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SUMMARY

Sucrose has long been thought to play an osmolytic role in stomatal opening. However, recent evidence

supports the idea that the role of sucrose in this process is primarily energetic. Here we used a combination

of stomatal aperture assays and kinetic [U-13C]-sucrose isotope labelling experiments to confirm that

sucrose is degraded during light-induced stomatal opening and to define the fate of the C released from

sucrose breakdown. We additionally show that addition of sucrose to the medium did not enhance light-

induced stomatal opening. The isotope experiment showed a consistent 13C enrichment in fructose and glu-

cose, indicating that during light-induced stomatal opening sucrose is indeed degraded. We also observed a

clear 13C enrichment in glutamate and glutamine (Gln), suggesting a concerted activation of sucrose degra-

dation, glycolysis and the tricarboxylic acid cycle. This is in contrast to the situation for Gln biosynthesis in

leaves under light, which has been demonstrated to rely on previously stored C. Our results thus collectively

allow us to redraw current models concerning the influence of sucrose during light-induced stomatal open-

ing, in which, instead of being accumulated, sucrose is degraded providing C skeletons for Gln biosynthesis.

Keywords: stomatal movements, sucrose, guard cell metabolism, TCA cycle, glycolysis, stable isotope label-

ling analysis.

INTRODUCTION

Stomata, microstructures found in the leaf epidermis, are

composed of two guard cells with a pore between them.

The opening of the stomatal pore is an active process that

simultaneously enables the influx of CO2 to the leaf and

the efflux of water to the environment (Hetherington and

Woodward, 2003). The ratio between the CO2 assimilated

by photosynthesis (A) and the magnitude of the stomatal

movement, measured as stomatal conductance (gs), is

known as intrinsic water-use efficiency (A/gs) and repre-

sents an important target for plant breeding (Condon et al.,

2004; Gago et al., 2014; Lawson and Blatt, 2014; Flexas,

2016; Nunes-Nesi et al., 2016). The regulation of stomatal

movement, i.e. the opening and closing of the stomatal

pore, is therefore of paramount importance for the regula-

tion of photosynthesis and water-use efficiency. However,

given the complexity of interacting regulatory endogenous

and environmental factors, our knowledge of stomatal

movements remains incomplete. Hence there is a growing

demand for studies which aim to understand guard cell

function and how the mesophyll cells and the external

environment combine to influence stomatal movement.

More than a century of research indicates that stomatal

movements are regulated by the osmotic potential of the

surrounding guard cells (Lloyd, 1908; Imamura, 1943; Fis-

cher, 1968). Turgid and flaccid guard cells induce stomatal

opening and closure, respectively (Gao et al., 2005). The

accumulation of potassium (K+) and its counter-ions chlo-

ride (Cl�), nitrate (NO3
�) and malate (malate2�) is the best

described model for the regulation of osmotic potential in

guard cells (Inoue and Kinoshita, 2017; Jezek and Blatt,

2017). An influx of K+ to guard cells has been demon-

strated to occur following blue light perception and
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stimulation of H+ extrusion via H+-ATPases (Hedrich, 2012).

Although the signalling network downstream of the blue-

light perception has been extensively studied in guard cells

(Hiyama et al., 2017), the associated metabolic changes

have only recently been revealed. Blue light stimulates the

breakdown of starch and lipid droplets in guard cells (Hor-

rer et al., 2016; McLachlan et al., 2016). The authors sug-

gest that this would be a mechanism to fuel mitochondrial

metabolism to produce energy (ATP) via oxidative phos-

phorylation and/or for the accumulation of malate and

other tricarboxylic acid (TCA) cycle-related metabolites.

Similarly, sucrose breakdown has also been suggested as

a mechanism to fuel the TCA cycle on the dark-to-light

transition (Daloso et al., 2015, 2016b). Despite these mech-

anisms having been postulated to be essential during

stomatal opening, the fate of the C released from sucrose,

starch and lipid breakdown remains unclear. A more com-

plete understanding of which pathways are activated fol-

lowing the degradation of these storage molecules is

important to unravel how guard cell metabolism con-

tributes to the regulation of the stomatal opening process.

Based on the osmolytic features of sucrose coupled with

the positive correlation between stomatal aperture and

sucrose accumulation in guard cells (Talbott and Zeiger,

1993, 1996; Lu et al., 1995; Amodeo et al., 1996), sucrose

has long been proposed to act as an osmolyte involved in

stomatal opening. However, the capacity of sucrose to

induce stomatal opening has, surprisingly, not yet been

directly accessed. Moreover, recent evidence supports the

idea that sucrose is degraded within guard cells during the

dark-to-light transition in order to provide carbon skeletons

for respiration (Daloso et al., 2015, 2016b) and that high

levels of exogenously applied sucrose (100 mM) can induce

stomatal closure via a mechanism mediated by both absci-

sic acid (ABA) and hexokinase (HXK) (Kelly et al., 2013). It

has been proposed that HXK, a sugar-phosphorylating

enzyme involved in sugar sensing, is able to mediate stom-

atal closure by coordinating photosynthesis and transpira-

tion in both Arabidopsis and tomato (Kelly et al., 2013).

