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Stomata account for much of the 70% of global water usage associated with agriculture and have a profound impact on the water
and carbon cycles of the world. Stomata have long been modeled mathematically, but until now, no systems analysis of a plant
cell has yielded detail sufficient to guide phenotypic and mutational analysis. Here, we demonstrate the predictive power of a
systems dynamic model in Arabidopsis (Arabidopsis thaliana) to explain the paradoxical suppression of channels that facilitate K+

uptake, slowing stomatal opening, by mutation of the SLAC1 anion channel, which mediates solute loss for closure. The model
showed how anion accumulation in the mutant suppressed the H+ load on the cytosol and promoted Ca2+ influx to elevate
cytosolic pH (pHi) and free cytosolic Ca2+ concentration ([Ca2+]i), in turn regulating the K+ channels. We have confirmed these
predictions, measuring pHi and [Ca2+]i in vivo, and report that experimental manipulation of pHi and [Ca2+]i is sufficient to
recover K+ channel activities and accelerate stomatal opening in the slac1 mutant. Thus, we uncover a previously unrecognized
signaling network that ameliorates the effects of the slac1 mutant on transpiration by regulating the K+ channels. Additionally,
these findings underscore the importance of H+-coupled anion transport for pHi homeostasis.

Guard cells surround stomatal pores in the epidermis
of plant leaves and regulate pore aperture to balance the
demands for CO2 in photosynthesis with the need to
conserve water by the plant. Transpiration through
stomata accounts for much of the 70% of global water
usage associated with agriculture, and it has a profound
impact on the water and carbon cycles of the world
(Gedney et al., 2006; Betts et al., 2007). Guard cells open
the pore by transport and accumulation of osmotically
active solutes, mainly K+ and Cl2 and the organic anion
malate22 (Mal), to drive water uptake and cell expan-
sion. They close the pore by coordinating the release of
these solutes through K+ and anion channels at the
plasma membrane. The past half-century has generated
a wealth of knowledge on guard cell transport, signal-
ing, and homeostasis, resolving the properties of the

major transport processes and metabolic pathways for
osmotic solute uptake and accumulation, and many of
the signaling pathways that control them (Blatt, 2000;
Schroeder et al., 2001; McAinsh and Pittman, 2009; Hills
et al., 2012). Even so, much of stomatal dynamics re-
mains unresolved, especially how the entire network of
transporters in guard cells works to modulate solute
flux and how this network is integrated with organic
acid metabolism (Wang and Blatt, 2011) to achieve a
dynamic range of stomatal apertures.

This gap in understanding is most evident in a num-
ber of often unexpected observations, many of which
have led necessarily to ad hoc interpretations. Among
these, recent studies highlighted a diurnal variation in
the free cytosolic Ca2+ concentration ([Ca2+]i), high in the
daytime despite the activation of primary ion-exporting
ATPases, and have been interpreted to require complex
levels of regulation (Dodd et al., 2007). Other findings
wholly defy intuitive explanation. For example, the tpk1
mutant of Arabidopsis (Arabidopsis thaliana) removes a
major pathway for K+

flux across the tonoplast and
suppresses stomatal closure, yet the mutant has no sig-
nificant effect on cellular K+ content (Gobert et al., 2007).
Similarly, the Arabidopsis clcc mutant eliminates the H+-
Cl2 antiporter at the tonoplast; it affects Cl2 uptake, re-
duces vacuolar Cl2 content, and slows stomatal opening;
however, counterintuitively, it also suppresses stomatal
closure (Jossier et al., 2010). In work leading to this study,
we observed that the slac1 anion channel mutant of
Arabidopsis paradoxically profoundly alters the activities
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of the two predominant K+ channels at the guard cell
plasma membrane. The SLAC1 anion channel is a major
pathway for anion loss from the guard cells during sto-
matal closure (Negi et al., 2008; Vahisalu et al., 2008), and
its mutation leads to incomplete and slowed closure of
stomata in response to physiologically relevant signals of
dark, high CO2, and the water-stress hormone abscisic
acid. Guard cells of the slac1 mutant accumulate sub-
stantially higher levels of Cl2, Mal, and also K+ when
compared with guard cells of wild-type Arabidopsis
(Negi et al., 2008). The latter observation is consistent
with additional impacts on K+ transport; however, a
straightforward explanation for these findings has not
been not forthcoming.
Quantitative systems analysis offers one approach to

such problems. Efforts to model stomatal function gen-
erally have been driven by a “top-down” approach
(Farquhar and Wong, 1984; Eamus and Shanahan, 2002)
and have not incorporated detail essential to under-
standing the molecular and cellular mechanics that drive
stomatal movement. Only recently we elaborated a
quantitative systems dynamic approach to modeling the
stomatal guard cell that incorporates all of the funda-
mental properties of the transporters at the plasma
membrane and tonoplast, the salient features of osmolite
metabolism, and the essential cytosolic pH (pHi) and
[Ca2+]i buffering characteristics that have been described
in the literature (Hills et al., 2012). The model resolved
with this approach (Chen et al., 2012b) successfully re-
capitulated a wide range of known stomatal behaviors,
including transport and aperture dependencies on ex-
tracellular pH, KCl, and CaCl2 concentrations, diurnal
changes in [Ca2+]i (Dodd et al., 2007), and oscillations in
membrane voltage and [Ca2+]i thought to facilitate sto-
matal closure (Blatt, 2000; McAinsh and Pittman, 2009;
Chen et al., 2012b). We have used this approach to re-
solve the mechanism behind the counterintuitive altera-
tions in K+ channel activity uncovered in the slac1mutant
of Arabidopsis. Here, we show how anion accumulation
in the mutant affects the H+ and Ca2+ loads on the cy-
tosol, elevating pHi and [Ca2+]i, and in turn regulating the
K+ channels. We have validated the key predictions of
the model and, in so doing, have uncovered a previously
unrecognized homeostatic network that ameliorates the
effects of the slac1mutant on transpiration from the plant.

