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Abstract
The continuing rise in atmospheric CO2 causes closing of stomatal pores in leaves and thus
globally affects CO2 influx into plants, water use efficiency and leaf heat stress1–4. However, the
CO2-binding proteins that control this response remain unknown. Moreover, the cell type that
responds to CO2, mesophyll or guard cells, and whether photosynthesis mediates this response are
matters of debate5–8. We demonstrate that Arabidopsis double mutant plants in the β-carbonic
anhydrases, βCA1 and βCA4, display impaired CO2-regulation of stomatal movements and
increased stomatal density, but retain functional abscisic-acid and blue-light responses.βCA-
mediated CO2-triggered stomatal movements are not, in-first-order, linked to leaf-photosynthesis
and can function in guard cells. Furthermore, guard cell βCA-over-expression plants exhibit
enhanced water use efficiency. Guard cell-expression of mammalian αCAII complements ca1ca4
shows that carbonic anhydrase-mediated catalysis is an important mechanism for βCA-mediated
CO2-induced stomatal closing and patch clamp analyses indicate that CO2/HCO3

−transfers the
signal to anion channel regulation. These findings, together with ht1-29 epistasis analysis
demonstrate that carbonic anhydrases function early in the CO2 signalling pathway that controls
gas-exchange between plants and the atmosphere.

Guard cells form adjustable stomatal pores in the plant epidermis that allow CO2 influx for
photosynthesis in exchange for transpirational water loss from plants to the atmosphere. The
continuing rise in atmospheric [CO2] and the resulting increase in leaf intercellular [CO2]
(Ci) is causing a reduction in stomatal apertures across diverse plant species2. To date, only
a few Arabidopsis mutants have been characterized that show CO2 insensitivity in stomatal
movement regulation10–14. However, these mutants also exhibit insensitivity to the
hormone abscisic acid (ABA), consistent with present models that the encoded proteins
function downstream of a convergence point of the CO2 and ABA stomatal closure
signalling pathways10, 12–14. The only Arabidopsis protein proposed to function upstream of
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this convergence point is the negative regulator of CO2-induced stomatal closure, HIGH
LEAF TEMPERATURE 1 kinase, for which mutations cause a constitutive high-[CO2]
response9. The ABC transporter AtABCB14 identified as a malate uptake transporter in the
guard cell plasma membrane also functions as a negative regulator of high [CO2]-induced
stomatal closure15. Antisense repression of a MAP Kinase (NtMKP4) in tobacco reduces
CO2 regulation of stomatal conductance but not ABA responses16. The CO2-/HCO3

−-
binding proteins, Rubisco and PEP carboxylases (PEPC), have been investigated for their
putative participation in high CO2-induced stomatal closure5, 17, 18. However, it was shown
that CO2-regulated stomatal conductance is independent of Rubisco activity5 and that PEPC
levels had no direct effect on high CO2-triggered stomatal closing17, 18 (see also
Supplementary Results). As no CO2-binding proteins have been identified in genetic screens
of CO2-regulated stomatal signalling, we postulated that CO2-binding proteins that mediate
this response may underlie a gene family with overlapping gene functions, similar to other
stomatal movement control mechanisms19, 20.

We hypothesized that the CO2-binding proteins carbonic anhydrases that catalyze the
reversible reaction of CO2 + H2O ⇔ HCO3

− + H+, might function early in CO2 signaling
(see also Supplementary Results). Transcriptome analyses of mesophyll and guard cells
show that the β-carbonic anhydrases βCA1 (At3g01500), βCA4 (At1g70410) and βCA6
(At1g58180) are highly expressed in guard cells and/or mesophyll cells (Fig. 1a)21, 22 which
was confirmed by quantitative RT-PCR (Fig. 1b). Consistent with these data, βCA1 and
βCA4 were also detected in the guard cell proteome23.

Single T-DNA disruption mutant plants in βCA1, βCA4 and βCA6 did not display strong
phenotypes in CO2 responses in mature leaves. ca1ca4, ca4ca6, ca1ca6 double mutants as
well as ca1ca4ca6 triple mutant were subsequently generated for assessment of their CO2
sensitivities. Interestingly, ca1ca4 double and ca1ca4ca6 triple mutant plants showed strong
insensitivities in CO2-induced stomatal conductance changes (Fig. 1c–e; Supplementary
Information, S1d–h). However, ca1ca6 and ca4ca6 mutants did not exhibit an altered CO2
response, indicating no major role for the more distantly-related βCA6 (Supplementary
Information, Fig. S1b, c). CO2-induced stomatal conductance changes in ca1ca4 were
greatly impaired during ambient (365 ppm) to 800 ppm or 400 to 100 ppm [CO2] changes at
both 55 µmol m−2s−1 and 1000 µmol m−2s−1 light fluence rates (Fig. 1c–e; Supplementary
Information, Fig. S1e–h). However, more dramatic shifts from 800 to 100 ppm and from
100 to 800 ppm [CO2], triggered stomatal conductance changes in ca1ca4 plants, although
at slower rates compared to wild-type plants (see captions of Fig. 1d, e). Furthermore,
ca1ca4 plants consistently showed a higher stomatal conductance at ambient [CO2] (365–
400 ppm) compared to wild-type plants (Fig. 1d, e; Supplementary Information, Fig. S1f).
Interestingly, stomatal index (SI) and stomatal density (SD) were significantly higher in
ca1ca4 (SI: 27 ± 0.9%; SD: 188 ± 13.2 per mm2) compared to wild type (SI: 22 ± 0.6%; SD:
142.5 ± 15.4 stomata per mm2, means ± s.e.m.), and this 1.3-fold increase in stomatal
density could in part account for the higher stomatal conductance observed in ca1ca4 leaves.