Furthermore, overexpression of the Arabidopsis HXK1

(AtHXK1) in citrus under the control of a guard cell-specific

promoter, KST1, resulted in a reduced stomatal conduc-

tance and transpiration without impairing the rate of pho-

tosynthesis (Lugassi et al., 2015). Taken together, these

results suggest that guard cell sucrose metabolism has a

key role in the regulation of water-use efficiency and that

sucrose is likely to play a dual role in the regulation of

stomatal movements.

Here we took advantage of a protocol which enables the

rapid isolation of dark-adapted guard cell-enriched epider-

mal fragments in sufficient quantities to allow us to per-

form both stomatal aperture assays and metabolomic

analyses (Daloso et al., 2015). To clarify the effect of

exogenously applied sucrose on stomatal opening, we

further investigated the metabolic fate of 13C-sucrose dur-

ing light-induced stomatal opening. Our results not only

demonstrate that a high level of sucrose induces stomatal

closure, but also indicate that sucrose breakdown occurs

during light-induced stomatal opening. We also provide

evidence that sucrose degradation induces glutamine (Gln)

biosynthesis during the dark-to-light transition. These

collected findings are discussed within the context of

current models of the metabolic influences on stomatal

movement.

RESULTS

Sucrose-induced stomatal closure

Sucrose has long been proposed to act as an osmolyte

during light-induced stomatal opening (Talbott and Zeiger,

1996). However, it has additionally recently been sug-

gested that sucrose can induce stomatal closure at high

concentrations (about 100 mM) (Kelly et al., 2013). Here we

first checked the capacity of sucrose to induce stomatal

closure. Detached leaves from dark-adapted Arabidopsis

plants were floated on opening buffer solution in the light

for 2 h. This time was sufficient to induce stomatal open-

ing. Following this, sucrose was added to the solution at

diverse final concentrations and the stomatal aperture was

determined after a further 2 h of incubation. Whilst the

addition of 0.1 and 1 mM of sucrose has no effect on stom-

atal aperture, the two highest concentrations tested (10

and 100 mM) significantly reduced stomatal aperture (Fig-

ure 1a). By contrast, no difference in stomatal aperture

between the opening buffer and osmotic control (100 mM

mannitol) solutions was observed, suggesting that the

effect of sucrose on stomatal aperture was not merely

osmotic.

Can sucrose induce stomatal opening?

We have confirmed that sucrose can indeed induce stom-

atal closure in opened stomata. However, this result does

not address the question of whether sucrose can induce

stomatal opening. For this purpose, we directly assessed

the dark-to-light transition, simulating the circadian rhythm

of stomatal movements. To do this, Arabidopsis leaves

were harvested in the pre-dawn and incubated in different

solutions in the dark or light for a period of 2 h, whereafter

the stomatal aperture was determined. The stomatal aper-

ture was higher in all light treatments compared with the

dark samples (Figure 1b). The largest stomatal aperture

was observed in leaves under opening buffer solution con-

taining KCl (Figure 1b). We also observed an increase in

stomatal aperture in leaves floated on opening buffer with-

out KCl solution, compared with the dark treatment, albeit

to a lesser extent than in the solution containing KCl (Fig-

ure 1b). Interestingly, comparing sucrose treatments with

their controls in the light, we observed no increase in

© 2018 The Authors
The Plant Journal © 2018 John Wiley & Sons Ltd, The Plant Journal, (2018), 94, 583–594

584 David B. Medeiros et al.



stomatal aperture following the addition of sucrose (Fig-

ure 1b). In contrast, the addition of 100 mM sucrose mini-

mized light-induced stomatal opening, reinforcing the

observation that sucrose induces stomatal closure at very

high concentrations.

Can the presence of sucrose improve light- and

potassium-induced stomatal opening?

Potassium is a well-known osmolyte that accumulates in

guard cells during light-induced stomatal opening (Chen

et al., 2012). It is also known that K+ influx to guard cells

depends on a proton gradient created at the plasma mem-

brane by H+-ATPases (Inoue et al., 2010). Thus, both light-

and K+-induced stomatal opening are characterized as

ATP-dependent processes. Given that, we next tested

whether sucrose, as a substrate for glycolysis and mito-

chondrial metabolism, could increase the rate of stomatal

opening following induction by light and K+. Detached

leaves were incubated for 2 h under light in three different

opening buffer solutions containing 0, 0.1 and 100 mM of

sucrose, whereafter the stomatal aperture was measured.

We tested the addition of 0.1 and 100 mM of sucrose given

that these concentrations either previously showed no

effect or induced stomatal closure (Figure 1), respectively.

The stomatal aperture was higher in all opening buffer

solutions compared with the dark treatment (Figure 2a).

However, it was lower in the solution containing 100 mM

of sucrose compared with opening buffer solution,
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Figure 1. Sucrose-induced stomatal closure in 5-week-old Col-0 plants.

(a) Detached leaves (fifth totally expanded) from light-adapted Arabidopsis plants were floated on opening buffer under light condition for 2 h. Then sucrose

was added to the solution to final concentrations of 0.1, 1, 10 and 100 mM. The stomatal aperture was determined after an additional 2 h of incubation. Opening

buffer treatment was used as a control without sucrose (Suc) and 100 mM mannitol (Man) as an osmotic control. Four leaves were used per treatment and

around 20 stomata were visualized, totallng at least 80 stomata per treatment.

