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ABSTRACT 31 
Stomata of most plants close to preserve water when the demand for CO2 by photosynthesis 32 
is reduced. Stomatal responses are slow compared to photosynthesis, and this kinetic 33 
difference erodes assimilation and water use efficiencies under fluctuating light. Despite a 34 
deep knowledge of guard cells that regulate the stoma, efforts to enhance stomatal kinetics 35 
are limited by our understanding of its control by foliar CO2. Guided by mechanistic 36 
modelling that incorporates foliar CO2 diffusion and mesophyll photosynthesis, here we 37 
uncover a central role for endomembrane Ca2+ stores in guard cell responsiveness to 38 
fluctuating light and CO2. Modelling predicted and experiments demonstrated a delay in Ca2+ 39 
cycling that was enhanced by endomembrane Ca2+-ATPase mutants, altering stomatal 40 
conductance and reducing assimilation and water use efficiency. Our findings illustrate the 41 
power of modelling to bridge the gap from the guard cell to whole-plant photosynthesis, and 42 
they demonstrate an unforeseen latency, or 'carbon memory', of guard cells that affects 43 
stomatal dynamics, photosynthesis and water use efficiency. 44 
 45 
  46 
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INTRODUCTION 47 
 The main pathway for CO2 entry into the leaf for photosynthesis by the mesophyll 48 
cells is through the stomatal pore. Each stoma is surrounded by pairs of guard cells that 49 
regulate its aperture to balance the demand for CO2 with the often opposing need to 50 
conserve water. The guard cells control the pore aperture by the uptake and loss of osmotic 51 
solutes, especially of K+ and Cl-, and by the synthesis and metabolism of small organics, 52 
notably malate (Mal), altering guard cell volume and turgor and thereby the size of the 53 
stomatal pore1-4. Environmental stimuli, especially light and the partial vapor pressure of 54 
water in the atmosphere, affect transport through a network of signalling pathways to 55 
regulate water and osmotic solute flux for stomatal aperture2,5-8. 56 

Much attention has been drawn to inputs closely tied to photosynthesis, the partial 57 
pressure of CO2 in the atmosphere (pCO2), and their impact on CO2 within the air space of 58 
the leaf (pCi). Stomata of most angiosperms close when pCi rises, typically as 59 
photosynthetically-active light declines, to preserve water when the demand for CO2 is 60 
reduced2,4,7. However, stomatal responses to light and CO2 are slow by comparison with that 61 
of photosynthesis2,9. Variations in light during the day can degrade photosynthetic carbon 62 
assimilation and water use efficiencies (WUE, defined as the carbon gain per unit water 63 
loss), principally because stomatal responses generally lag behind changes in light2. Indeed, 64 
optogenetic manipulation of guard cell transport has shown that substantial gains in carbon 65 
assimilation and in WUE are possible by accelerating stomatal movements9. These studies 66 
underscore the need to understand how CO2 affects guard cell mechanics and its integration 67 
with mesophyll-derived changes in pCi in efforts to enhance stomatal kinetics. 68 

Stomatal closing evoked by changes in pCO2 and by the water-stress hormone 69 
abscisic acid (ABA) are associated with signalling via cytosolic pH10,11, cytosolic-free Ca2+ 70 
concentration ([Ca2+]i)12, protein kinases and phosphatases1,13,14. These signal cascades 71 
promote anion and K+ efflux through concerted alterations in the activities of several ion 72 
transporters to reduce guard cell turgor, volume, and thereby stomatal aperture. Elevating 73 
pCO2, like ABA, activates outward-rectifying K+ channels such as GORK and Cl- channels 74 
such as SLAC1, and it reduces the activity of the inward-rectifying K+ channels in Vicia and 75 
the corresponding KAT1 and KAT2 channels in Arabidopsis guard cells15-17. Efforts to 76 
reconstruct putative CO2 signal cascades of Arabidopsis18-20 have highlighted a role for the 77 
SLAC1 anion channel, but these studies leave open questions about its mechanics and 78 
coordination with other transporters in the guard cell1, and how these might be engineered to 79 
accelerate stomatal movements with photosynthetic demand for CO2. 80 

To address this challenge and gain further insights into stomatal control, we 81 
incorporated CO2 within a mechanistic model of the guard cell coupled to mesophyll 82 
photosynthesis to explore stomatal integration with foliar carbon assimilation. The OnGuard 83 
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modelling platform encompasses guard cell transport, signalling, and essential metabolism, 84 
accommodating foliar transpiration and successfully predicting emergent guard cell 85 
behaviors across species, including Arabidopsis16,21-24. Using this platform to guide 86 
experiments, here we uncover a critical role for endomembrane autoinhibited Ca2+-ATPases 87 
(ACAs) and Ca2+ cycling in short-term responsiveness under fluctuating light and pCO2. The 88 
findings demonstrate a latency, or 'carbon memory', in stomatal kinetics that erodes carbon 89 
assimilation and water use efficiencies; they also illustrate the power of quantitative 90 
mechanistic modelling to bridge the gap from guard cell transport to photosynthesis in the 91 
whole plant. 92 
 93 
  94 
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RESULTS 95 
Resolving a minimum set of regulatory targets for CO2 in OnGuard3 96 

Ultimately aperture, and hence the ensemble conductance, gs,  of stomata in the leaf 97 
to gaseous diffusion, is central to the feedback between photosynthetic CO2 demand and its 98 
supply from outside. While the connection between photosynthesis and stomatal responses 99 
to pCi within the leaf is not disputed, its mechanics are1. To examine potential mechanisms 100 
integrating pCi with feedback to the guard cells, initially we incorporated CO2 diffusion within 101 
the OnGuard platform16,24 to generate OnGuard3. 102 

Previously we identified a site, p, within the substomatal cavity behind the stomatal 103 
pore that describes the fractional resistance for water vapor diffusion from the mesophyll to 104 
the stomatal pore and from there to the atmosphere25. Hence, p defines the water vapor 105 
pressure within the substomatal cavity with which the guard cells equilibrate. To feed the 106 
demand of photosynthesis, CO2 must diffuse along the same path but in the opposite 107 
direction, toward the mesophyll where it equilibrates with CO2 in solution and diffuses across 108 
the cell membrane and into the chloroplast to be fixed into sugar26-28. We used this 109 
knowledge, incorporating the counterflux in CO2 and the representation of p to define the 110 
fractional resistance to CO2 diffusion from the atmosphere to the mesophyll and to calculate 111 
pCi with which the guard cells equilibrate. pCi was thus anchored by the CO2 partial pressure 112 
outside and subject to the sink of the photosynthetic assimilation rate by the mesophyll 113 
inside the leaf (Figure 1 and Supplemental Appendix A1). 114 
 The OnGuard platform incorporates membrane ion transport, the metabolism of 115 
osmotically-active solutes, and their kinetic interactions with sufficient detail to describe and 116 
predict stomatal physiology16,22-24. Stomatal aperture and gs are core outputs of the OnGuard 117 
platform and are determined by the combined operation of all of transport and metabolism 118 
within the model. For pCi, which motivates changes in stomatal aperture via feedback not yet 119 
fully elucidated, this feedback must be represented by a mechanism engaging defined model 120 
components. Thus, each modelled mechanism represented a hypothesis under test, to be 121 
discarded, validated, or refined by comparisons between model predictions and 122 
experimental results.  123 