RESULTS

A Cl2 Channel Mutation Alters the Activities of K+

Channels and Slows Stomatal Opening

The uptake and release of K+ across the guard cell
plasma membrane is mediated largely by two subsets of
voltage-gated or Kv-like K+ channels. Channels medi-
ating K+ uptake are dominated by the KAT1 K+ channel
gene product in Arabidopsis, and they give rise to
an inward-rectifying (inward-directed) K+ current (IK,in)
that activates at voltages near and negative of2120 mV.
K+ release in Arabidopsis occurs through the GORK K+

channel that gives rise to an outward-rectifying (outward-

directed) K+ current (IK,out) at voltage positive of the K
+

equilibrium voltage (Blatt, 1988, 2000; Schachtman
et al., 1992; Nakamura et al., 1995; Blatt and Gradmann,
1997; Ache et al., 2000; Schroeder et al., 2001; Hosy
et al., 2003). On recording IK,in and IK,out under voltage
clamp (Chen et al., 2012a), we observed the profound
suppression of IK,in and moderate enhancement of IK,out
in intact guard cells of slac1-1 mutant Arabidopsis
compared with currents from guard cells of wild-type
and pSLAC1::SLAC1-complemented slac1-1 mutant
(hereafter referred to as pSLAC1) plants (Vahisalu
et al., 2008). Guard cells of wild-type and pSLAC1
plants showed similar K+ currents, with wild-type
plants yielding mean steady-state values for IK,in at
2240 mV and IK,out at +40 mV of 2821 6 35 mA cm22

(n = 15) and +183 6 13 mA cm22 (n = 12), respectively;
guard cells of the slac1-1mutant, however, gave currents
of 2164 6 37 mA cm22 (n = 14) and +295 6 22 mA cm22

(n = 12), corresponding to an 80% reduction and 61%
increase at these voltages, respectively (Fig. 1, A and B;
Table I). Additionally, the mean membrane voltage of
slac1-1 mutant guard cells was displaced negative rela-
tive to values recorded from guard cells of wild-type
and pSLAC1 Arabidopsis, consistent with the loss of
inward current through the SLAC1 channel (Fig. 1C).

Thermodynamic considerations preclude the SLAC1
channel from contributing to anion uptake and stomatal
opening (Blatt, 2000; Vahisalu et al., 2008; Barbier-Brygoo
et al., 2011). Indeed, eliminating the SLAC1 current was
expected to accelerate opening by eliminating an efflux
shunt that opposed anion accumulation via H+-coupled
transport and might otherwise slow the accumulation of
Cl2. By contrast, IK,in is a dominant pathway for K+ up-
take during opening (Blatt, 2000; Hills et al., 2012); its
suppression in the slac1-1 mutant, therefore, was ex-
pected to slow stomatal opening. To monitor opening,
we measured apertures from stomata in situ in leaves
and after isolation in epidermal peels, and we recorded
transpiration from intact Arabidopsis plants in response
to step changes in light. Gas-exchange measurements
(Fig. 2A) yielded rates of change in transpiration that
were slowed significantly in the slac1-1 mutant when
compared with the wild-type and pSLAC1 plants on
transitions to light, and after isolation in epidermal peels,
stomata of the slac1-1 mutant opened in the light at
roughly one-half the rate (Fig. 2A) and with half-times
more than 2-fold greater than either the wild-type or
pSLAC1 plants (Fig. 2B). Over a 24-h period, stomata in
leaves failed to close fully, opened and closed sluggishly,
and responded over an elevated range of apertures in the
slac1-1 mutant when compared with the wild-type or
pSLAC1 plants (Fig. 2C), thus confirming the unexpected
and ameliorating effect of the slac1 mutation on water
loss through slowed stomatal opening.

Altered K+ Channel Activities Are Not Reflected in
Channel Gene Transcription

The expression of several ion channel genes in
Arabidopsis is subject to environmental cues and,
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potentially, to homeostatic regulation (Amtmann and
Blatt, 2009). Therefore, we tested whether the slac1-1
mutation might affect K+ channel gene transcription.
Transcripts for the K+ channel genes KAT1, KAT2, KC1,
GORK, AKT1, and AKT2 were assayed by quantitative

PCR using mRNA isolated from plants grown together
and harvested 2 h after the start of daylight. We
assayed for transcripts of the predominant vacuolar K+

channel TPK1 (Gobert et al., 2007) and the K+- and
Ca2+-permeable channel TPC1 (Peiter et al., 2005) as

