate carboxylase (PC), that converts Pyr into OAA, which is then
converted to Mal by MDH. In addition, it is important to highlight that great part of the
carbon assimilated by PEPc is used for Glu/GIn synthesis through the C6 branch, as
evidenced by, first, the increased m/z 118 in Glu (Figure 6) and especially in GIn and, second,
by the lack of 3C-enrichment in Mal, Fum and Succ under **C-Suc (Figure 15). Thus, we
cannot currently conclude that GCs have lower PEPc activity. In fact, previous metabolic
coupled to modelling results suggest that GCs have higher anaplerotic CO> assimilation than
MCs (Robaina-estevez et al 2017). Further *C-feeding experiments working with both MCs
and GCs under the same environmental conditions and labelled substrate, with similar
harvesting time points may answer the question of whether in vivo PEPc activity is higher in
MCs than in GCs of C3 plants. Given that PEPc is key for metabolic engineering aiming to
transform C3 into C4 plants, understanding the regulation and the in vivo capacity of PEPc in

different cell types and species assumes thus a paramount importance.
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The glycolytic fluxes toward Glu synthesis, via PEPc and PDH, seems to be negatively
regulated by the mitochondrial TRX system in C3 mesophyll cells in the light

PDH is a complex composed of three subunits (E1, E2 and E3) that ultimately
converts Pyr into AcCoA in plastids or mitochondria (Guan et al., 1995; Millar et al., 1998).
The mitochondrial PDH represents an important reaction that provides carbon to the TCA
cycle. However, PDH is inactivated by reversible phosphorylation of the two Serine residues
of the E1 o subunit under light condition (Thelen et al., 2000; Tovar-Méndez et al., 2003).
The phosphorylation state of PDH complex relies on PDH kinase (PDK) and
phosphopyruvate dehydrogenase phosphatase (PDP) that, in turn, are activated by NHz and
ATP and inhibited by pyruvate and ADP (McDonald & Vanlerberghe, 2018). Thus, as the
levels of ATP, NADH and NHz coming from photorespiration increase, PDH is inactivated
throughout the day (Gemel and Randall, 1992; McDonald & Vanlerberghe, 2018). Under
light condition, both AlaAT and AspAT are more abundant (Lee et al., 2008), what may
represent a bypass of the TCA cycle, given that PDH is less active. Interestingly, our meta-
analysis showed that the total **C- enrichment in Ala is much higher in MC-C3 than in GCs
(Figure 15), suggesting that the light inhibition of PDH in MCs forces the glycolytic fluxes to
bypass the TCA cycle through AlaAT. It is noteworthy that AlaAT does not only play a role
in amino acid metabolism by producing Ala, but it also catalyses the formation of 2-OG from
Glu through the transamination of Pyr and OAA, that may be used to fuel both the later steps
of TCA cycle and the assimilation of N outside the mitochondria (Miyashita et al., 2007; Lee
et al., 2008, Xu et al., 2017). This represents an alternative route to feed the TCA cycle in the
light, when PDH is inhibited, as already demonstrated in Lotus japonicus plants under
hypoxia (Rocha et al., 2010). Here, MC-C4 had an extremely fast 3C-enrichment in Pyr and
Ala, as evidenced by the linear increase observed in Pyr M3 (m/z 177) and Ala M2 (m/z 118)
(Figure 5). This can be explained by a combination of labelled carbon coming from glycolysis
(after CO> fixation by RubisCO) and from the activity of ME, which converts Mal, produced
from PEPCc activity, into Pyr (Figure 19). Interestingly, GCs also showed an increased Pyr M3
(m/z 177) under *3C-Suc over time, leading to statistically higher total **C-enrichment min
than MC-C3 under 3CO, (Figure 15). This result suggests that the glycolytic fluxes are
higher in GCs than MC-C3. Indeed, it has been shown that the level of hexose phosphate
decreases while fructose-1,6-bisphosphate increases 6-fold after dark-to-light transition in
GCs (Hedrich et al., 1985). Furthermore, plants lacking the glycolytic enzyme

phosphoglycerate mutase have compromised blue light-induced stomatal opening (Zhao &
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Assmann, 2011), evidencing the importance of glycolysis activation for the regulation of

stomatal opening.