A large body of evidence indicates that transmembrane solute transport in the guard 124 
cells normally drives stomatal movements1,13. We used the extant literature and global 125 
sensitivity analysis29 to guide our initial construction of models incorporating pCi as a 126 
modulator of guard cell membrane transport. These considerations highlighted contributions 127 
of endomembrane Ca2+-ATPases (VCa-ATPase) and Ca2+ channel (VCain) activities, and to 128 
a lesser extent that of plasma membrane Ca2+- and H+-ATPases (Ca-ATPase, H-ATPase), 129 
the ALMT12 anion channel (ALMT) and TPK K+ channel in stomatal closing (Supplemental 130 
Appendix A2). To these, we added the SLAC1, SLAH1 and SLAH3 (SLAC) anion channels, 131 
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the KAT1 and KAT2 (KAT) and GORK (GORK) K+ channels at the plasma membrane, and 132 
the endomembrane malate and Cl-/NO3

- (VMAL, VCl) channels, and the FV K+ (FV) channel, 133 
all of which are known either to be affected by CO2 or associated with ABA-evoked stomatal 134 
closure1,30,31 [a full list and parameter descriptions for each transporter in the OnGuard 135 
platform will be found in Hills et al21 and Wang et al16]. 136 

We carried out systematic trials, simulating elevated pCO2 steps from 400 to 1000 137 
μbar and back again. These models retained the full complement of solute and transporter 138 
dependencies as well as the sensitivity to the partial water vapor pressure, described 139 
previously16,22,23. Dissolved CO2 and the associated variable of cytosolic [HCO3

-] ([HCO3
-]i) 140 

were incorporated as ligands, assuming their equilibration with pCi (Appendix A1). Similar 141 
results were obtained with dissolved CO2 and with  [HCO3

-]i, and we therefore focused on 142 
[HCO3

-]i (hereafter implicit in reference to pCi) which has been proposed as the effective 143 
species in SLAC channel regulation32.  144 

Dependencies on pCi were introduced first to individual transporters and 145 
subsequently to transporters in combination, including the plasma membrane SLAC and 146 
ALMT anion channels, the KAT and GORK K+ channels, the endomembrane VMAL, VCl, 147 
TPK and FV channels (see Supplemental Appendix A2 and Supplemental Table 2). These 148 
trials failed to show reductions in gs and stomatal aperture, notably with any of the anion 149 
channels alone or in combination. Stomatal closure with elevated pCO2 was recovered only 150 
if parameters defining VCa-ATPase or VCain activities were included as ligand targets. 151 
Suppressing VCa-ATPase or enhancing VCain activity with pCi was sufficient to decrease gs 152 
and stomatal aperture consistent with steady-state values reported previously33,34. However, 153 
we recovered rates of stomatal closure and gs decline comparable with experimental 154 
data32,35,36 (cf. Figure 2) only if pCi additionally accelerated the kinetics defining VCain 155 
inactivation (Supplemental Figure S1 and Supplemental Appendices A2 and A3). 156 

These findings identified both the endomembrane Ca2+-ATPases and Ca2+ channels 157 
as important targets for stomatal response to pCi. Adding pCi dependencies to the SLAC, 158 
ALMT, and GORK channels to enhance these currents, additional to that promoted by [Ca2+]i 159 
37,38 - consistent with reports to date for GORK in vivo15 and for SLAC1 on heterologous 160 
expression14,20 - yielded small increases of less than 3% only in aperture and gs kinetics. For 161 
consistency with these studies, we included the additional anion and K+ channel targets with 162 
those of endomembrane Ca2+ transport in further simulations (see Supplemental Figure S2 163 
and Supplemental Appendix A3). 164 
 165 
OnGuard3 predicts a steep dependence of gs and assimilation on pCO2 and fluence 166 
rate and counterintuitive alterations in channel activities 167 
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 Models constructed with OnGuard3, and incorporating pCi sensitivity to 168 
endomembrane Ca2+ transport, faithfully reproduced experimental measurements of 169 
stomatal aperture, foliar stomatal conductance, gs, and of pCi dynamics, as well as 170 
photosynthetic carbon assimilation (Supplemental Figure S3), as functions of pCO2 and 171 
fluence rate (Figure 2). Such behavior is consistent with the large body of evidence relating 172 
gs to atmospheric pCO2 and photosynthetic activity1,2,5-8. OnGuard3 replicated gs kinetics and 173 
steady-state values to within 20% of the experimental means across a wide range of pCO2 174 
and fluence rates (see also below). Model outputs showed that stomatal closing with steps 175 
above 400 μbar CO2 followed on a rise and partial recovery in pCi (Figure 2a) and was 176 
accompanied by membrane depolarization (Figure 3a,b), elevated [Ca2+]i (Figure 3c,d), 177 
parallel declines in the concentrations of the major osmotic solutes, K+, Cl- and Mal (Figure 178 
3e-g), and a reduction in gs (Figure 3h), guard cell turgor and stomatal aperture 179 
(Supplemental Figure S2d,e), as expected. 180 
 Increasing pCO2 enhanced the activity of the GORK K+ channels (Figure 4a,b) and 181 
reduced KAT channel activity in simulation and in vivo in Arabidopsis (Figure 4c,d), as 182 
observed in Vicia16,22,39. Suppression of the KAT channel activity arose from the elevated 183 
[Ca2+]i (Figure 3c; see also Supplemental Figure S2) that is known to suppress the K+ 184 
current1,39. In simulation, coordinate oscillations in [Ca2+]i and membrane voltage were 185 
maintained until a new steady-state in aperture and gs was approached (Figure 3a-d). 186 
Increasing pCO2 is known to elevate [Ca2+]i 12, with oscillations of 10-20 min duration in 187 
[Ca2+]i facilitating solute efflux during the depolarised phase of each oscillatory cycle22,39-41. 188 
Model analysis (Supplemental Figure S2k-o) showed that the elevated [Ca2+]i and its 189 
oscillation resulted from a cyclic influx of Ca2+ across the plasma membrane which promoted 190 
a much larger release of Ca2+ from endomembrane stores, so-called Ca2+-induced Ca2+ 191 
release1,42. By contrast, increasing pCO2 to 1000 μbar in simulation had only a marginal 192 
effect on pHi (Supplemental Figure S2g) consistent with in vivo data showing that any effects 193 
are generally below the limit of resolution15. 194 

Counterintuitively, returning pCO2 to its starting value in simulation resulted in an 195 
overshoot in KAT channel activity (Figure 4c, Supplemental Figure S2r) and could be 196 
ascribed to the relaxed [Ca2+]i constraint on the K+ current1,22,39. We carried out voltage 197 
clamp experiments to test this prediction, challenging guard cells of wild-type Arabidopsis 198 
during the experiments with buffer equilibrated to 1000 µbar CO2. As predicted, elevating 199 

CO2 in solution evoked reductions in KAT current and returning to 400 µbar CO2 was 200 
followed by large overshoots in KAT activity (Figure 4d). Fitting the steady-state K+ currents 201 
to a Boltzmann function (Figure 4d) showed that returning from 1000 to 400 µbar CO2 202 
enhanced KAT current with a maximum ensemble current conductance gmax rising from 203 
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0.38±0.02 to 0.76±0.04 mS cm2 and evoked shifts in the voltage yielding half-maximal 204 
conductance, V1/2, from -186±2 mV to -174±3 mV, respectively, relative to initial values 205 
(Figure 4c, insets). The response can be understood as a consequence of the [Ca2+]i 206 
sensitivity of the K+ current, but the overshoot in K+ current and the enhanced channel 207 
activity evident in the shift of V1/2 had not been identified before. The timescales of these 208 
experiments, typically 20-30 min for any one recording, precluded measurements to full 209 
recovery. However, the reversibility of the GORK current with pCO2 steps validated 210 
OnGuard3 predictions (Figure 4a,b). 211 
 To assess [Ca2+]i during pCO2 elevation and recovery, we loaded Arabidopsis guard 212 
cells in epidermal peels with the dye Fura-Red and recorded dye fluorescence by confocal 213 
microscopy on excitation with 405 nm and 488 nm light. Measurements of [Ca2+]i as the 214 
fluorescence ratio F405/F488 were calibrated against similar recordings from guard cells 215 
permeabilized with the Ca2+ ionophore Ionomycin in the presence of defined and buffered 216 
Ca2+ concentrations. Measurements were carried out under continuous buffer flow before, 217 
during and after superfusion with buffer equilibrated with 1000 µbar CO2. We found that 218 