Figure 1. The slac1 mutant of Arabidopsis alters currents carried by both IK,in and IK,out and hyperpolarizes the membrane
voltage. Data are means 6 SE of n $ 12 independent experiments for wild-type (open circles), slac1-1 (closed circles), and
pSLAC1 (open triangles) plants. A, Steady-state currents recorded under voltage clamp for IK,in show a roughly 80% suppression
of channel current. Curves are fittings of wild-type (solid line) and slac1-1 (dotted line) currents to a Boltzmann function (Table
I). The inset shows current traces recorded under voltage clamp and cross referenced by symbol. Scale are as follows: vertical,
500 mA cm22; horizontal, 2 s. slac1-1 currents are significantly different (P , 0.001) for all points negative of 2180 mV. B,
Steady-state currents recorded for IK,out under voltage clamp show a roughly 80% suppression of channel current. Curves are
fittings of wild-type (solid line) and slac1-1 (dotted line) currents to a Boltzmann function (Table I). The inset shows repre-
sentative current traces recorded under voltage clamp and cross-referenced by symbol. Scale are as follows: vertical, 200 mA
cm22; horizontal, 2 s. slac1-1 currents are significantly different (P , 0.001) for all points positive of 220 mV. C, Free-running
voltages recorded from wild-type (wt), slac1-1, and pSLAC1 Arabidopsis with 0.1, 1, and 10 mM KCl outside. Values for the
slac1-1mutant differ significantly (**P, 0.001) from those of wild-type and pSLAC1 guard cells at all three KCl concentrations.
Note that all values are likely to underestimate the true free-running voltage in this case, given the membrane input resistance
(greater than 20 GV; Blatt and Slayman [1983]) and leakage currents (1–2 pA) typical of high-impedance electrometer am-
plifiers. Such leakage currents are insignificant as a background to clamp currents of 6300 to 500 pA, so they do not influence
measurements under voltage clamp, but they are sufficient to displace the apparent voltage by +40 mV or more in the free-
running (unclamped) cell.
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well as for the vacuolar VH+-ATPase C subunit VHA-C
and the plasma membrane H+-ATPases AHA1, AHA2,
and AHA5 that could affect energization of the mem-
branes (Haruta and Sussman, 2012). No difference
between the three plant lines was seen (Fig. 3), thus
discounting homeostatic feedback via transcription.

slac1 Is Predicted to Elevate pH and [Ca2+]i, Affecting K+

Channels and Stomatal Opening

To explore the physiological context of the slac1-1
mutation, we next made use of quantitative systems

modeling of the guard cell, incorporating all of the
known transporters at the plasma membrane and
tonoplast, their biophysical and kinetic characteristics,
the salient features of Suc and Mal metabolism, as well
as the homeostatic parameters of Ca2+ and pH buff-
ering (Hills et al., 2012). We used an equivalent en-
semble of model parameters (Chen et al., 2012b) to
simulate the diurnal cycle of stomatal movements
after scaling guard cell volume and stomatal aperture
to the dimensions of the Arabidopsis stomatal com-
plex while maintaining transporter surface densities
(Supplemental Appendix S1). An essential feature of
this modeling approach is that the system is defined by
a set of model components (transporters and metabolic
and buffering reactions), the parameters of which are
fixed constants defined experimentally. Thus, all of the
dynamic behavior of the system arises from the
emergent interactions between model components
and associated dependent variables, notably of ion
and solute concentrations, and of the voltages across
the two membranes (Chen et al., 2012b). Simulations
were carried out first with the full complement of
membrane transporters, including the SLAC1 current,
and then with the SLAC1 current omitted. The model
reproduced the behavior of the wild-type Arabi-
dopsis stomata and all of the salient features of the
slac1-1 mutant, notably the elevated range of stomatal

Table I. Fittings for IK,in and IK,out from Arabidopsis guard cells to a
Boltzmann function (see Eq. 1)

Fitted curves for wild-type and slac1-1 currents are as shown (for details,
see Figs. 1 and 6). Best fittings were obtained with the voltage sensitivity
coefficient (gating charge; d), held in common in both cases, and with the
voltage yielding half-maximal conductance (V1/2), held in common for IK,out,
as indicated. Note the roughly 80% reduction in maximum conductance
(gmax) for IK,in and its 60% enhancement for IK,out in the slac1-1 mutant.

Parameter Wild Type slac1-1 pSLAC1

IK,in (d, 21.9 6 0.1)
gmax (mS cm22) 4.83 6 0.08 0.99 6 0.07 5.20 6 0.09
V1/2 (mV) 2187 6 3 2202 6 2 2189 6 2

IK,out (d, 2.0 6 0.1; V1/2 27 6 2 mV)
gmax (mS cm22) 1.65 6 0.07 2.83 6 0.09 1.84 6 0.08

Figure 2. The slac1 mutant of Arabidopsis slows
stomatal opening and closing on light-dark tran-
sitions. Data are means 6 SE of n $ 12 indepen-
dent experiments for wild-type (wt; open circles),
slac1-1 (closed circles), and pSLAC1 (open tri-
angles) plants. A, Transpiration rates recorded
from intact Arabidopsis on transition from dark to
300 mmol m22 s21 light (left) and back to dark
(right). Fitted half-times for opening (sigmoid) and
closing (single exponential) are as follows: wild
type, 22.4 6 0.5 and 5.5 6 0.2 min; slac1-1,
65.6 6 0.4 and 50.7 6 0.4 min; pSLAC1, 27.1 6
0.4 and 6.36 0.1 min. B, Stomatal apertures from
epidermal peels. Data are normalized to initial and
final apertures on transition to 300mmolm22 s21 light.
Opening half-times are as follows: wild type,
38 6 5 min; slac1-1, 74 6 8 min; pSLAC1, 34 6
7 min. Apertures (initial/final, in mm) are as fol-
lows: wild type, 2.6 6 0.2/4.2 6 0.4; slac1-1,
4.0 6 0.3/4.8 6 0.4; pSLAC1, 2.6 6 0.2/4.0 6
0.4. C, Stomatal opening and closing recorded in
leaves at 3-h intervals over 24 h. Note the slower
response in the first three daylight hours for the
mutant. slac1-1 apertures are significantly differ-
ent (P , 0.001) at all times.
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apertures and accumulation of Cl2, Mal, and K+ (Fig.
4A); it returned roughly a 5-fold increase in the half-
time for closure and a slowed rate of stomatal opening
(Fig. 4B); and it enhanced IK,out and greatly reduced
IK,in activities in the slac1-1 simulation (Fig. 4, C and D),
much as observed experimentally (Figs. 1 and 2).