A recent modelling study suggests that mitochondrial respiration must have substantial
ATP synthesis to support the cytosolic ATP demand in the light, as the transport of ATP
synthesized in the chloroplast to the cytosol is limited by plastidial ATP export shuttles
(Shameer et al.,, 2019). Thus, plants may have alternative pathways and regulatory
mechanisms to overcome the limitation imposed by the light-inhibition of mitochondrial PDH
and the light inhibition of succinate dehydrogenase and fumarase (Daloso et al., 2015b;
Eprintsev et al., 2016a,b; Eprintsev et al., 2018), which together restricts the fluxes
throughout the TCA cycle and reduce the respiration rate in the light (Gong et al., 2018;
Tcherkez et al., 2012). In this vein, in order to obtain more insights on how PDH is regulated,
we also evaluated data from a study that have used three different labelled substrates (*3*C-Gilc,
13C-Pyr and 3C-Mal) and three Arabidopsis genotypes (WT, trxol and ntra ntrb). This
analysis revealed a higher total *3C-enrichment min* in Pyr from *C-Glc than from *C-Mal
(Figure 17), indicating that both glycolysis and the ME contribute to the **C incorporation
into Pyr in the light (Figure 19), although this contribution seems much lower than that
observed in MC-C4 (Figure 15). Mal and Fum were labelled at the same rate by both 2*C-Glc
and 3C-Pyr (Figure 17), further confirming that glycolytic carbons are also directed to the C4
branch of the TCA cycle and highlights a role of PEPc and PC for Mal and Fum synthesis in
MC-C3 in the light (Figure 17).

Our meta-analysis suggests that the light inhibition of the mitochondrial PDH is an
important step that modulates the fluxes from PEPc and the TCA cycle toward Glu synthesis.
This idea is supported by the results in which Glu m/z 117 was only labelled by *C-Pyr and
Glu m/z 246 was labelled by all substrates, but in a greater extent under **C-Pyr (Figure 17),
which may have intensified PDH activity by increasing substrate availability. Given that Glu
m/z 117 contains the carbon 1 of the Glu backbone, which is derived from PEPc fixation, it
seems likely that PEPc frequently use the CO: released by PDH and/or IDH (Figure 19).
Additionally, given that *3C-enrichment in Glu m/z 117 under *C-Glc was only observed in
trxol and ntra ntrb mutants, this suggests that the mitochondrial NTR/TRX system is a
negative regulator of this pathway in vivo. In this scenario, the lack of TRX ol or both
NTRA/NTRB would make PDH and/or IDH more active, increasing therefore the rate of
labelled CO; released, which is then transported out of mitochondria and fixed by PEPc

(Figure 19). However, mitochondrial IDH is known to be activated by TRXs in vitro (Yoshida
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& Hisabori, 2014) and the lack of trxol did not change the activity of IDH (Daloso et al.,
2015b). By contrast, it has been recently shown that both TRX ol and TRX h2 (another
mitochondrial TRX) inhibit the activity of the mitochondrial dihydrolipoamide
dehydrogenase (mtLPD) in vitro, which correspond to the E3 subunit of PDH (Reinholdt et
al., 2019b; Fonseca-Pereira et al., 2020). Thus, the lack of TRX 01 or NTRA plus NTRB may
had positive consequences for PDH activity, and not for IDH. Further evidence supporting the
idea that PDH is an important source of CO2 for PEPc comes from a 1“C-feeding experiment
in which the rate of CO> evolved from the TCA cycle associated enzymes (mainly PDH) is
higher in the trxol mutant (Florez-Sarasa et al., 2019). However, it is important to note that
the lack of TRX o1 substantially alter the activity of several TCA cycle enzymes (Daloso et
al., 2015b) and that the mtLPD is also included in the glycine decarboxylase complex, which
is an important source of NADH and COz in the mitochondrion (Timm et al., 2015; Fonseca-
Pereira et al., 2020;). Furthermore, NAD-ME could also represent an important source of CO>
under this condition (Figure 19). Furthermore, PDH might represent an important source of
CO? released that is used by PEPc. Taken together, these results contribute to explain the
higher fluxes throughout the TCA cycle in the light (Daloso et al., 2015b; Florez-Sarasa et al.,
2019) and the higher 13C incorporation observed in the carbon 1 of Glu in both trxol and ntra
ntrb mutants under *C-Glc. This strengthen the idea that redox regulation mediated by TRXs
IS an important control point that modulates metabolic fluxes throughout the TCA cycle in the
light.

Concluding remarks

Here we present an 3C-positional isotope labelling approach to study metabolic
fluxes, based on the development of metabolite fragmentation maps and on in silico
simulations of metabolite fragmentation. This approach enables the investigation of the
incorporation of the carbon fixed by PEPc into Mal, Glu and GlIn as well as to distinguish the
differential contributions of glycolysis and the TCA cycle from that of PEPc-CO; fixation to
the synthesis of Glu and GlIn. In addition, our **C-positional isotope labelling approach
showed to be an effective tool to be potentially applied to any organism on the study of
metabolic fluxes and to be used as a feasible alternative to be further adapted to measure
PEPc activity in vivo through the use of GC-EI-MS data.