elevating pCO2 from 400 to 1000 µbar led to a substantial rise in [Ca2+]i within the first 5 min 219 

and was followed by an undershoot in [Ca2+]i on returning to 400 µbar CO2 (Figure 4e-g), as 220 
predicted (Figure 3c). Dye bleaching over the time period of these recordings prevented 221 
measurements to full recovery and precluded resolution of the slower [Ca2+]i oscillations 222 
evident in modelling40 (Figure 3c). However, recordings from guard cells on the same 223 
epidermal peel 45 min later, and hence also exposed to the first pCO2 step (Figure 4f,g), 224 
showed similar [Ca2+]i responses to 1000 µbar CO2, indicating that [Ca2+]i recovered during 225 
this period. 226 
 227 
Ca2+ stores determine a latency, or carbon 'memory', with light and pCO2 steps 228 
 One major prediction of OnGuard3 models is that stomatal closure with elevated pCi 229 
leads to a transient reduction in Ca2+ stores within the guard cell following Ca2+ release and 230 
the [Ca2+]i oscillations that promote stomatal closure. The reduction in endomembrane Ca2+ 231 
stores (Figure 3d) and its recovery suggested a latency - in effect, a 'memory' - of previous 232 
closure events that could affect stomatal response when pCi increased repeatedly. In 233 
simulation, repeated challenge with elevated pCO2, when separated by intervals of 45 min 234 
and less, reduced endomembrane Ca2+ flux. The effect was store-mediated and displaced 235 
endomembrane Ca2+ channel gating from the free-running tonoplast voltage, thereby 236 
reducing subsequent Ca2+ release and [Ca2+]i elevation (Supplemental Figure S4). As a 237 
consequence, stomatal closure in simulation was slowed when pCO2 steps followed in close 238 
succession (Figure 5a,b). 239 
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 We tested these predictions experimentally, initially with wild-type Arabidopsis, 240 
challenging plants with cycles of steps from 400 to 1000 µbar CO2 separated by intervals at 241 

400 µbar CO2. As predicted, reducing the interval between steps to 30 min led to a 242 

significant reduction in [Ca2+]i increases on the second and third challenges with 1000 µbar 243 
CO2 (compare Figure 4g and Supplemental Figure S5). Furthermore, a slowing in stomatal 244 
closure to pCO2 was evident (Figure 5a,b) when pCO2 cycles to 1000 µbar were separated 245 
by intervals of 45 min or less, and matched closely the predicted latency halftimes for Ca2+ 246 
flux and gs near 20 min (see also Supplemental Figure S4b). 247 
 Simulations also indicated that the effects on [Ca2+]i elevations and stomatal kinetics 248 
might be greatly amplified if the population of endomembrane Ca2+-ATPases was reduced to 249 
slow the recovery of Ca2+ stores (Supplemental Figure S4a,b). Assessing the consequences 250 
of short-term changes in stored Ca2+ is possible, even if their direct measurement is not. 251 
OnGuard3 does not distinguish among endomembrane Ca2+ stores and subsumes all 252 
endomembrane transport within the tonoplast21,22. Therefore we examined gs in leaves of 253 
wild-type Arabidopsis and of the higher-order endomembrane Ca2+-ATPase mutants, 254 
aca4aca11 and aca1aca2aca7, that lack the predominant Ca2+-ATPases at the tonoplast 255 
and at the endoplasmic reticulum, respectively. We also assessed gs of the aca4aca11 and 256 
aca1aca2aca7 mutants complemented with ACA11 and ACA2, respectively. The Ca2+-257 
ATPases at both membranes are functionally redundant and only the higher-order mutants 258 
display any phenotypes43-46.  The aca1aca2aca7 mutant has been reported to prolong 259 
evoked [Ca2+]i elevations46, although neither mutant has a significant effect on total foliar 260 
Ca2+ in the steady state43-45, results that we confirmed (Supplemental Figure S6). 261 
 We used gas exchange measurements to assess the kinetics of stomatal closure 262 
while stepping between 400 and 1000 µbar CO2 under continuous 200 µmol m-2s-1 PAR with 263 
periods of either 30 or 45 min between cycles of elevated pCO2, following our prediction and 264 
findings in wild-type Arabidopsis (Figure 5a,b) of a cusp in slowed gs kinetics with intervals 265 
near 45 min. In simulations, reducing endomembrane Ca2+-ATPase activity to 40% or less of 266 
the wild-type greatly slowed gs with cycles of elevated pCO2 (Figure 5d and Supplemental 267 
Figure S4). In experiments, both aca4aca11 and aca1aca2aca7 mutants showed gs kinetics 268 
that slowed significantly on repeated pCO2 elevations, whereas the ACA11 and ACA2 269 
complementations of aca4aca11 and aca1aca2aca7, respectively, yielded gs kinetics that 270 
were indistinguishable from wild-type plants (Figure 5c,d). Fitting these data to a first-order 271 
exponential function yielded more than a 2-fold decrease in the rate for gs response on the 272 
second and third cycle of elevated pCO2 compared to the first cycle for the aca4aca11 and 273 
aca1aca2aca7 mutants. When compared to the wild-type plants these rates of closure were 274 
reduced by a factor of 3, much as predicted in simulations. A comparison with repeated 275 
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cycles of steps between 200 and 0 µmol m-2s-1 light under constant 400 µbar CO2 showed 276 
qualitatively similar reductions in gs kinetics in the mutants (Supplemental Figure S7), 277 
consistent with a reduced demand on pCi by carbon assimilation in the mesophyll. 278 
 In parallel experiments, we recorded [Ca2+]i changes by confocal microscopy using 279 
Fura-Red, as before, while following treatments with repeated cycles of increased pCO2. 280 
[Ca2+]i elevations were largely indistinguishable between pCO2 cycles in guard cells of wild-281 
type plants (Figure 4e-g). However, increases in [Ca2+]i in the aca4aca11 and aca1aca2aca7 282 
mutants were slower initially to recover a resting [Ca2+]i after steps to 1000 µbar CO2 (Figure 283 
5e,f and Supplemental Figure S8). More still, subsequent increases in [Ca2+]i were 284 
significantly reduced on repeated cycles of increased pCO2 in the mutants but not in their 285 
ACA11 and ACA2 complemented plants (Figure 5g and Supplemental Figure S8). These 286 
results lead us to conclude that recovery of the Ca2+ stores and its impact on 287 
endomembrane Ca2+ release introduces a latency in the response to repeated closing 288 
stimuli, in effect setting the timeframe for the latency and recovery in responsiveness of 289 
stomatal kinetics under fluctuating CO2 and light. 290 
 291 
Growth and water use efficiency are subject to the stomatal 'carbon memory' 292 
 Finally, we asked whether the latency in [Ca2+]i elevations, their recovery, and the 293 
impact on stomatal kinetics might affect carbon assimilation and water use efficiency of the 294 
plant. As a measure of plant productivity, water use efficiency (WUE) is commonly defined 295 
as the amount of dry mass produced per unit water transpired and, thus, is strongly affected 296 
by light through its combined influence on carbon demand, pCi, and on the associated rate 297 
of transpiration. Light commonly fluctuates in the natural environment, for example with 298 
changes in cloud cover during the day. Photosynthetic capacity tracks this light input. 299 
However, stomata generally respond over much longer timescales, leading to periods of 300 
suboptimal assimilation limited by stomatal conductance with a rise in fluence rate and to 301 
periods of high transpiration without corresponding assimilation when fluence rates decline. 302 
Because the aca4aca11 and aca1aca2aca7 mutants greatly reduced [Ca2+]i elevations and 303 
slowed stomatal kinetics in response to repeated steps in pCO2 and light, we predicted that 304 
growth and WUE of the mutants would be reduced under fluctuating light. 305 