(b) Detached leaves (fifth totally expanded) from dark-adapted Arabidopsis plants were floated under light conditions for 2 h on opening buffer (OB), OB without

KCl (OB – KCl) and OB – KCl with different sucrose concentrations (0.1, 1, 10 and 100 mM). After 2 h of incubation the stomatal aperture was determined. All

treatments were compared with OB – KCl. Four leaves were used per treatment and around 20 stomata were visualized, totalling at least 80 stomata per treat-

ment. Identical letters among treatments do not significantly differ by Tukey’s t-test (P ≤ 0.05). Values are presented as mean � SE (n = 4).
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Figure 2. Sucrose-induced stomatal opening in 5-week-old Col-0 plants.

(a) Detached leaves (fifth totally expanded) or (b) guard cell-enriched epidermal fragments from dark-adapted Arabidopsis plants were floated under light condi-

tions for 2 h on opening buffer (OB) or OB with two sucrose (Suc) concentrations (0.1 and 100 mM). After 2 h of incubation the stomatal aperture was deter-

mined. Four leaves were used per treatment and around 20 stomata were visualized, totalling at least 80 stomata per treatment. Identical letters among

treatments do not significantly differ by Tukey’s test (P ≤ 0.05). Values are presented as mean � SE (n = 4).
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whereas no differences were observed between opening

buffer and the solution containing 0.1 mM of sucrose (Fig-

ure 2a). In detached leaves the guard cells are not isolated

but instead are in direct contact with the mesophyll, which

could interfere with the fate of the exogenously applied

sucrose. Therefore, we also tested the addition of 0.1 and

100 mM of sucrose in guard cell-enriched epidermal frag-

ments, henceforth simply called guard cells (Figure 2b).

This experimental system was further used for the feeding

experiment, as described below. The stomatal apertures of

guard cells in response to both concentrations of sucrose

were similar to those observed in detached leaves (Fig-

ure 2b). Therefore, the results from both assays indicate

that the addition of sucrose does not improve light- and

K+-induced stomatal opening.

We next directly evaluated the metabolic fate of sucrose

by performing an unprecedented [U-13C]-sucrose labelling

kinetic experiment under light-induced stomatal opening

conditions (a schematic representation of the workflow is

provided in Figure S1 in the online Supporting Informa-

tion). Given the amount of material needed to perform gas

chromatography–mass spectrometry (GC-MS)-based meta-

bolomics analysis, this experiment was performed using

isolated guard cells following a protocol previously opti-

mized for metabolite profiling in guard cells (Daloso et al.,

2015). We harvested guard cells in the pre-dawn and incu-

bated them in an opening buffer solution in the presence

or absence of 0.1 mM
13C-sucrose in the light for 10, 30 or

60 min. We choose a sucrose concentration of 0.1 mM

because this concentration does not affect light- or K+-

induced stomatal opening and is not able to induce stom-

atal closure (Figure 2). Our aim was to investigate the fate

of the 13C released from sucrose during light- and K+-

induced stomatal opening. To ascertain whether the guard

cells remained functional following the isolation proce-

dure, at each time point of the experiment samples were

harvested in order to measure the stomatal aperture (Fig-

ure S1a). The results showed a continuous increase in

stomatal aperture over time for both control samples and

samples in opening buffer containing sucrose (0.1 mM)

(Figure 3). As such they indicated that the guard cells

remained functional after their isolation and that the effect
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Figure 3. Total 13C label enrichment into sugars.

(a) Total 13C label enrichment of glucose, fructose and glucose-1-phosphate (G1P) following guard cell incubation. Dark-adapted guard cells were harvested in

the pre-drawn and fed with [U13C]-sucrose in opening buffer under light conditions for 2 h. Opening buffer without sucrose was used as a control. At 10, 30 and

60 min of incubation the guard cells were sampled and the enrichment into the metabolites were determined.

(b) Stomatal aperture of Col-0 guard cells during dark-to-light transition. The stomatal aperture was measured as the width of the stomatal pore. Identical letters,

upper case among time points and lower case between treatments in each time point, do not significantly differ by Tukey’s test (P ≤ 0.05). Values are presented

as mean � SE (n = 4).
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of 0.1 mM of sucrose on stomatal aperture did not change

in the presence or absence of mesophyll cells.

What is the metabolic fate of sucrose during light-induced

stomatal opening?

The 13C-sucrose experiment was analysed by determining

the relative 13C enrichment and the total number of 13C

atoms incorporated into each fragment of each metabolite

detected. The number of 13C atoms incorporated in each

fragment is evidenced by the shift in the mass-to-charge

(m/z) ratio observed in the mass spectra (Figure S1b). For

instance, the incorporation of one and two 13C isotope(s)

into a fragment of two carbons leads to an increase of the

mass isotopomers M + 1 and M + 2, respectively (Fig-

ure S1b). We subsequently calculated the total 13C enrich-

ment for each fragment (Figure S1c) as previously

described (Souza et al., 2017).