The results of our meta-analysis using this *C-positional isotope labelling approach

suggest that GCs have particular metabolic flux modes throughout the TCA cycle and
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associated pathways, with certain similarities with sink MC-C3 and several discrepancies to
source MC-C3 (Figure 20). Notably, although MC-C4 and MC-C3 seem to have higher PEPc
activity than GCs, the use of the carbon incorporated into OAA to the synthesis of citrate,
using AcCoA from PDH activity, seems to be higher in GCs than in all other cell types
analysed here. Consequently, this increases the fluxes from OAA to GlIn synthesis through the
C6 branch of the TCA cycle in GCs (Figure 20), which may have led to an underestimation of
the rate of *3C assimilation mediated by PEPc in GCs. In addition, the TCA cycle-C4 branch
of GCs resembles that observed in sink leaves, but with a particular **C-enrichment and
accumulation of Fum in GCs. Finally, our work provides further insights into the redox
regulation mediated by the mitochondrial TRX system over the TCA cycle and associated
pathways in mesophyll cells in the light, extending the regulatory control of this system to
Glu synthesis. In this context, our meta-analysis indicates that the light-dependent inhibition
of PDH severely restrict the fluxes to Glu and enhances the glycolytic fluxes to bypass the
TCA cycle toward Ala. Given that GCs did not show restrictions to the glycolytic fluxes
toward Glu and Gln, this suggests that guard cell TCA cycle enzymes and especially PDH are
differentially regulated in the light, as compared to MCs.
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Figure 1. Estimated El-fragmentation map of TMS-derivatized metabolites of, or related to,
the TCA cycle.
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Figure 4. Relative isotopomer abundance (%) shifts of TCA cycle metabolites (Fum, Mal and

Succ) in Arabidopsis (MC-C3) and maize leaves (MC-C4) during 60 minutes of incubation in

13CO, and in tobacco GCs during 40 minutes of incubation in *C-HCOs. Values are

presented as mean for MC-C3 and GCs (n=3; n=4). MC-C4 has no biological replicate.
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Figure 5. Relative isotopomer abundance (%) shifts of Pyr and Ala of Arabidopsis (MC-C3)
and maize leaves (MC-C4) under 3*CO;, and tobacco GC under *3C-Suc during 60 minutes of
incubation. Values are presented as mean for MC-C3 and GCs (n=3; n=4). MC-C4 has no

biological replicate.
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Figure 6. Relative isotopomer abundance (%) of Glu and GlIn in Arabidopsis (MC-C3) and
maize leaves (MC-C4) under 3CO, and in Arabidopsis and tobacco GCs under *C-Suc
during 60 minutes of incubation or ¥*C-HCOj3 during 40 minutes of incubation. Values are
presented as mean + SE for MC-C3 and GCs (n=3; n=4). MC-C4 has no biological replicates.
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Figure 8. Total enrichment of TCA cycle metabolites normalized by time 0 (Fum, Mal and
Succ) in Arabidopsis (MC-C3) and maize leaves (MC-C4) during 60 minutes of incubation in
13CO, and in tobacco GCs during 40 minutes of incubation in *C-HCOs. Values are
presented as mean = SE for MC-C3 and GCs (n=3; n=4). MC-C4 has no biological replicate.

Asterisks indicate values significantly different from time 0 by the Dunnet's test (*P< 0.05).
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Figure 9. Total enrichment normalized by time 0 of Pyr and Ala in Arabidopsis (MC-C3) and
maize leaves (MC-C4) during 60 minutes of incubation in ¥CO. and in Arabidopsis GCs
during 40 minutes of incubation in 3C-HCOs;. Values are presented as mean + SE for MC-C3
and GCs (n=3; n=4). MC-C4 has no biological replicate. Asterisks indicate values

significantly different from time O by the Dunnet's test (*P< 0.05).
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Figure 10. Normalized total *C-enrichment of Glu and GlIn in Arabidopsis (MC-C3) and
maize leaves (MC-C4) during 60 minutes of incubation in *CO, and Arabidopsis and tobacco
GCs under incubation of *C-Suc and *C-HCO3 during 60 and 40 minutes, respectively.
Values are presented as mean + SE for MC-C3 and GCs (n=3; n=4). MC-C4 has no biological
replicates. Asterisks indicate values significantly different from time 0 by the Dunnet's test
(*P< 0.05).
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Figure 11. Normalized metabolite levels of TCA cycle metabolites (Fum, Mal and Succ) of
Arabidopsis (MC-C3) and maize leaves (MC-C4) during 60 minutes of incubation in *CO,

and of Arabidopsis and tobacco GCs during 60 and 40 minutes under incubation in 3C-Suc

and ¥C-HCOs, respectively. Values are presented as mean + SE for MC-C3 and GCs (n=3;

n=4). MC-C4 has no biological replicates. Asterisks indicate values significantly different
from time 0 by the Dunnet's test (*P< 0.05).
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Figure 12. Normalized metabolite relative levels of Pyr and Ala of Arabidopsis (MC-C3) and

maize leaves (MC-C4) during 60 minutes of incubation in **CO. and Arabidopsis GCs during