The model also yielded two key predictions for the
slac1-1 mutant: (1) it showed roughly a 0.2-unit ele-
vation in pHi above the means in the wild type, day
and night; and (2) it predicted a rise in the daytime
[Ca2+]i, to values near 400 nM (Fig. 4E). Significantly,
both elevated pHi and [Ca2+]i are known to suppress
IK,in. In Vicia faba guard cells, [Ca2+]i inactivates IK,in
with an inhibitory constant, ki of 330 nM and a Hill
coefficient of 4 (Grabov and Blatt 1999), and the cur-
rent activates with cytosolic protein concentration
[H+]i (decreasing pHi), showing an apparent K1/2 near
400 nM (pH 6.4) and Hill coefficient of unity (Blatt,
1992; Grabov and Blatt, 1997). Raising pHi also enhances
IK,out, the current exhibiting a Ki for H

+ near 40 nM (pH
7.4) and a Hill coefficient of 2 (Blatt and Armstrong,
1993; Grabov and Blatt, 1997). Such quantitative detail is
not available for the guard cells of Arabidopsis, but all
evidence (Hoth and Hedrich, 1999; Hosy et al., 2003;
Siegel et al., 2009) indicates similar pHi and [Ca2+]i
sensitivities. Thus, we suspected that the elevations in
pHi and [Ca2+]i predicted for the slac1-1 guard cells
might explain the altered K+ currents of the mutant.

Direct pH and [Ca2+]i Measurements and Manipulations
Validate Model Predictions

To test these predictions, we recorded pHi and
[Ca2+]i in vivo by ratiometric fluorescence imaging
using the H+-sensitive dye 2’,7’-bis-(2-carboxyethyl)-5,(6)-
carboxyfluorescein (BCECF) and the Ca2+-sensitive dye 2-

(6-(bis(carboxymethyl)amino)-5-(2-(2-(bis(carboxymethyl)
amino)-5-methylphenoxy)ethoxy)-2-benzofuranyl)-5-
oxazolecarboxylic acid (Fura2) after iontophoretic
injection into guard cells. Recordings of BCECF fluo-
rescence yielded pHi near 7.6 in wild-type and pSLAC1
guard cells, similar to guard cells of V. faba (Blatt and
Armstrong, 1993; Grabov and Blatt, 1997). Recordings
from slac1-1 guard cells showed an elevated pHi (Fig.
5A), consistent with, and even exceeding, model pre-
dictions. We used treatments with butyrate to acid
load the cytosol and to calculate the H+ buffering ca-
pacity of the guard cells, much as we have before (Blatt
and Armstrong, 1993; Grabov and Blatt, 1997). When
protonated, the organic acid is freely permeable across
the plasma membrane and sets up coupled dissociation
equilibria according to the Henderson-Hasselbalch equa-
tion and determined by the dominant pool of protonated
acid. For a cell, the near-infinite volume of bathing
solution determines the protonated acid concentration.
Thus, equilibration of the protonated acid across the
plasma membrane and its dissociation generates a
substantial cytosolic H+ load, provided that the bath is
1 to 2 pH units more acidic than the cytosol (McLaughlin
and Dilger, 1980). Butyrate treatments carried out while
measuring pHi with BCECF showed a significant aci-
dification of the cytosol (Fig. 5B). From the Henderson-
Hasselbalch equation, we calculated a cytosolic buffer
capacity of 84 6 6 mM H+ per pH unit for guard cells
of wild-type Arabidopsis, close to that for V. faba
guard cells (Grabov and Blatt, 1997), and almost a
2-fold higher buffer capacity of 143 6 13 mM per pH
unit in the slac1-1 mutant (Fig. 5A). The elevated pHi
buffer capacity of slac1-1 guard cells is consistent with
the substantial retention of organic acids reported
previously (Negi et al., 2008). Measurements of [Ca2+]i
with Fura2 from guard cells of wild-type and pSLAC1
plants gave resting values near 220 nM, whereas slac1-1
guard cells showed significantly elevated [Ca2+]i, with a
mean value near 450 nM (Fig. 5C). Thus, in slac1-1 guard
cells, the elevations in pHi and [Ca2+]i alone appeared
sufficient to explain both IK,in suppression and the
enhancement of IK,out, assuming kinetic sensitivities
similar to those for the K+ channels in V. faba.