On analysing the fate of the 13C-sucrose we observed a

high total 13C enrichment in fructose and glucose. Fructose

was almost 100% labelled after 10 min whereas glucose

labelling reached 80% after 10 min, maintaining this pro-

portion until 60 min (Figure 3). These results confirm that

sucrose is degraded on light- and K+-induced stomatal

opening. The labelling pattern of glucose is highly stable

over time with respect to the M + 1 and M + 2 iso-

topomers, while fructose displayed an increasing 13C

enrichment of the M + 3 ion over time (Figure S2). These

labelling patterns suggest that the m/z 217 fragment of

fructose was fully labelled while the m/z 160 fragment of

glucose was not. It is important to mention that we cannot

rule out that other minor glucose isotopomers were

labelled, albeit at only negligible levels below the limit of

detection of our GC-MS protocol. Moreover, the lower 13C

enrichment in glucose could be the result of unlabelled

glucose residues resulting from starch breakdown, which

are, by contrast, not incorporated in fructose (Stitt and Zee-

man, 2012). Glucose-1-phosphate (Glc-1P) displayed a peak

of labelling at 10 min (24%), following which the 13C frac-

tional enrichment decreased, down to 15% at 60 min (Fig-

ure 3). This decrease is probably best explained by the

relative abundance of the isotopomers – with the fully

labelled M + 3 ion displaying a peak of labelling at 10 min

but being reduced until 60 min (Figure S2).

Photorespiratory metabolites such as glycolate and ser-

ine were also considerably labelled (Figure 4). Glycolate

was clearly labelled across the experiment, whilst serine

displayed a higher total 13C enrichment only at 60 min

compared with control samples. Relative abundance analy-

sis of the respective isotopomers confirmed these conclu-

sions, since for glycolate and serine the M and M + 1 ions

were clearly decreased and increased, respectively (Fig-

ure S3). No increase was observed for M + 2 ion of serine

(Figure S3), suggesting that only a single 13C was incorpo-

rated into the photorespiratory metabolites.

Enhanced 13C enrichment in glutamate (Glu) and Gln

was also observed over time, reaching maxima of 25% in

Glu and 60% in Gln after 60 min of incubation (Figure 5a).

Relative abundance analysis of the isotopomers suggests

that Glu was substantially labelled only at M + 1 and

M + 2. Decreases in the non-labelled Glu M ion were simul-

taneous with the increases in Glu M + 2, which reached

22% following 60 min of incubation (Figure 5b). By con-

trast, Gln displayed 13C incorporation in the M + 3 and

M + 4 ions. The relative intensity of the non-labelled M ion

was considerably lower for Gln than Glu. Moreover, the rel-

ative intensity of the fully labelled Gln M + 4 ion increased

linearly over time while that of the M + 3 ion decreased

from 10 to 60 min (Figure 6b). This suggests that 13C is

continuously passing from sucrose to Gln via glycolysis

and part of the TCA cycle (Figure 6). These data provide

further evidence that sucrose is used as a respiratory sub-

strate for glycolysis and the TCA cycle, which in turn pro-

vide 2-oxoglutarate (2-OG) for Gln biosynthesis (Figure 7).

It is important to highlight that increases in metabolic

fluxes are not necessarily correlated with increases in the
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lites following guard cell incubation.

Dark-adapted guard cells were harvested in the pre-drawn and fed with

[U13C]-sucrose in opening buffer under light conditions for 2 h. Opening

buffer without sucrose was used as a control. At 10, 30 and 60 min of incu-

bation the guard cells were sampled and the enrichment into the metabo-

lites was determined. Identical letters, upper case among time points and

lower case between treatments in each time point, do not significantly differ

by Tukey’s test (P ≤ 0.05). Values are presented as mean � SE (n = 4).
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level of the metabolites (Williams et al., 2008). Thus, we

further analysed the relative amounts of metabolites by

integrating all the fragments detected for each metabolite

(labelled with 13C or not) via GC-MS. This analysis was per-

formed in dark-adapted guard cells (used as a control for

statistical comparison) as well as during the dark-to-light

transition at 10, 30 and 60 min of incubation with opening

buffer or 13C-sucrose at 0.1 mM (Table S1). It revealed

increases in the levels of Glu and Gln over time when sam-

ples treated with 13C-sucrose are compared with dark-

adapted guard cells. Interestingly, in addition to Gln dis-

playing significant fractional enrichment of 13C, its levels

were also strongly increased following 13C-sucrose supply.

Significantly higher contents of phenylalanine (Phe) in the

opening buffer treatment and lysine (Lys) in the 13C-

sucrose were also observed. By contrast, the levels of both

fumarate and malate increased over time (although this

was only significant in the case of fumarate), whilst supply

of 13C-sucrose reduced the levels of both organic acids

during the incubation time. The fructose content was

higher in both treatments at the three time points evalu-

ated compared with dark-adapted samples, but it was

strongly increased following incubation with 13C-sucrose.

Interestingly, the glucose levels in guard cells only incu-

bated with opening buffer were significantly reduced over

time, with the lowest level being at 60 min of incubation.

However, after addition of 13C-sucrose the glucose content

was increased up to 30 min followed by a significant

reduction at 60 min. Glc-1P was also significantly

increased in a similar manner for both treatments.

DISCUSSION

The dual role of sucrose during stomatal opening and

closure

Stomatal aperture assays carried out using different con-

centrations of sucrose indicate that the presence of sucrose

at concentrations higher than 10 mM can induce stomatal

closure under light conditions or minimize the magnitude

of light-induced stomatal opening (Figures 1 and 2). Inter-

estingly, exogenous application of sucrose at concentra-

tions below 10 mM does not change stomatal aperture

compared with the opening buffer control (Figures 1 and

2). Furthermore, the addition of 0.1 mM sucrose did not

optimize light- or K+-induced stomatal opening (Figure 2),

suggesting that at low sucrose concentrations the stomatal

pore opens in response to light but not in response to the

availability of sucrose. Similar responses have previously

been observed in isolated tobacco guard cells (Daloso

et al., 2015). These data indicate that guard cells can both
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produce the energy and the osmolytes required to open

the stomata autonomously or import these compounds

from mesophyll cells and store them as starch or lipids in

the guard cell chloroplasts. Taken together, these results

provide strong evidence to support the postulate that the

function of sucrose in guard cells is not solely osmolytic.