60 minutes of incubation in *3C-Suc. Values are presented as mean + SE for MC-C3 and GCs

(n=3; n=4). MC-C4 has no biological replicates. Asterisks indicate values significantly
different from time 0 by the Dunnet's test (*P< 0.05).



68

MC-C3 MC-C4 R GC GC
Arabidopsis Maize t_\4 ¢ Arabidopsis .\, / Tobacco
13¢0, 13co, 13C-Suc 13C-HCO,
6l Glu m/z 246 *
4 I
e ————* / — . . i N
v ns| | YTt (P <0.05) i

— .

0 10 20 30 40 50 60

250

0 10 20 30 40 50 60

10 20 30 40 50 60

Metabolite levels (relative to ribitol g-1 FW)

a0 Gln m/z 245 *
150 }
P
100 )
Vd
50
ns (P <0.05)
0Lle—so - -
0 10 20 30 40 50 60 0 10 20 30 40 50 60 10 20 30 40 50 60
Time (min) Time (min) Time (min)

10 20 30 40
Time (min)

Figure 13. Normalized metabolite relative levels of Glu and GIn of Arabidopsis (MC-C3) and

maize leaves (MC-C4) during 60 minutes of incubation in **CO and of Arabidopsis and

tobacco GCs under ¥C-Suc and ¥C-HCOs during 60 and 40 minutes of incubation,

respectively. Values are presented as mean + SE for MC-C3 and GCs (n=3; n=4). MC-C4 has

no biological replicates. Asterisks indicate values significantly different from time 0 by the

Dunnet's test (*P< 0.05).
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Figure 14. Schematic representation of PEPc anaplerotic fixation of HCO3 into oxaloacetate,
normalized total *C-enrichment and total *3C-enrichment min'* of Mal m/z 233 (carbons 2 —
4) and 117 (carbon 4) of maize (MC-C4) and Arabidopsis leaves (MC-C3) under 3C0O? and
tobacco GCs under *C-HCOs. Values are presented as mean + SE for MC-C3 and GCs (n=3;
n=4). MC-C4 has no biological replicates. Asterisks indicate values significantly different
from time 0 by Student's t-test (*P< 0.05).
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Figure 16. TCA cycle diagram with metabolite content and total *3C-enrichment normalized

by time 0 of Arabidopsis sink and source leaves under 3C-Suc. Values are presented as mean

+ SE (n=4). Asterisks indicate values significantly different by Student's t-test (*P< 0.05).
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Figure 17. TCA cycle diagram with total **C-enrichment min'* of Arabidopsis (WT) leaves

under 3C-Glucose, *C-Malate and *C-Pyruvate. Values are presented as mean + SE (n=4).

Identical letters, lower case among C labelled do not significantly differ by Tukey's test (P<

0.05).
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Table S1. Details of data set used in the meta-analysis. Chromatograms of primary
metabolites identified by GC-EI-TOF-MS were kindly provided by the following authors.

Tissue | Species 13C- Experiment | Sample MS Reference
labelled substrate | condition harvesting | platform
(min)

GC Arabidopsis | 3C-Suc | Dark-to- 0,10, 30 GC-El- | (Medeiros et
light and 60 TOF-MS | al., 2018)
transition

GC Tobacco B¢- Dark-to- 0, 8, 16, GC-El- | (Daloso et al.,

HCOs light 24,32 and | TOF-MS | 2015a)
transition 40

Leaves | Maize 13Co, Light 0, 10, GC-EI- | (Arrivault et

condition 20,40and | TOF-MS | al., 2017)
60

Leaves | Arabidopsis | 1*CO; Light 0, 10, 20 GC-ElI- (Szecowka et
condition and 60 TOF-MS | al., 2013)

Leaves | Arabidopsis | 3C-Suc | Sink and 240 GC-EI- | (Dethloff et
Source TOF-MS | al., 2017)
leaves under
light
condition

Leaves | Arabidopsis | 3C-Mal, | Light 240 GC-ElI- (Daloso et al.,

(WT,ntra | C-Pyr | condition TOF-MS | 2015b)
ntrb, trxol) | and 3C-

Glc