To validate this conclusion, we tested the capacity to
recover wild-type IK,in and IK,out in the slac1-1 mutant
when [Ca2+]i and pHi were chemically “clamped” to
suppress their elevation. Guard cells of the slac1-1
mutant were impaled as before, but with electrolyte in-
cluding 10 mM of the Ca2+ buffer 1,2-bis(2-aminophenoxy)
ethane-N,N,N9,N9-tetraacetic acid (BAPTA; Kd =
130 nM) for direct loading from the microelectrode.
Loading with Ca2+ buffers has been used on many
occasions to lower resting [Ca2+]i and to suppress
[Ca2+]i transients (Speksnijder et al., 1989; Fairley-
Grenot and Assmann, 1991; Felle and Hepler, 1997).
In our experience, BAPTA loading in guard cells ef-
fectively clamps [Ca2+]i near 200 nM, even under con-
ditions that normally drive [Ca2+]i above 1,200 nM

(Chen et al., 2010). Following impalements and BAPTA
loading, the guard cells were challenged with 3 mM

Figure 3. Relative transcript levels for selected plasma membrane and
tonoplast transporters from slac1-1 and pSLAC1 Arabidopsis assayed
by quantitative PCR. Data are means 6 SE of three independent ex-
periments and are reported as the change in expression relative to
wild-type levels (=0) after normalizing to the housekeeping ACT2 actin
gene and TUB9 tubulin gene transcripts.
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Figure 4. Quantitative systems modeling (Chen
et al., 2012b; Hills et al., 2012) reproduces
characteristics for slac1-1 guard cells and ac-
counts for altered K+ channel activities through
predicted elevations of pHi and [Ca2+]i. Outputs
are derived from modeling of the diurnal cycle
(Chen et al., 2012b). Additional model outputs
and detailed explanations are provided with
Supplemental Figures S1 to S7. The full set of
model parameters and initializing variables are
listed in Supplemental Appendix S1 and are
available with the OnGuard software at www.
psrg.org.uk. A, Mean stomatal apertures and cy-
tosolic and vacuolar solute concentrations for
guard cells of stomata in the dark (closed) and
light (open). Outputs are for each variable (left to
right, wild-type [wt] closed and open, slac1
closed and open). B, Stomatal opening rates (left)
and closure half-times (right) determined from
simulated apertures during the first 3 h (opening)
and the final 3 h (closing) of the daylight period
(compare with Fig. 2; Supplemental Fig. S1). C
and D, Current-voltage curves for IK,out (C) and
IK,in (D) in wild-type (solid line) and slac1 (dotted
line) simulations taken at 3 h into the daylight
period (compare with Fig. 1, A and B). E, Pre-
dicted outputs (left to right, outputs for wild-type
closed and open, slac1 closed and open) for pHi

(left), vacuolar pH (center), and [Ca2+]i (right).
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butyrate to lower pHi near a value of 7.5, close to that of
wild-type guard cells (Fig. 5, A and B). Analysis of five
independent experiments with slac1-1 guard cells (Fig.
6, A and B) showed that these manipulations were
sufficient to recover both IK,in and IK,out in the slac1-
1 mutant, with characteristics that were quantitatively
equivalent to those observed in the wild-type plant. We
used a similar strategy in measurements of stomatal
opening. Buffering [Ca2+]i by BAPTA loading was not
possible in this case, so guard cells in epidermal peels
were treated with butyrate to suppress pHi as before.
The results yielded rates of stomatal opening statisti-
cally equivalent to those of wild-type guard cells (Fig.
6C), consistent with evidence that greater than 70%
suppression of IK,in is necessary before a significant

change in opening or its kinetics is measurable (Lebaudy
et al., 2008).

DISCUSSION

The detail now available for, and complexity of,
guard cell transport defy any simple explanation for
how guard cells achieve the range of stomatal aper-
tures observed in vivo, let alone a clear understanding
of the properties of the guard cell system as a whole.
This gap in understanding is evident especially in the
counterintuitive behavior of stomata of the slac1 mu-
tant of Arabidopsis. slac1 guard cells lack the major
anion channel that mediates anion efflux during
stomatal closure; yet paradoxically, the cells show

Figure 5. The slac1-1 mutant shows elevated pHi

and [Ca2+]i. A, Mean 6 SE for pHi (inset; n $ 7)
and pH buffering analysis (n = 3) from guard cells
of wild-type (wt; open circles) and slac1-1mutant
(closed circles) Arabidopsis using BCECF fluo-
rescence ratio analysis and before and during
acid loading with 1 and 3 mM butyrate. Buffering
determined by linear fitting (solid lines; Grabov
and Blatt 1997) gave 84 6 6 mM H+ per pH unit
(wild type) and 143 6 13 mM per pH unit
(slac1-1). pHi values from slac1-1 guard cells
differed significantly (**P , 0.001) from those of
wild-type and pSLAC1 plants. B, pHi recording
from one slac1-1 mutant guard cell using BCECF
fluorescence ratiometry. Fluorescence at 440 nm
(f440; open circles), 490 nm (f490; open triangles),
and the fluorescence ratio (f490/f440 and calibrated
pHi; closed circles) were recorded at 10-s inter-
vals from 1.5 mm depth around the cell periphery.
Representative images (top) were taken at the
time points indicated. The intensity-modulated
pseudocolor scale (left to right) represents pH 8 to
6. The period of BCECF injection, exposure to 3
mM butyrate (But), and butyrate washout are as
indicated. C, Mean6 SE (n$ 5) for resting [Ca2+]i.
Values for slac1-1 guard cells differed signifi-
cantly (**P , 0.001) from those of the wild type
and pSLAC1.
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profound changes in K+ channel activities and a
slowed rate of stomatal opening. We have taken a
computational approach to quantitative dynamic
modeling of the guard cell to understand this behav-
ior. The model incorporates all of the properties for
transporters at the plasma membrane and tonoplast,
the salient features of osmolite metabolism, and pH
and Ca2+ buffering. The results demonstrate the true

predictive power of this systems modeling approach to
guide a detailed mechanistic analysis of the signaling
pathways responsible. Furthermore, in so doing, they
highlight a previously unrecognized homeostatic net-
work that regulates membrane transport for stomatal
function. The SLAC1 channel has no direct connection
with solute uptake, and especially not with IK,in and K+

influx; however, modeling uncovered the feedback

Figure 6. Altered K+ channel currents are consequent on elevation of pHi and [Ca2+]i in the slac1-1 mutant. A, Mean 6 SE (n $