To test these predictions, we grew wild-type plants, the aca4aca11 and 306 
aca1aca2aca7 mutants, and their complementations under 50% relative humidity and two 307 
light regimes, each with cycles of 9 h:15 h L:D and the same total diel fluence. One set of 308 
plants (fixed) were given a constant daylight fluence rate of 140 μmol m-2 s-1; a second set of 309 
plants (variable) were given daylight periods of fluctuating light, stepping at 1-h intervals 310 
between fluence rates from 20 to 200 μmol m-2 s-1 (see Methods). Both sets of plants were 311 
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subject to water limitation with the relative water content of the soil maintained at 15±5%. 312 
After 5 wk growth, the plants were harvested and WUE calculated using the accumulated dry 313 
aerial biomass divided by the total water applied over the growth period. 314 

We found (Figure 6) that rosette area, WUE, and total dry biomass were only 315 
marginally reduced in the aca4aca11 and aca1aca2aca7 mutants compared to the wild-type 316 
plants when grown under the fixed light regime. Rosette area, WUE and dry biomass of wild-317 
type plants and of the complemented lines were also slightly reduced under the variable light 318 
regime. However, all of the parameters were strongly reduced in the aca4aca11 and 319 
aca1aca2aca7 mutants when grown under the variable light regime. The decrease in WUE 320 
and biomass was not the consequence of alterations in photosynthetic capacity. Net CO2 321 
assimilation rates under saturating light (600 μmol m-2 s-1) were unaffected in the aca4aca11 322 
and aca1aca2aca7 mutant plants when compared to the wild type across the physiological 323 
range of pCi (Supplemental Figure S9). These findings thus support a role for guard cell Ca2+ 324 
stores in maintaining carbon assimilation and the water use efficiency of the plant.  325 
 326 
  327 
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DISCUSSION 328 
A substantial literature shows that stomatal conductance, gs, in most plants alters in 329 

inverse relation with the partial pressure of CO2 within the leaf, pCi, and its reduction by 330 
mesophyll photosynthesis in the light. These observations make intuitive sense in balancing 331 
the demand for CO2 by photosynthesis against the need to prevent leaf drying, but they 332 
leave open the mechanism by which stomata achieve this balance in opening and closing. 333 
Like the response to ABA, CO2 has a broad impact on guard cell transport1, much with 334 
plausible connections to CO2-evoked [Ca2+]i increases12. Elevated CO2 has been associated 335 
with altered activities of plasma membrane K+ and Cl- channels, H+-ATPases, and the 336 
tonoplast TPK1 K+ channel, although each arises through secondary regulation15,47-49. 337 
Studies of SLAC1 in Arabidopsis have highlighted the anion channels as a potential target 338 
for the direct action of pCi (and HCO3

-) in stomatal closure13,14,20. However, the HCO3
- 339 

concentrations needed to enhance the SLAC1 activity in isolation20,32 - in excess of 10 mM - 340 
bear no relation to the HCO3

- concentrations at physiological pCi that regulate stomatal 341 
conductance, typically between 50-200 µM2,7,8,33,34,50, and bring into question the 342 
physiological relevance notably of the SLAC1 responses reported on heterologous 343 
expression to date14. Thus, the challenge has remained to identify a core and unifying 344 
mechanism that can account for the regulation of stomatal aperture and conductance 345 
associated with pCi and carbon assimilation by the mesophyll. 346 

We combined predictive systems modelling with experimental analysis to address 347 
this challenge and, in doing so, have uncovered an unexpected mechanism conferring a 348 
latency - what we describe as a 'carbon memory' - on stomatal kinetics with fluctuations in 349 
light and CO2. We incorporated within the OnGuard platform16,21,22,24 the diffusion of CO2 in 350 
the leaf coherent with that of water vapor with which the guard cells equilibrate to sense 351 
changes in the water vapor pressure difference between the leaf and atmosphere16,25. The 352 
strength of this approach is that it unifies the mechanics of stomatal response to CO2 along 353 
with photosynthetic carbon assimilation and transpiration within a single, computational 354 
framework that scales naturally from the microscopic processes of solute and water 355 
transport in the guard cell to the macroscopic relations of gas exchange and carbon 356 
assimilation in the leaf and whole plant. OnGuard3 encapsulates all of the guard cell 357 
membrane transport and metabolism pertinent to stomatal movements with quantitative 358 
kinetic detail16,21,22. Thus, the potential mechanics for CO2 to regulate guard cell ion 359 
transport, metabolism, and gs, are available to test by assigning pCi dependencies to one or 360 
more of these processes. In short, each modelled mechanism becomes a hypothesis under 361 
test, to be discarded, validated, or refined by comparisons between model predictions and 362 
experimental results51.  363 
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OnGuard3 accurately described the experimentally-determined dependence of 364 
stomatal aperture and gs on pCO2 and carbon assimilation, and it produced sensible rates of 365 
photosynthetic fixation with gs, provided only that pCi was assigned to the activities of two 366 
transporters affecting endomembrane Ca2+ sequestration. Required was that pCi suppress 367 
the VCa2+-ATPase and, equally that it accelerate the cyclic inactivation of the VCain Ca2+ 368 
channels for endomembrane Ca2+ release (Supplemental Appendix A2 and A3). 369 
Incorporating the dependencies of VCain and VCa2+-ATPase on pCi in OnGuard3 accurately 370 
predicted, among others, the counterintuitive responses of guard cell K+ channels to steps in 371 
pCO2 to 1000 µbar and its recovery as well as undershoots in [Ca2+]i (Figure 4). These are 372 
characteristics expected of a unified framework connecting guard cell transport to CO2 within 373 
the leaf: each response arises directly from corresponding alterations in pCi as it is affected 374 
by gaseous flux through the stomatal pore and by the photosynthetic sink of carbon 375 
assimilation. 376 

We stress that the central role for endomembrane Ca2+ transport uncovered by 377 
OnGuard3 does not discount additional effects on the plasma membrane Ca2+ channels, 378 
AHA1 H+-ATPase, SLAC1, GORK or tonoplast TPK1 channels1,15,18-20,47-49. It suggests, 379 
however, that such actions are secondary to the impact of pCi on Ca2+ homeostasis within 380 
the guard cell and the effects of elevating [Ca2+]i on the subset of [Ca2+]i-sensitive 381 
transporters1. Indeed, elevating [Ca2+]i is essential for CO2 (and HCO3

-) to enhance the 382 
SLAC1 current in vivo; by comparison with [Ca2+]i, the effects reported to date on the 383 
heterologously-expressed SLAC1 channel of varying HCO3