However, it is important to highlight that this fact does not

mean that the presence of sucrose is not required during

stomatal opening. Indeed, transgenic plants exhibiting

decreased expression of the sucrose transporter SUT1,

specifically in guard cells, displayed lower gs than wild-

type plants in the early morning (Antunes et al., 2017), the

time of day during which the stomatal aperture seems to

be mainly sustained by the accumulation of K+ and its

counter-ions (Talbott and Zeiger, 1998). Therefore,

although our results most likely exclude the possibility that

sucrose acts only as an osmolyte under light-induced

stomatal opening, it is important to stress that, as in other

cell types, sucrose may display a wide range of functions

in guard cells beyond those related to osmotic potential

regulation of the cell.

It was previously proposed that the accumulation of

sucrose in the apoplastic space surrounding guard cells

may be a mechanism to induce stomatal closure during

periods of high photosynthetic rate in phloem-loading spe-

cies (Lu et al., 1995, 1997; Kang et al., 2007a,b). Recent evi-

dence also suggests that sucrose is sensed within guard

cells and that the stomatal closure is mediated by ABA in a

HKX-dependent manner (Kelly et al., 2013). Initial charac-

terization of sucrose flux into the guard cell plasma mem-

brane in Vicia faba indicates that it may saturate at about

25–40 mM and depends on the H+ transmembrane gradient

(Outlaw, 1995). Assuming that the import of sucrose to

guard cells saturates at this concentration, it seems unli-

kely that 100 mM of sucrose (the concentration used by

Kelly and co-workers) will be the concentration reached

inside the guard cells, strengthening the idea that sucrose-

induced stomatal closure could be mediated by an osmotic

effect in the apoplastic space (Lu et al., 1995, 1997; Kang

et al., 2007a,b) and/or by activating an ABA signalling net-

work within the guard cells (Kelly et al., 2013). It is impor-

tant to note that exogenous application of the osmotic

control mannitol did not induce stomatal closure (Fig-

ure 1a), a fact also observed in tomato plants (Kelly et al.,

2013). This suggests that whether or not there is an osmo-

tic effect at the apoplastic space this is not strictly related

Figure 6. Schematic representation of stable isotope redistribution in guard cells during 13C-sucrose labelling kinetic assay.

To detect fully labelled Gln it is assumed, firstly, that PEP is fully labelled by glycolysis, producing fully labelled Pyr and AcCoa. This assumption is supported

by the experimental data given that hexoses and G1P were clearly labelled, indicating that the C from sucrose is used to sustain glycolysis and thus can produce

fully labelled PEP. Following this idea, two of these carbons can be incorporated into Glu and Gln (follow black spheres from AcCoA). Secondly, the fully

labelled PEP is also converted to OAA. This reaction can produce three labelled carbons (see red spheres) which are then incorporated into Gln. It is noteworthy

that the PEPc fixation of the CO2 released by PDH does not contribute to the 13C enrichment observed in Gln, once this C is lost in the reaction catalysed by IDH.

Enzymes are shown in blue. 2-OG, 2-oxoglutarate; AcCoa, acetyl CoA; Fum, fumarate; Gln, glutamine; Glu, glutamate; GS, glutamine synthetase; IDH, isocitrate

dehydrogenase; PEP, phosphoenolpyruvate; PEPc, phosphoenolpyruvate carboxylase; Pyr, pyruvate; PDH, pyruvate dehydrogenase; Succ, succinate. [Colour fig-

ure can be viewed at wileyonlinelibrary.com].
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to sucrose accumulation. It could be due to an osmotic

effect triggered by the accumulation of sucrose-derived

products such as hexoses and/or by the induction of ABA

signalling pathway by trehalose metabolism (Daloso et al.,

2017; Figueroa and Lunn, 2016). Indeed, it has been shown

that glucose induces stomatal closure in V. faba in a dose-

and time-dependent manner (Li et al., 2016) and that ABA-

induced stomatal closure is abolished in the tre1 mutant

that lacks the trehalase enzyme responsible for the conver-

sion of trehalose to glucose (Van Houtte et al., 2013). What

remains unclear is whether the activation of the ABA sig-

nalling pathway observed in tomato, Arabidopsis and

V. faba (Kelly et al., 2013; Li et al., 2016) also occurs under

lower concentrations than 100 mM and what the connec-

tion is between sucrose and trehalose metabolism during

stomatal closure.

Alternatively, the import of sucrose to guard cells,

which follows Michaelis–Menten-type kinetics in a 1:1 H+:-

sucrose symport stoichiometry (Boorer et al., 1996;

Antunes et al., 2017), may induce stomatal closure by

plasma membrane depolarization and subsequent activa-

tion of outward-rectifying K+ channels in the guard cells

(e.g. AtGORK and AtKUP) (Jarzyniak and Jasi�nski, 2014).