8) of steady-state currents for IK,in under voltage clamp show recovery of wild-type characteristics in the slac1-1 mutant on
suppressing [Ca2+]i and pHi elevations. Wild-type (open circles) and slac1-1 (closed circles) data are included from Figure 1 for
reference. slac1-1 guard cells were loaded with 10 mM BAPTA to buffer [Ca2+]i (open triangles) and additionally exposed to 3
mM butyrate outside (open squares) to lower pHi (Fig. 5, A and B). The inset shows current traces recorded under voltage clamp
and cross-referenced by symbol. Scales are as follows: vertical, 500 mA cm22; horizontal, 2 s. B, Mean 6 SE (n $ 7) of steady-
state currents for IK,out under voltage clamp show recovery of wild-type current characteristics in slac1-1 mutant guard cells on
suppressing pHi elevation. Wild-type (open circles) and slac1-1 (closed circles) data are included from Figure 1 for reference.
slac1-1 guard cells were exposed to 3 mM butyrate outside (open squares) to lower pHi (Fig. 5, A and B) and additionally when
loaded with 10 mM BAPTA to buffer [Ca2+]i (open triangles). The inset shows current traces recorded under voltage clamp and
cross referenced by symbol. Scales are as follows: vertical, 200 mA cm22; horizontal, 2 s. C, Stomatal opening in epidermal
peels on transition to 300 mmol m22 s21 light in the presence of 3 mM butyrate (But). Data are normalized to initial and final
apertures after correcting for butyrate-induced aperture increase. Results for the wild type (wt) and the slac1-1 mutant
are included from Figure 1 for comparison. Opening half-time was as follows: slac1-1 + butyrate, 23 6 0.8 min. Apertures
(initial/final in mm) are as follows: wild type, 2.7 6 0.3/4.5 6 0.3; slac1-1, 4.3 6 0.3/5.1 6 0.3; slac1-1 + butyrate, 4.5 6 0.2/
5.6 6 0.2.
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pathway to the K+ channels, and we confirmed
experimentally the link through the effect of slac1
in elevating pHi and [Ca2+]i (Fig. 7). This network
ameliorates the effect of the slac1 mutation by sup-
pressing IK,in and the rise in transpiration during the
first hours of daylight, thus explaining the otherwise
counterintuitive effects of slac1 on stomatal movement.

In the model, just as in vivo, changes in [Ca2+]i and
pHi arise through interactions between the various
transporters, metabolism, and associated buffering
characteristics (Chen et al., 2012b; Hills et al., 2012).

The model accounts for the emergent effects of the
slac1 mutant on pHi as a consequence of Cl2 and Mal
hyperaccumulation, much as has been observed in
vivo (Negi et al., 2008). A detailed analysis of the
model outputs is presented in Supplemental Figures
S1 to S7. It predicted pHi in the mutant to rise with Mal
transinhibition of Mal synthesis and of Cl2 -mediated
transinhibition of H+-coupled anion transport. Strongly
affected was the H+-Cl2 antiport at the tonoplast,
which normally transports inorganic anions into the
vacuole in exchange for H+ (De Angeli et al., 2006;

Figure 7. Eliminating the SLAC1 anion channel affects K+ channel activity, K+ uptake, and the rate of stomatal opening through
its impact on pHi and [Ca2+]i as predicted by the OnGuard model (Chen et al., 2012b; Hills et al., 2012). Note that effects on
tonoplast transport and on IK,out are not included for clarity, but they are complementary (see text). Black arrows indicate the
wild type, and gray arrows indicate slac1. A, SLAC1 is a major pathway for Cl2 efflux during stomatal closure and is facilitated
when Ca2+ channels activate to raise [Ca2+]i. The K+ channel (IK,in) and H+-coupled Cl2 transport enable osmotic solute uptake
during opening. B, The slac1 mutation eliminates an inward current (anion efflux), leading directly to Cl2 and Mal accumu-
lation and membrane hyperpolarization (1) in the guard cell (Supplemental Figs. S1–S3). Membrane hyperpolarization pro-
motes Ca2+ entry by activating plasma membrane Ca2+ channels (2) and elevates [Ca2+]i (Fig. 5; Supplemental Fig. S6), which in
turn suppresses IK,in (3; Fig. 1; Supplemental Fig. S7). Elevated Cl2 and Mal suppress H+-coupled Cl2 transport (4; see
Supplemental Fig. S2) and Mal synthesis (5; Supplemental Fig. S3), thereby reducing the H+ load on the cytosol and raising pHi