- are modest15,20,52. The 384 
OnGuard3 analysis also clearly indicates that pCi regulation of SLAC1, alone and together 385 
with ALMT12, is not sufficient to drive stomatal closure. This prediction accords with past 386 
experimental evidence showing that coordinate regulation of several transporters, including 387 
the H+-ATPases, is important for stomata to closure1,53. In short, SLAC1 is not a 'master 388 
switch' but is one of several ion transporters that must be regulated coordinately to facilitate 389 
stomata closure. 390 
 391 
Ca2+ stores delineate a stomatal 'carbon memory' linked to photosynthesis 392 
 Most remarkable was the unexpected prediction of a decay in kinetics as stomata 393 
cycled between closing and opening with repeated steps in light and pCO2 and its 394 
connection to Ca2+ stores in the guard cell. Behind this prediction, simulations showed 395 
transient declines in endomembrane Ca2+ stores and the capacity for Ca2+ release that 396 
introduced a latency - in effect, a 'carbon memory' - in the recovery of stomatal 397 
responsiveness. OnGuard3 predicted that this 'carbon memory' should be enhanced by 398 
reducing the population of endomembrane Ca2+-ATPases, thereby prolonging the delay in 399 
recovering stomatal responsiveness (Figure 7). Comparing gs and guard cell [Ca2+]i 400 
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dynamics confirmed these predictions when comparing the aca4aca11 and aca1aca2aca7 401 
Ca2+-ATPase mutants impaired in Ca2+ sequestration with their ACA11 and ACA2 402 
complementations and wild-type plants. 403 
 Our predictions and experimental validations accord with the primary importance to 404 
cellular [Ca2+]i balance of endomembrane Ca2+ transport and the comparatively minor role of 405 
Ca2+ entry through plasma membrane Ca2+ channels29,39,54-56. Best estimates22,40 indicate 406 
that more than 95% of the Ca2+ entering the cytosol during [Ca2+]i elevations comes from 407 
endomembrane stores. By contrast with the common focus to date on pathways for Ca2+ 408 
influx to the cytosol57, our findings emphasize also the importance of Ca2+ sequestration and 409 
its kinetics to the temporal characteristics of [Ca2+]i increases. 410 
 The discovery of a latency and its dependence on Ca2+ sequestration are all the 411 
more remarkable, because previous studies had indicated that the aca mutants have no 412 
significant effect on total foliar Ca2+ in the steady state43,44 (Supplemental Figure S6). Yet, as 413 
predicted, repeated steps to 1000 µbar CO2 showed very significant decays in [Ca2+]i 414 
elevations and gs kinetics of the aca4aca11 and aca1aca2aca7 mutants. Similar results in gs 415 
kinetics were obtained on repeated steps in light intensity, as expected for a behaviour 416 
mediated through pCi. Furthermore, this decay in stomatal kinetics translated to a reduction 417 
in carbon assimilation and water use efficiency under fluctuating light conditions mimicking 418 
those frequently observed in the field (Figure 6). 419 

These actions clearly arise as emergent properties of transport in the guard cell and 420 
become evident only through a mechanistic model spanning scales from the guard cell 421 
membrane to gas exchange of the whole plant. Our results not only illustrate the mechanistic 422 
connection of guard cell transport to carbon assimilation through [Ca2+]i, but they point to a 423 
role for guard cell Ca2+ stores in adjusting stomatal response to the recent history of pCi. 424 
Like an 'after image' that impairs our vision on looking into a bright light, we can think of the 425 
stomatal 'carbon memory' as temporarily desensitizing guard cells to environmental 426 
fluctuations that repeatedly elevate pCi. The findings thus place the Ca2+-sequestering 427 
ATPases and the, as yet unidentified, endomembrane Ca2+ channels at the heart of an 428 
adaptive signalling network regulating CO2 flux for photosynthesis (Figure 7). They 429 
demonstrate this 'carbon memory' as an important factor that tempers stomatal responses to 430 
fluctuating photosynthetic rates, such as may occur as clouds pass overhead, dampening 431 
the subsequent kinetics of closure. It is salutory that damped oscillations in stomatal 432 
aperture are widely documented across a number of species including Arabidopsis; the 433 
phenomenon has been associated primarily with water relations and the vapor pressure 434 
difference between the leaf and atmosphere, but it depends also on the background of 435 
photosynthetic activity and, hence, on light and pCi 58-62. 436 
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Our findings also highlight guard cell Ca2+ sequestration and the endomembrane 437 
Ca2+-ATPases as potential targets for bioengineering to enhance carbon assimilation along 438 
with water use efficiency through Ca2+ cycling kinetics. Much interest has centered ways of 439 
improving the water use efficiency of crops without a cost in photosynthetic carbon 440 
assimilation63,64. In principle, one approach relies on accelerating stomatal kinetics with light, 441 
and hence with pCi, in order to better match stomatal responses with that of photosynthesis 442 
in a fluctuating environment. Manipulating guard cell K+ transport by expressing a synthetic, 443 
light-gated K+ channel has been shown successful as a route to this objective9. Manipulating 444 
the 'carbon memory' through the expression and characteristics of endomembrane Ca2+-445 
ATPases may prove still more effective. 446 

Equally, OnGuard3 presents an opportunity to revisit the mathematical frameworks of 447 
canopy and global ecosystem analysis26,65-70. In the modelling context, these frameworks 448 
encapsulate the activities of plants centered on the single parameter of the stomatal 449 
conductance. As stomata mark the interface between the plant and atmosphere for both 450 
carbon and water exchange, such descriptions make intuitive sense, but they generally omit 451 
stomatal physiology. Stomatal responsiveness instead is subsumed within a phenomenology 452 
of empirical constraints, including theoretical maxima for stomatal aperture, gs, 453 
photosynthesis, and the availability of water26,71,72. As Berry et al26 noted a decade ago, "the 454 
decisions 'made by' stomata emerge as an important and inadequately understood 455 
component of these models." Connecting these higher-order frameworks with the biology of 456 
guard cells and the great depth of knowledge about how they work, as encapsulated within 457 
OnGuard3, is sure to yield new insights into the patterns of carbon and water circulation in 458 
the face of global changes in atmospheric CO2 and temperature73,74. 459 