Whatever the mechanism by which sucrose induces

stomatal closure, it seems clear that sucrose has a pivotal

role in the trade-off between the regulation of photosyn-

thesis and stomatal conductance (Gago et al., 2016). The

fact that only high concentrations of sucrose induce stom-

atal closure, and that this was not observed under high

concentrations of mannitol, reinforces the idea that in

planta this mechanism would occur only at high A as a

mechanism to reduce water loss via transpiration in a

non-carbon-limited condition. It thus seems likely that the

differential accumulation and degradation of sucrose

between the apoplastic space and within guard cells may

act as a key point that tightly connects photosynthesis to

stomatal movements (Daloso et al., 2016a; Gago et al.,

2016).

The metabolic fate of 13C-sucrose

Fructose and glucose, two of the three direct products of

breakdown of plant sucrose, were rapidly and clearly

labelled (Figures 3 and S2), demonstrating that sucrose

has been effectively degraded during dark-to-light transi-

tion, as suggested in our previous experiments (Daloso

et al., 2015, 2016b). Fructose was fully labelled whilst glu-

cose was not, indicating that the degradation of sucrose is

probably occurring by both sucrose synthase (SuSy) and

invertase (Inv) since an identical 13C enrichment in the hex-

oses would be expected if it was mediated only by Inv.

However, as we mentioned above, the remobilization of C

reserves in starch could also produce asymmetric labelling

of the hexoses. That said, a range of other evidence indi-

cates that both SuSy and Inv are important players control-

ling sucrose metabolism in guard cells (Antunes et al.,

2012; Ni, 2012; Daloso et al., 2016b), and further enzymatic

characterization of these and others key enzymes of

sucrose metabolism will bring important information on

control of sugar metabolism in guard cells. Furthermore,

Glc-1P was also rapidly and clearly labelled (Figure 3), sug-

gesting that SuSy is indeed operational, in the degradative

direction, within the guard cell (Kleczkowski et al., 2004;

Zeeman et al., 2007). Irrespective of its origin, the total 13C

enrichment in Glc-1P reaches high values at 10 min then

decreases until 60 min. The analysis of relative isotopomer

abundance corroborates this observation, suggesting that

Glc-1P is degraded over time (Figure S2). Glc-1P is a com-

mon substrate for glycolysis and starch metabolism, there-

fore its degradation could simultaneously activate these

pathways (Stitt and Zeeman, 2012). However, it is impor-

tant to mention that our experiment was carried out during

the dark-to-light transition, simulating the circadian rhythm

of the early morning stomatal aperture. Under this condi-

tion, starch has been shown to be rapidly degraded (Horrer

et al., 2016; Santelia and Lunn, 2017). Although we have

not measured starch turnover under our experimental con-

ditions, our data suggest that Glc-1P was mostly used to

sustain glycolysis rather than starch synthesis. Our data

Figure 7. Schematic representation of the 13C redistribution based on the

results using [U-13C]-sucrose in isolated guard cells under dark-to-light tran-

sition.

Arrow thickness represents possible fluxes, although it is important to

stress that is currently not feasible to determine metabolic fluxes in guard

cells. The experiment using 13C-sucrose suggests higher fluxes through gly-

colysis, the tricarboxylic acid (TCA) cycle and the Glu/Gln pathway. The

labelling found in Glu/Gln metabolites suggests a differential non-cyclic

mode activity of the TCA cycle in guard cells under light conditions. There-

fore, the 13C from sucrose breakdown is used to sustain glycolysis and Gln

biosynthesis via Cit, Isoc and 2-OG. 2-OG, 2-oxoglutarate; Cit, citrate; Fum,

fumarate; Fru, fructose; Glc, glucose; Glc-1-P, glucose-1-phosphate; Gln,

glutamine; Glu, glutamate; Isoc, isocitrate; Mal, malate; OAA, oxaloacetate;

PEP, phosphoenolpyruvate; Suc, sucrose; Succ, succinate. [Colour figure

can be viewed at wileyonlinelibrary.com].
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are furthermore consistent with the previous finding that

increased contents of fructose 2,6-biphosphate were

observed during dark-to-light transition (Hedrich et al.,

1985) as well as by the fact that TCA cycle-related metabo-

lites such as Glu and Gln were highly labelled in our exper-

iments (Figure 6). In keeping with this, it has been

demonstrated that a double mutant lacking activity of the

glycolytic enzyme phosphoglycerate mutase has a smaller

blue light-induced stomatal aperture (Zhao and Assmann,

2011), suggesting that glycolysis is activated during light-

induced stomatal opening. Taken together, these data

suggest that guard cell metabolism, unlike that of the mes-

ophyll, prioritises the activation of glycolysis above starch

or sucrose synthesis during light-induced stomatal open-

ing (Figure 7).