(Supplemental Fig. S5). The rise in pHi also suppresses IK,in (6). The predicted increases in [Ca2+]i, pHi, and their consequences
for the K+ channels were confirmed experimentally (Figs. 5 and 6). C, Suppressing the rise in [Ca2+]i and pHi by buffering (7) was
sufficient to recover K+ channel activity and the rate of stomatal opening, thus validating the model (Fig. 6).
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Jossier et al., 2010). Overall, the result was to reduce
the metabolic and transport H+ load on the cytosol,
including H+ return to balance the H+-ATPase at the
plasma membrane (Supplemental Fig. S5), hence rais-
ing pHi. Thus, one important conclusion to be drawn
from this first of the model predictions, and from its
experimental validation, is of the central importance
played by H+-coupled anion transport in controlling
pHi. A detailed knowledge of Cl2 uptake in plants is
restricted to a few cell types (Sanders et al., 1989), but,
like that of NO3

2 (Meharg and Blatt 1995), it is gen-
erally recognized to be mediated in symport with H+.
In fact, H+-coupled anion transport at both membranes
has been suggested to contribute to pHi homeostasis
(Barbier-Brygoo et al., 2011; Chen et al., 2012b), al-
though direct and quantitative evidence has been
lacking until now.
The model ascribes the elevated [Ca2+]i of the mu-

tant to loss of the SLAC1-mediated (inward) current
and consequent negative shift in membrane voltage,
thus promoting Ca2+ entry across the plasma membrane
(Fig. 1; Supplemental Figs. S1 and S6). By contrast with
the situation for pHi, the effect of membrane hyper-
polarization in promoting Ca2+ influx and elevating
[Ca2+]i in guard cells is well documented (Grabov and
Blatt, 1998, 1999; Hamilton et al., 2000; Chen et al.,
2010). We note that Vahisalu et al. (2008) reported little
difference in [Ca2+]i between wild-type and slac1 mu-
tant guard cells when recorded using the Cameleon
YC3.6 Ca2+-sensitive reporter. However, their mea-
surements were determined under experimental con-
ditions known to drive [Ca2+]i, indeed, via control of
membrane voltage (Grabov and Blatt, 1998, 1999;
Allen et al., 2001), effectively clamping [Ca2+]i either to
high or low values. Thus, their measurements cannot
speak to the free-running [Ca2+]i, either in the wild-
type or slac1 mutant guard cells.
We stress that our results uncover a homeostatic

signaling network that, in itself, is sufficient to explain
the physiopathology of the slac1 mutant and its phe-
notypic characteristics in altered K+ transport and
stomatal opening. These findings do not rule out other
consequences of the slac1 mutation, such as might be
effected through more subtle changes in pHi or [Ca

2+]i
sensitivities of one or more of the underlying channels;
however, they demonstrate that any such changes are
not, in themselves, essential to understanding the ef-
fect of the slac1 mutant either on K+ channel activities
or on stomatal movement. Our findings also pave the
way, through similar dynamic modeling and valida-
tion, to addressing many other unresolved observa-
tions in stomatal physiology. This strategy is certain to
yield a greater understanding of the impacts of trans-
port at the plasma membrane. Furthermore, it should
prove a powerful new tool with which to analyze
transport at the tonoplast, for which direct access in
vivo is not possible. Challenges, for example, include
resolving the controversial roles for the TPC1 cation
channel in stimulus-response coupling (Peiter et al.,
2005) and the counterintuitive effects of the TPK1 K+

channel and CLCc anion antiporter, the deletion of
either of which slows stomatal closure but with coun-
terintuitive effects on K+ (Gobert et al., 2007) and anion
content (Jossier et al., 2010). Analysis of these problems
will help refine our current model of the guard cell as
well as our understanding of stomatal function.

MATERIALS AND METHODS

Growth and Whole-Plant Physiology

Arabidopsis (Arabidopsis thaliana) Columbia wild-type, slac1-1 mutant, and
pSLAC1-complemented slac1-1 plants were grown under 70 mmol m22 s21

light in short-day conditions (8/16 h of light/dark) at 22°C/18°C and 55%/
70% relative humidity. All seeds were harvested at the same time from plants
grown together. Chemicals were reagent grade from Sigma-Aldrich. Gas ex-
change was measured using the LI-COR 6400 XT Infrared Gas Analyzer (LI-
COR Biosciences) and Arabidopsis Chamber (LI-COR 6400-17). Pots were
sealed with Saran Wrap to prevent water vapor and CO2 diffusion from the
soil, and measurements were carried out at 380 mL L21 CO2. Gas exchange was
recorded in plants adapted to the dark for 2 h with light from an integrated
source (LI-COR 6400-18). All plants were analyzed on at least 3 d at the same
time of the relative diurnal cycle and were normalized for leaf area using
ImageJ, version 1.43 (rsbweb.nih.gov/ij/; Rasband and Bright 1995).

Gene Expression Analysis

Total RNA was extracted from mature leaves, and transcript levels were
determined by quantitative PCR as before (Chen et al., 2012b). Unique primers
(Supplemental Table S1) were designed for the VH+-ATPase C subunit
(Dettmer et al., 2006), the plasma membrane H+-ATPases AHA1, AHA2, and
AHA5 (Lopez-Marques et al., 2004), the K+ channels KAT1, KAT2, KC1, GORK,
AKT1, and AKT2 (Pilot et al., 2001; Hosy et al., 2003; Honsbein et al., 2009),
and the vacuolar channels TPK1 (Gobert et al., 2007) and TPC1 (Peiter et al.,
2005). The TUB9 tubulin (At4g20890) and ACT2 actin (At3g18780) genes
(Gutierrez et al., 2008) served as internal controls.