Finally, we stress that our discoveries are only a small sample of the predictions that 460 
arise from OnGuard3. Our results address a regulatory network that clearly is sufficient to 461 
explain the primary kinetic responses of stomata to pCi in Arabidopsis. Their experimental 462 
validations underscore a tight interweaving of guard cell physiology and photosynthetic 463 
carbon flux with endomembrane Ca2+ transport in vivo. The OnGuard platform has proven 464 
equally successful in predicting the behaviors of guard cells and stomata in other 465 
species21,22,40. The capacity of OnGuard3 to connect the microscopic processes of the guard 466 
cell with carbon and water use by the whole plant opens new ways to addressing many other 467 
aspects of stomatal physiology, and is certain to yield greater understanding of the complex 468 
processes controlling foliar gas exchange. 469 
  470 
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MATERIAL AND METHODS 471 
Growth and whole-plant physiology 472 
 Arabidopsis thaliana Col-0 wild-type, the aca4aca11 and aca1aca2aca7 mutants43,44, 473 
ACA11-complemented aca4aca11, and ACA2-complemented aca1aca2aca7 mutant plants 474 
were grown on 18:22 oC with light:dark cycles as indicated and gas exchange 475 
measurements were carried out using LICOR 6800 gas exchange systems (Lincoln, USA) 476 
as described previously9,16,53. All plants were analysed on at least three separate days at the 477 
same time of the relative diurnal cycle and were corrected for leaf area using ImageJ 478 
v.1.51h75. 479 
 For analysis of rosette area, biomass, WUE and total Ca2+, seedlings were 480 
transferred to 5-cm pots 2 wk post-germination and grown for a further 5 wk under watering 481 
regimes as indicated and 9 h:15 h L:D with a total daily fluence of 4.54 mol m-2. For 482 
comparisons between constant and fluctuating light regimes, plants were grown either under 483 
constant light of 140 μmol m-2 s-1 or under light that fluctuated at 1-h intervals between 484 
fluence rates from 20 to 200 μmol m-2 s-1 (hourly sequence in μmol m-2 s-1: 200, 20, 200, 80, 485 
180, 200, 20, 200, 160).  Rosette areas were analyzed from calibrated images and were 486 
harvested and fresh and dry weights determined using protocols described previously9. 487 
Dried samples were analyzed for total Ca2+ after extracting in 2M HCl for 7 d and 488 
centrifugation to remove particulates. Ca2+ in the supernatant was determined by flame 489 
photometry, calibrated against known standards, and related to tissue volume assuming 1:1 490 
(ml:gm) relation. Soil water content was monitored using a ML3 moisture sensor (DeltaT 491 
Devices, Cambridge UK) and plants watered at 2-d intervals to maintain 10±5% soil water 492 
content. 493 
 494 
Ca2+-ATPase complementation 495 
The higher order knockout aca1aca2aca7(aca1-7/2-3/7-5) and aca4aca11 (aca4-3/11-5) 496 
were generated in the Col-0 background by combining T-DNA insertions from public 497 
collections76-78: ACA1 (At1g27770), aca1-7 (GABI_095C01); ACA2 (At4g37640), aca2-3 498 
(SALK_082624); ACA7 (At2g22950), aca7-5 (SALK_132552); ACA4 (At2g41560), aca4-3 499 
(SALK_029620); and ACA11 (At3g57330), aca11-5 (Sail_269_C07) to establish the loss-of-500 
function mutations.  The single and higher-order aca1aca2aca7 and aca4aca11 mutants, 501 
their stable complementations with ACA2 and ACA11 transgenes, and their phenotypes are 502 
described elsewhere43,46. 503 
 504 
Guard cell electrophysiology and Ca2+ recording 505 
 Currents from intact guard cells in epidermal peels were recorded by voltage clamp 506 
using double-barrelled microelectrodes and Henry’s EP suite (Y-Science, Glasgow, UK). All 507 
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recordings were carried out under continuous superfusion with 1, 10, and 30 mM KCl in 5 508 
mM Ca2+-MES, pH 6.1 ([Ca2+] = 1 mM)16,23 equilibrated to 400 and 1000 µbar CO2 15. Voltage 509 
was clamped in cycles with a holding voltage of -100 mV and steps either to voltages from -510 
100 to -240 mV (KAT) or to voltages from -100 to +50 mV (GORK). Currents were analyzed 511 
using Henry’s EP suite (Y-Science, Glasgow) and SigmaPlot 11 (Systat Software, Inc., USA) 512 
as described previously15,79,80, and steady-state currents were fitted by joint, non-linear least-513 
squares using the Boltzmann function (see Figure 4 legend). 514 
 Cytosolic-free Ca2+ concentration ([Ca2+]i) was recorded by confocal fluorescence 515 
microscopy from guard cells in epidermal peels under continuous superfusion with the same 516 
buffers equilibrated to 400 and 1000 µbar CO2. Guard cells were preloaded with the Ca2+-517 

sensitive dye Fura Red by incubation in 50 µM Fura Red as the free acid dissolved in 40 mM 518 
glycine buffer, pH 3.6, with 10 mM KCl. Low pH treatment destroyed the epidermal cells that 519 
survived peeling, leaving the guard cells intact81,82 as judged visually and by stabilization of 520 
resting [Ca2+]i. Images were collected using standardized settings with a Leica SP8-SMD 521 
confocal microscope equipped with 20x/0.85NA and 40x/1.3 NA objectives. Fluorescence 522 
was collected over 570-650 nm after excitation with 405 nm and with 488 nm laser light at 523 
30-s intervals. [Ca2+]i was determined from the fluorescence ratio F405/F488 using ImageJ 524 
v.1.51h75 after correcting for background fluorescence from epidermal peels prior to Fura- 525 
Red loading. The F405/F488 ratio was calibrated against guard cells loaded with Fura Red, 526 
permeabilized with 10 µM Ionomycin83, and superfused with defined Ca2+ concentrations 527 

between 0.01 and 100 µM.  528 
 529 
OnGuard3 modelling 530 
 OnGuard3 was built on the HoTSig platform21,22, including the extension for stomatal 531 
transpiration of OnGuard216, separate assignments of blue and red light29, and the constraint 532 
imposed by cells surrounding the guard cells24. OnGuard3 incorporates CO2 diffusion 533 
between the atmosphere and interior of the leaf to determine the partial pressure of CO2 at 534 
site p, defining pCi, within the substomatal cavity with which CO2 in guard cells equilibrate 535 
(see Appendix A1). OnGuard3 models were driven through a diurnal light:dark cycle as 536 
before16,22,23 with steps in pCO2 and light imposed on this cycle as indicated, and all model 537 
outputs were derived from this cycle. Constant apoplastic solute contents were defined, and 538 
primary, energy-dependent transport, sucrose and malic acid synthesis within the guard cell 539 
were coupled to light as before16,21,23. Light input also contributed to the rate of carbon 540 
fixation by the leaf mesophyll and, hence, to the sink for CO2 within the leaf according to 541 
established relationships between light, CO2 and carbon assimilation84,85 (see Supplemental 542 
Appendix A1). All other model parameters were fixed. The properties of the individual 543 
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transporters, metabolism and buffering reactions thus responded only to changes in model 544 
variables arising from the parameters encoded in the model (Supplemental Appendix A3). 545 
OnGuard3 and the models for wild-type and aca mutant Arabidopsis are freely available for 546 
academic users for download from www.psrg.org.uk. 547 
 548 
Statistics 549 

Results are reported as means ±SE of n observations. Significance was determined 550 
by Analysis of Variance (ANOVA), as appropriate, with post-hoc analysis (Student-551 
Neumann-Keuls, Holm-Sidek and Tukey), and is indicated at P<0.05 unless otherwise 552 
stated. Note that models built on ordinary differential equations, such as those of OnGuard3, 553 
will faithfully reproduce a given set of outputs time and again for any one set of parameters. 554 
Statistical analysis of these outputs is therefore meaningless. 555 

 556 
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 581 
Appendix A1. Incorporating CO2 diffusion and assimilation in OnGuard3 582 
Appendix A2. Analysis of pCi dependencies in OnGuard3 583 
Appendix A3. OnGuard3 model parameters for wild-type and aca mutant Arabidopsis 584 
 585 
Supplemental Fig. S1. OnGuard3 reveals a critical dependence on endomembrane Ca2+ 586 
release and resequestration to drive stomatal closure with the partial pressure of CO2 587 
(pCO2). 588 
Supplemental Fig. S2. OnGuard3 outputs for guard cell pH, Ca2+, osmotic solute 589 
transport and Mal synthesis of the wild type. 590 
Supplemental Fig. S3. Steady-state of carbon assimilation rate (A) and its dependence 591 
on pCO2 and PAR fluence rate. 592 
Supplemental Fig. S4. Reducing endomembrane Ca2+-ATPase activity in OnGuard3 593 
suppresses cytosolic-free [Ca2+] ([Ca2+]i) oscillations and mean [Ca2+]i, and enhances 594 
the latency in net endomembrane Ca2+ release. 595 
Supplemental Fig. S5. Reducing the interval between 100 µµbar pCO2 steps suppresses 596 
cytosolic-free [Ca2+] elevations. 597 
Supplemental Fig. S6. Total foliar Ca2+ content is unaffected by mutation of 598 
endomembrane ACA Ca2+-ATPases. 599 
Supplemental Fig. S7. Latency in gs relaxation with light is strongly affected in mutants 600 
lacking endomembrane Ca2+-ATPases. 601 

Supplemental Fig. S8. Repeated challenges with high partial pressure of CO2 602 

(pCO2) transitions uncover a latency in the recovery of [Ca2+]i elevations. 603 
Supplemental Fig. S9. Erosion in the biomass of Ca2+-ATPase mutant Arabidopsis is 604 
not related to a reduction in photosynthetic capacity. 605 
 606 
 607 
 608 
  609 
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Figure Legends 610 
 611 