Substantial increases in the level of Gln coupled with a

clear 13C enrichment in Glu and Gln were observed follow-

ing breakdown of 13C-sucrose (Figure 5, Table S1), confirm-

ing that at least part of the guard cell sucrose pool is used

as a substrate for glycolysis and the TCA cycle. This result it

is in accordance with previous experiments which suggest

that the glycolytic pathway in guard cell protoplasts is acti-

vated in the light (Hedrich et al., 1985) and sheds light on

the differential regulation of the central metabolism of

guard cells compared with whole leaf metabolism, where

respiration is inhibited under light (Tcherkez et al., 2005,

2012) and the C used to sustain Glu/Gln biosynthesis in the

light comes from previously stored C (Gauthier et al., 2010;

Cheung et al., 2014; Abadie et al., 2017). Interestingly, the

total 13C enrichment was higher in Gln than Glu and the rel-

ative abundance of the fully labelled M + 4 ion of Gln

increased over time, while the M + 4 ion from Glu

decreased (Figure 5), suggesting that Glu is being catabo-

lised to produce Gln. Higher partitioning of 13C derived from

[U-13C]-sucrose into Gln was recently demonstrated in sink

leaves compared with source leaves (Dethloff et al., 2017).

It was shown that the sucrose-derived 13C is preferentially

used by GS/GOGAT and TCA cycle-related pathways in sink

leaves, suggesting that regulation of glycolysis and the TCA

cycle by light may differ between sink and source tissues

(Dethloff et al., 2017). In this vein, the metabolic distribution

of 13C throughout the central metabolism of guard cells

seems to have much greater similarity with sink rather than

source leaves, which fits well with the sink features already

reported in guard cells such as low photosynthetic rate

(Gotow et al., 1988), higher activity of the sink marker

enzyme sucrose synthase (Hite et al., 1993; Daloso et al.,

2015), high activity of enzymes of catabolic pathways

(Hampp et al., 1982; Vani and Raghavendra, 1994) and a

high mitochondrial respiration rate (Ara�ujo et al., 2011).

This evidence, coupled with recent modelling results

(Robaina-Est�evez et al., 2017), confirms the considerably

different regulation of guard cell and mesophyll cell meta-

bolism.

By contrast to what was observed in previous feeding

experiments using 13C-NaHCO3 as a substrate (Daloso

et al., 2015; Robaina-Est�evez et al., 2017), here we were

able to detect 13C enrichment in metabolites related to

the C6–C4 branch of the TCA cycle (Figure 6). Given that

no 13C labelling was observed here in malate and fuma-

rate (Figure 7), the only explanations for detection of

fully labelled Gln are: (i) phosphoenolpyruvate (PEP) is

fully labelled by glycolysis, which produces fully labelled

pyruvate and acetyl CoA (AcCoA) and that two of these C

are then incorporated into Glu/Gln (follow the black

spheres from AcCoA in the schematic of Figure 6); and

(ii) the fully labelled PEP is also converted to oxaloac-

etate (OAA). This reaction can produce three labelled Cs

which are then incorporated into Gln (follow the red

spheres in the schematic of Figure 6). These findings

suggest that the C fluxes following sucrose breakdown

differ from those observed after anaplerotic CO2 fixation

catalysed by phosphoenolpyruvate carboxylase (PEPc)

and that the TCA cycle is not working in a cyclic manner

under our experimental conditions (Figure 7). In fact, the

non-cyclic mode of operation of the TCA cycle has been

documented in different conditions and plant tissues

(Sweetlove et al., 2010) and has also previously been

suggested to occur in guard cells during dark-to-light

transition under 13C-NaHCO3
- treatment (Daloso et al.,

2015).

Collectively, our results provide direct evidence that

the role of sucrose during light-induced stomatal open-

ing is not primarily that of an osmolyte. This is sup-

ported by the fact that exogenously applied sucrose has

no additive effect on light- and K+-induced stomatal

opening. Instead of merely being an osmolyte, our data

directly prove that sucrose is used as a substrate for gly-

colysis and the TCA cycle in the light. This fact clearly

discriminates guard cell metabolism from that exhibited

by mesophyll cells. Perhaps equally importantly, our

results provide evidence linking sucrose breakdown to

Gln biosynthesis during the dark-to-light transition via a

mechanism which has not yet been described in the lit-

erature on stomatal physiology. This finding suggests a

regulatory role for Gln during light-induced stomatal

opening. However, more detailed metabolic flux analyses

are required in order to reveal the exact mode of opera-

tion of the TCA cycle in guard cells under different con-

ditions. The application of approaches such as 13C

nuclear magnetic resonance-based metabolic flux analy-

sis to guard cell metabolism may reveal important infor-

mation regarding the regulation of the TCA cycle and

GS/GOGAT pathways in guard cells as well as the bio-

logical relevance of the fact that the C released from

sucrose is used to produce Gln during stomatal opening.

Therefore, further studies on the reactions linking guard

cell sucrose and Gln are a priority if we are to fully
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understand the regulation of guard cell metabolism dur-

ing light-induced stomatal opening.

EXPERIMENTAL PROCEDURES

Plant material and growth conditions

For all experiments described here we used the wild-type Arabidop-
sis thaliana Columbia-0 ecotype as plant material. Seeds were sur-
face sterilized and imbibed for 2 days at 4°C in the dark on 0.7% (w/
v) agar plates containing half-strength Murashige and Skoog (MS)
medium (pH 5.7; Sigma-Aldrich, http://www.sigmaaldrich.com/).
Seeds were subsequently germinated and grown at 22°C under
short-day conditions (8-h light/16-h dark), 60% relative humidity with
150 lmol photons m�2 sec�1. The fifth totally expanded leaves from
5-week-old plants were harvested and used for stomatal aperture
assays. Whole rosettes grown in the same conditions were used for
guard cell-enriched epidermal fragment isolation.