Stomatal Assays and Guard Cell Electrophysiology

Stomatal apertures in leaves were determined from impressions made using
nail varnish and after peeling at intervals over 24 h (Fig. 2C). Otherwise, guard
cells were isolated in epidermal peels and mounted as before (Eisenach et al.,
2012). Stomatal apertures were recorded by digital photomicrography under
infrared light (greate than 800 nm) and continuous superfusion with 10 mM

KCl in 5 mM Ca2+-MES buffer, pH 6.1 [5 mM MES buffer titrated to its acid
dissociation constant with Ca(OH)2; Ca

2+ concentration = 1 mM]. Light treat-
ments were carried out on dark-adapted peels.

Currents from intact guard cells were recorded under voltage clamp using
double- and triple-barreled microelectrodes and Henry’s EP suite (Y-Science;
Blatt and Armstrong, 1993; Eisenach et al., 2012). Microelectrodes were pulled
to give tip resistances greater than 500 MV for impalement of Arabidopsis
guard cells, and microelectrode barrels were filled with 200 mM K+ acetate, pH
7.5, to avoid Cl2 leakage from the microelectrode (Blatt and Slayman, 1983;
Blatt, 1987b; Chen et al., 2012a). Voltage was recorded using a mP electrometer
amplifier (WyeScience) with an input impedance of greater than 500 GV (Blatt,
1987a) and was typically clamped in cycles with a holding voltage of2100 mV
and 6-s steps either to voltages from 2120 to 2240 mV (IK,in) or to voltages
from 280 to +40 mV (IK,out). The Ca2+ buffer BAPTA was included as indi-
cated. [Ca2+]i and pHi were determined, as described previously (Grabov and
Blatt, 1997; Garcia-Mata et al., 2003), after iontophoretic injection of the fluo-
rescent dyes Fura2 and BCECF, respectively. Fluorescence ratio imaging made
use of a GenIV-intensified Pentamax CCD camera and TILL Polychrome II
monochromator (Till Photonics), with excitation at 340 and 390 nm for [Ca2+]i
and 440 and 490 nm for pHi. Fluorescence was collected after passage through
a 535- 6 20-nm bandpass filter and was corrected for background before
loading. Dye loading was judged successful by visual checks for cytosolic dye
distribution and by stabilization of the fluorescence signals (Grabov and Blatt,
1997; Garcia-Mata et al., 2003). Image analysis was carried out using Meta-
Fluor and MetaMorph (version 6.3; Universal Imaging), and measurements
were calibrated in vitro and in vivo after permeabilization (Grabov and Blatt,
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1997). Surface areas of impaled guard cells were calculated assuming a
spheroid geometry. Subsequent data analysis and curve fittings were carried
out using Henry’s EP suite and SigmaPlot 11 (Systat Software). Measurements
in the guard cells were validated by acid loading with the weak acid butyrate
and by raising [Ca2+]i on exposures to high external Ca2+ concentration (Allen
et al., 2001).

Current-voltage analysis and fittings were carried out using Henry’s EP
suite and SigmaPlot 11 (Systat Software). Currents were fitted by joint, non-
linear least squares using a Boltzmann function of the form

I ¼ gmaxðV2EKÞ
1þ edFðV1=2 2VÞ=RT ð1Þ

where d is the voltage sensitivity coefficient (gating charge), EK is the K+

equilibrium voltage, gmax is the maximum conductance of the ensemble of
channels, V1/2 is the voltage yielding half-maximal activation, F is the Faraday
constant, R is the universal gas constant, and T is the absolute temperature.
Results are reported as means 6 SE of n observations, with significances tested
using Student’s t test and ANOVA. As appropriate, significance was also
verified by multiple pairwise comparisons (Student-Neumann-Keuls method)
at P , 0.05 unless otherwise indicated.

OnGuard Modeling

The OnGuard software and model was driven through a diurnal 12/12-h
light/dark cycle as described previously (Chen et al., 2012b), and all model
outputs were derived from this cycle. Model parameters (Hills et al., 2012)
were adjusted to reflect the physical dimensions of the Arabidopsis stomatal
complex, and transporter numbers were scaled accordingly. Light sensitivity
was assigned solely to the plasma membrane H+-ATPase and Ca2+-ATPase,
the vacuolar VH+-ATPase, H+-pyrophosphatase, and Ca2+-ATPase, and Suc
synthesis in accordance with experimental observation (Chen et al., 2012b). All
other model parameters were fixed, the properties of the individual trans-
porters and buffering reactions thus responding only to changes in model
variables arising from the kinetic features encoded in the model. The complete
parameter set used to initiate modeling is provided in Supplemental
Appendix S1, and the OnGuard software is available at www.psrg.org.uk.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Macroscopic outputs from the OnGuard model.

Supplemental Figure S2. Chloride contents and analysis of Cl2 fluxes at
the plasma membrane and tonoplast.

Supplemental Figure S3. Malic acid synthesis, total malate contents, and
analysis of Mal fluxes at the plasma membrane and tonoplast.

Supplemental Figure S4. Cytosolic and vacuolar pH, and analysis of H+

fluxes across the plasma membrane and tonoplast.

Supplemental Figure S5. Total H+ distribution summed over a 24-h
period.

Supplemental Figure S6. Total cytosolic and vacuolar Ca2+ concentration,
[Ca2+]i, and analysis of Ca2+ fluxes across the plasma membrane and
tonoplast.

Supplemental Figure S7. K+ contents and analysis of K+
fluxes at the

plasma membrane and tonoplast.

Supplemental Table S1. Primers used for quantitative PCR analysis of
transcript abundance.

Supplemental Appendix S1.

Supplemental References S1.
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