Figure 1. Schematic of CO2 diffusion from the 612 
atmosphere, through the stomatal pore (stoma) 613 
and point p near the inner mouth of the pore, to the 614 
CO2 sink of photosynthesis in the mesophyll 615 
(meso) of the leaf. 616 
Shown are a transection of the leaf (a) and expanded 617 
schematic of the pore (b).  Diffusion within the leaf and 618 
the stomatal frequency over the epidermal surface 619 
ensures the major drop in partial pressure of CO2 620 
between the atmosphere and mesophyll occurs across 621 
the stomatal pore86,87. In the light, gaseous CO2 enters 622 
through the stomatal pore (AS indicated, defined by the 623 
width and breadth of the pore; ds defined by the depth 624 
of the pore), driven by diffusion towards a lower pCO2, 625 
to establish a steady-state gradient (indicated by the 626 
red background shading; red arrows indicate direction 627 
of flow) with a reduced pCO2 at p, defining pCi within 628 
the leaf. Mathematically, p represents all points 629 
midway along the resistance pathway for diffusion 630 
between the atmosphere and the mesophyll and can 631 

be thought of as the average of the pCO2 gradient centered over the guard cell which 632 
exchanges with CO2 in solution and equilibrates with aqueous H2CO3 in the guard cell. 633 
 634 
  635 
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 636 
Figure 2. OnGuard3 reproduces 637 
stomatal conductance (gs) and its 638 
dependence on the partial pressure of 639 
CO2 in the air (pCO2) and light for 640 
photosynthesis in Arabidopsis. 641 
(a) gs behavior with pCO2 steps between 642 
400 and 1000 µbar CO2 and with 50, 100 643 

and 200 µmol m-2s-1 photosythetically-644 
active radiation (PAR), as indicated. 645 
Experimental data (left) and model outputs 646 
(right) determined under well-watered 647 
conditions and 70 %RH16. Experimental 648 
data and model outputs are scaled to 649 
common axes and pairs offset vertically 650 
with values indicated (left). Scale bar: 651 
vertical, (gs) 0.05 mol m-2s-1 or (pCi) 350 652 
µbar; horizontal, 1 h. Experimental data 653 
are means±SE of n≥3 independent 654 
experiments. Experimental and model 655 
calculations for internal CO2 (pCi) are 656 
included below for 200 µmol m-2s-1 PAR. 657 
(b) Experimental data (left) and model 658 
outputs (right) for gs with pCO2 steps 659 
between 400 and 100 µbar CO2 and with 660 

50 µmol m-2s-1 PAR. Experimental data 661 
and model outputs are scaled to common 662 

axes with the same scaling as in (A). 663 
(c) Steady-state of gs and its dependence on pCO2 and PAR determined from the OnGuard3 664 
model (surface plot) and overlaid with experimental measurements (open symbols: green, 665 
white, yellow for 1000, 400 and 100 µbar CO2, respectively) from Arabidopsis, including the 666 
data in (a) and (b). The corresponding experimental and modelled rates of photosynthetic 667 
carbon assimilation are shown in Supplemental Figure S3. Model parameters are 668 
summarised in Supplemental Appendix 3. 669 
  670 
 671 
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Figure 3. OnGuard3 predicts an 672 
elevation in cytosolic free [Ca2+] 673 
([Ca2+]i) on steps to 1000 µµbar CO2 674 
and an undershoot in [Ca2+]i on its 675 
return. 676 
Model parameters as in Figure 2 and 677 
summarised in Supplemental Appendix 678 
3, with 200 µmol m-2s-1 photosythetically-679 
active radiation (PAR). Plotted are (a, 680 
expanded scale in b) the plasma 681 
membrane and tonoplast voltages, (c) 682 
[Ca2+]i, (d) total cytosolic and vacuolar 683 
(endomembrane) Ca2+ concentrations, 684 
(e) [K+], (f) [Cl-], and (g) total malate 685 

[Mal] concentrations in the cytosol and vacuole, with (h) stomatal conductance (gs) replotted 686 
from Figure 2 for reference (see also Supplemental Figure S2). Oscillations in [Ca2+]i and 687 
plasma membrane voltage, and associated oscillations in other flux outputs, accelerate 688 
stomatal closing40 by facilitating net efflux of solute. Note the decline in vacuolar 689 
(endomembrane) [Ca2+] (d) with pCO2 elevation. 690 
 691 
  692 
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 693 
Figure 4. pCO2 elevation and its 694 
recovery identify a hysteresis in 695 
cytosolic-free [Ca2+] ([Ca2+]i) and 696 
K+ channel activities predicted 697 
with OnGuard3. 698 
(a-d) OnGuard3 outputs (a,c) and 699 
experimental recordings (b,d) for the 700 
outward-rectifying (GORK, a,b) and 701 
inward-rectifying K+ currents (KAT, 702 
c,d) before (Control, grey lines and 703 
symbols), 3 min into a step to 1000 704 
µbar CO2 (+CO2, solid black lines 705 
and symbols), and 5 min after 706 
returning to 400 µbar CO2 (-CO2, 707 
dashed black lines and open 708 
symbols). Steady-state currents (b,d) 709 
from wild-type Arabidopsis guard 710 
cells recorded under voltage clamp 711 
in 5 mM Ca2+-MES, pH 6.1, with 30 712 
mM KCl and clamped from a holding 713 
voltage in steps from -100 mV to +50 714 
mV (b) for GORK and from -100 to -715 
240 mV (d) for KAT. Note the 716 
overshoot on recovery for KAT that 717 
are predicted outcomes of its 718 
dependence on [Ca2+]i 16,23,39. Data 719 
are means ±SE of n³6 independent 720 

experiments. Curves are non-linear least-squares fittings carried out jointly for each current 721 
to the Boltzmann function 722 
 723 
I = Gmax

.(V-EK)/(1+e δF(V-V
1/2

)/RT)       [1] 724 
 725 
where Gmax is the maximum ensemble conductance, V is the voltage, V1/2 is the voltage at 726 
which the ensemble conductance G=0.5.Gmax, δ is the voltage sensitivity coefficient of the 727 
channel,  EK is the equilibrium voltage for K+, and F is the Faraday constant. Fittings yielding 728 
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common voltage-sensitivity coefficients (δ) of 1.98±0.04 and 1.85±0.06 for KAT and GORK, 729 
respectively, and a common mid-point voltage (V1/2) for GORK of +13±2 mV. 730 
Insets: (a,c) Fittings to Eqn [1] of model (black bars) and experimental (grey bars) data for 731 
GORK (a) and KAT (c) indicating the varying parameters of Gmax and conductance midpoint 732 
voltage V1/2. Model data scaled for a surface area of 300 µm2. Letters indicate significant 733 
differences (P<0.02). (b,d) Representative clamp current traces from one guard cell cross-734 