Stomatal aperture assays

For sucrose-induced stomatal closure assays light-adapted leaves
were floated on stomatal opening buffer containing 10 mM KCl,
50 lM CaCl2 and 5 mM 2-(N-morpholine)-ethanesulphonic acid
(MES)–2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS) (pH
6.15) for 2 h under light (150 lmol m�2 sec�1) in order to ensure
fully open stomata. Then, opening buffer, mannitol (at a final con-
centration 100 mM) or sucrose at final concentrations of 0.1, 1, 10
or 100 mM were added. After an additional 2 h of incubation the
stomatal aperture was evaluated. For sucrose-induced stomatal
opening assays dark-adapted leaves were floated on opening buf-
fer (in the presence or absence of KCl, as indicated in the figure
legends) or opening buffer containing sucrose to a final concen-
tration of 0.1, 1, 10 or 100 mM and incubated under light
(150 lmol m�2 sec�1) for 2 h, after which the stomatal aperture
was evaluated. The leaves were gently dried and the adaxial epi-
dermis was carefully fixed to autoclave tape. The abaxial surface
of the leaves was subsequently peeled off following fixing and
removal of an adhesive film (tesafilm� crystal clear; Tesa, https://
www.tesa.com/) and microscopic images were taken immediately
(Azoulay-Shemer et al., 2015; Horrer et al., 2016). The stomatal
aperture was also determined in dark-adapted leaves and used as
a control. Four leaves from different plants were evaluated and an
aperture of at least 20 stomata per leaf was measured, resulting in
a total of at least 80 stomatal aperture measurements per treat-
ment. The images were taken with a digital camera (Axiocam
MRc) attached to a microscope (Zeiss model AX10; https://www.ze
iss.com/). Subsequent measurements were derived from the
images using the image processing package FIJI with ImageJ soft-
ware (Schindelin et al., 2012, 2015).

Guard cell isolation for kinetic isotope labelling

experiments

A pool of guard cell-enriched epidermal fragments (simply
referred to as guard cells) was isolated following a protocol that
was recently optimized for metabolite profiling analyses (Daloso
et al., 2015). Briefly, guard cells were isolated in the pre-dawn by
blending approximately 10 Arabidopsis rosettes per replicate in a
Waring blender (Philips RI 2044; https://www.philips.com/global)
incorporating an internal filter to remove excess mesophyll cells,
fibres and other cellular debris. All guard cell isolations were car-
ried out in the dark in order to maintain closed stomata and simu-
late opening following the natural circadian rhythm.

13C-sucrose isotope kinetic labelling experiment

The stomatal assays described above were essential in order to
demonstrate that the effect of sucrose on stomatal opening/clo-
sure is concentration dependent. Having established this fact, we
subsequently aimed to investigate the role of sucrose during light-
induced stomatal opening. For this purpose, we decided to per-
form a 13C-sucrose isotope experiment by providing sucrose at a
concentration of 0.1 mM. Guard cells were isolated, as described
above, and subsequently transferred to the light and incubated in
opening buffer solution (10 mM KCl, 50 lM CaCl2 and 5 mM MES–
TRIS, pH 6.15) in the presence or absence of 13C-sucrose. Guard
cell samples were rapidly harvested on a nylon membrane
(220 lm) and snap-frozen in liquid nitrogen following 10, 30 and
60 min of light prior to storage at �80°C before subsequent meta-
bolic analyses. A single sample per treatment was additionally
taken in order to ascertain the stomatal aperture at each time
point.

GC-MS analysis. The extraction of polar metabolites and
their derivatisation was carried out exactly as described previ-
ously (Lisec et al., 2006). Briefly, approximately 30 mg of lyo-
philised guard cells were disrupted by shaking the cells in a
tube together with metal balls. Extraction was subsequently
performed in methanol, with shaking at 70°C for 1 h; 60 ll of
ribitol (0.2 mg ml�1) was added as an internal standard. Fol-
lowing centrifugation, the supernatant was taken and the
polar and apolar phases were separated by adding chloroform
and water to the tube. A new centrifugation was performed
and 1 ml of the polar (upper) phase was taken and reduced
to dryness for further derivatisation and analysed by gas
chromatography coupled to time of flight mass spectrometry
(GC-TOF-MS). For mass spectral analysis, the relative iso-
topomer abundance and the determination of the total 13C
enrichment was performed using Xcalibur� 2.1 software
(Thermo Fisher Scientific, https://www.thermofisher.com/) and
the CORRECTOR program (Huege et al., 2014), as described in
previous guard cell isotope labelling studies (Daloso et al.,
2015, 2016b).

Statistical analysis. Data were obtained from experiments
using a completely randomized design. All data are expressed as
the mean � standard error (SE). Analysis of variance (ANOVA)
and means comparison by the Tukey test (P ≤ 0.05) were per-
formed using the software GENES (Cruz, 2016).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Schematic representation of the workflow for the
[U-13C]-sucrose labelling kinetic experiment.
Figure S2. Relative abundance of mass isotopomers of glucose,
fructose and glucose-1-phosphate following guard cell incubation.
Figure S3. Relative abundance of mass isotopomers of photores-
piratory-related metabolites following guard cell incubation.

Table S1. Relative metabolite content in dark-adapted guard cells
and after 10, 30 and 60 min of incubation in opening buffer in the
presence or absence of 13C-sucrose.
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