referenced by symbol. Scales,  400 µA cm-2 (GORK) and 50 µA cm-2 (KAT) vertical, 1 s 735 
horizontal. 736 
(e-g) Cytosolic-free [Ca2+] ([Ca2+]i) recorded from Arabidopsis guard cells pre-loaded with the 737 
Ca2+-sensitive fluorescent dye Fura-Red and challenged with 1000 µbar CO2. Images (e) 738 
and timecourse of measurements (f) for the guard cells of two stomata from the same 739 
epidermal peel challenged with pCO2 steps separated by 45-min intervals. Images 740 
corresponding to the first and third steps pCO2 steps are pseudo-color coded for [Ca2+]i 741 
(scale, right). The light-shaded structures correspond to chloroplasts and were omitted from 742 
analysis. Image scale bar, 5 µm. Timecourse data (f) are means ±SE of measurements from 743 
n≥6 points around the periphery of each guard cell pair. Analysis of the timecourses (f) and 744 
endpoints (g) for [Ca2+]i recorded from n≥11 independent experiments show a highly 745 
significant rise in [Ca2+]i with pCO2 elevation and undershoot on its recovery in each case. 746 
Time points are cross-referenced to the experimental protocol (g, above) by the circled 747 
numbers. Filled symbols in (g) are individual experimental data with means ±SE indicated by 748 
the open symbols and error bars. Letters indicate significant differences (P<0.02). 749 
 750 
  751 
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 752 
Figure 5. Repeated pCO2 753 
challenge uncovers a latency in 754 
stomatal kinetics that depends 755 
on guard cell endomembrane 756 
Ca2+ stores. 757 
(a,b) OnGuard3 modelling (above) 758 
and experimental data from wild-759 
type Arabidopsis (below) show a 760 
latency in responsiveness that 761 
slows stomatal closing and gs 762 
kinetics on second exposure to 763 
elevated pCO2. Initial 30-min steps 764 
from 400 to 1000 µbar CO2 was 765 
followed by recovery intervals of 15-766 
120 min at 400 µbar CO2, as 767 
indicated, before a second 60-min 768 
step to 1000 µbar CO2. 769 
Experimental data are of three 770 
plants with gs kinetics fitted to a 771 
single exponential function (grey 772 
lines)88. Analysis of gs relaxations 773 
with 1000 µbar CO2 steps (b) are 774 
from n≥6 independent experiments 775 
including the data of (a). Model 776 

values were taken directly from simulation. Fittings of gs rates with recovery period (b, dotted 777 
lines) yielded halftimes of 12±1 and 15±3 min for model (above) and experimental (below) 778 
latencies, respectively. 779 
(c,d) Latency in gs relaxations with pCO2 is strongly affected in mutants lacking 780 
endomembrane Ca2+-ATPases. Wild-type (above) and aca4aca11 mutant (below) 781 
Arabidopsis plants were challenged with steps from 400 to 1000 µbar CO2 separated by 45-782 

min intervals at 400 µbar CO2, as indicated. Data in each case are from n≥5 independent 783 
experiments (c) with rates determined as in (a). A summary of gs kinetics (d) is shown for 784 
three successive pCO2 steps (grey bars) for the wild-type and ACA11 and ACA2 785 
complemented plants (above), and for aca4aca11 and aca1aca2aca7 mutant (below) plants 786 
compared against the corresponding model simulations (black bars). Letters indicate 787 



 26 

significant differences (P<0.01). Note the highly significant slowing in gs kinetics of the 788 
mutant in the second and third steps to 1000 µbar CO2. 789 
(e-g) Cytosolic-free [Ca2+] ([Ca2+]i) recorded from aca4aca11 mutant guard cells of 790 
Arabidopsis pre-loaded with the Ca2+-sensitive fluorescent dye Fura-Red and challenged 791 
with 1000 µbar CO2. Images (e) and timecourse of measurements (f) for the guard cells of 792 
three stomata from the same epidermal peel challenged with pCO2 steps separated by 45-793 
min intervals. Images corresponding to the first and third steps pCO2 steps are pseudo-color 794 
coded for [Ca2+]i (scale, right). The light-shaded structures correspond to chloroplasts and 795 
were omitted from analysis. Image scale bar, 5 µm. Timecourse data (f) are means ±SE of 796 
measurements from n≥6 points around the periphery of each guard cell pair. Note the rise in 797 
[Ca2+]i after 10 min is much reduced on the second and third steps to 1000 µbar CO2 and its 798 

recovery is delayed on returning to 400 µbar CO2. Analysis of the timecourses (f) and 799 
endpoints (g) for [Ca2+]i recorded from n≥9 independent experiments show a suppression in 800 
elevated [Ca2+]i with successive pCO2 steps. Time points are cross-referenced to the 801 
experimental protocol (g, above) by the circled numbers. Small circles in (g) are individual 802 
experimental data with means ±SE indicated by large circles and error bars. Filled and open 803 
symbols are aca4aca11 mutant and ACA11-complemented aca4aca11 mutant guard cells, 804 
respectively. Letters indicate significant differences (P<0.02). Similar results were obtained 805 
for the aca1aca2aca7 mutant and ACA2-complemented guard cells and are summarized in 806 
Supplemental Figure S8. 807 
 808 
  809 
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 810 
Figure 6. Latency in stomatal 811 
kinetics affects long-term water 812 
use efficiency and plant growth. 813 
(a,b) Representative wild-type, 814 
aca4aca11, and aca1aca2aca7 815 
mutant Arabidopsis plants (a) after 816 
5 wk growth under fixed (F) and 817 
variable (V) light regimes (see 818 
Methods). Rosette areas (b) for all 819 
wild-type, aca4aca11 and 820 
aca1aca2aca7 mutant plants and 821 
the ACA11 and ACA2 822 
complemented mutants, 823 
respectively, including the plants 824 
shown in (a). Small grey circles are 825 

individual plants; large filled circles are means ±SE for each set of plants (wild-type n=20 826 
plants; mutant and complemented n=10 plants). 827 
(c,d) Water use efficiency (WUE, c) and dry biomass (d) derived for the plants in (a,b). 828 
Supplemental Figure S6 includes the corresponding total Ca2+ content analysis. 829 
 830 
  831 
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Figure 7. A latent 'carbon memory' in stomatal 832 
responsiveness depends on guard cell 833 
endomembrane Ca2+ stores. 834 
Schematic of the latency in stomatal responsiveness 835 
to light and CO2 and its dependence on Ca2+ stores. 836 
(a) Cyclic network of connections between pCi, 837 
[Ca2+]I, stomatal aperture, and photosynthetic 838 
assimilation. The latency, or ‘carbon memory’, in 839 
responsiveness arises from the delay in recovery of 840 
the Ca2+ stores following Ca2+ release and [Ca2+]I 841 
elevations. (b) Temporal comparison of events as 842 
wild type (left) and the aca mutants (right) progress 843 
through two successive cycles (top to bottom) of 844 
elevated pCi following an extended period of steady-845 
state opening.  For clarity, shown only are the Ca2+ 846 
relations (Ca2+ content indicated by blue shading 847 
intensity) with vacuolar Ca2+ cycling, the channels 848 
mediating K+ and Cl- efflux at the plasma membrane 849 
the Ca2+ channel at the tonoplast, and the Ca2+-850 
ATPases at the plasma membrane and tonoplast 851 
(legend, bottom left). Arrow thickness indicates ion 852 
transport rate and shaded triangles indicate stomatal 853 
closing rate. 854 
 With the first rise in pCi, both wild-type and 855 
mutant stomata elevate cytosolic-free [Ca2+] ([Ca2+]i) 856 
drawing on full complements of stored Ca2+. Resting 857 
[Ca2+]i is recovered primarily through Ca2+ 858 
resequestration but, with the reduced tonoplast flux 859 
capacity in the aca stoma, a larger fraction of Ca2+ is 860 
proposed initially to be exported across the plasma 861 
membrane. Recovery of Ca2+ via entry across the 862 

plasma membrane (not shown) would normally refill the stores over longer times. With an 863 
early second rise in pCi, however, the reduced store of Ca2+ impairs Ca2+ channel gating and 864 
release, thereby suppressing the rise in [Ca2+]i, slowing K+ and Cl- efflux and stomatal 865 
closure, as if retaining a 'carbon memory' reflected in an increased latency in response to the 866 
second rise in pCi. 867 
 868 
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