In clear contrast to the impaired CO2 responses (Fig. 1c–e), and despite the higher starting
stomatal conductance of the βca mutant plants (Fig. 1d, e), ca1ca4 and ca1ca4ca6 plants
showed robust responses to blue light and blue light to dark transitions (Fig. 1f;
Supplementary Information, Fig. S2a–c). The initial rates of stomatal conductance changes
triggered by blue light were not significantly different between βca mutants and wild type
(Supplementary information, captions to Fig. S2a, b). CO2 responses were also analyzed in
leaf epidermes, which had been removed from their mesophyll cell environment. High
[CO2]-induced stomatal closure was greatly impaired in ca1ca4 compared to wild type after
30 min (Fig. 1g) or 60 min (Supplementary Information, Fig. S2d) exposure. Thus, the
impaired CO2 responses in intact leaves correlate with impaired CO2-induced stomatal
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movements. In sharp contrast to other known CO2-insensitive mutants12–14, ABA-induced
stomatal closing remained clearly functional in ca1ca4 leaf epidermes (Fig. 1h), consistent
with a model that βCA1 and βCA4 function early in CO2 signal transduction.

Biochemical carbonic anhydrase activities in mature leaves of 5–7 week-old ca1, ca4 single
mutants and ca1ca4 were analyzed. The ca1ca4 mutant plants showed a ≈ 65 % reduction in
CO2 hydration reactions compared to wild type (Fig. 2a). Introduction of a genomic copy of
either βCA1 or βCA4 in ca1ca4 restored the expression of the respective gene (Fig. 2b) and
complemented the CO2-responsive phenotype in six randomly selected transgenic lines (Fig.
2c, d; Supplementary Information, Fig. S3). Moreover, all transgenic lines showed wild-
type-like stomatal densities and indices (Supplementary Information, Fig. S4). Thus,
disruption of βCA1 and βCA4 is indeed responsible for the CO2 insensitive stomatal
movement regulation and the stomatal density phenotypes observed in ca1ca4 and
expression of either gene is sufficient for complementation of both phenotypes.

βCA1 and βCA4 have been identified in chloroplasts (βCA1) and at the plasma membrane
in proteome and imaging analyses24–26. Consistent with these studies, βCA1-YFP and
βCA4-YFP subcellular localization analyses suggest that βCA1 localizes to both
chloroplasts and in the vicinity of the plasma membrane, while βCA4 localizes in the
vicinity of the plasma membrane (Supplementary Information, Figs. S5, 6). As these
subcellular localizations may indicate roles in transcellular carbon delivery to chloroplasts,
as reported for aquaporins27, we analyzed whether the role of βCAs in CO2-induced
stomatal closing is dependent on mature leaf photosynthesis. Photosynthesis was inhibited in
newly emerging leaves of plants watered with the carotenoid biosynthesis inhibitor
norflurazon (Fig. 3a–c). However CO2-induced stomatal closing remained functional in
chlorophyll-deficient “albino” leaves (Fig. 3d), as previously reported in Vicia faba7. More
direct genetic analyses in ca1ca4ca6 mutant plants showed no differences to wild-type
plants in the maximum efficiency of photosystem II (Fv/Fm) (Fig. 3e, n = 10), or the
quantum yield of photosystem II (ΦPSII) at low (50 µmol m−2s−1, n = 6) and high (2000
µmol m−2s−1, n = 6) light conditions (Fig. 3f, g). CO2 assimilation rates of ca1ca4ca6 plants
in response to darkness to 300 µmol m−2s−1 red light shifts were also unaffected (Fig. 3h).
Therefore, the stomatal CO2 response in Arabidopsis proceeds in the absence of chlorophyll
(Fig. 3a–d) and mature leaf photosynthetic activities are not impaired in ca1ca4ca6 under
the imposed growth conditions (Fig. 3e–h). Note that other growth conditions and other ca
mutant combinations may lead to effects of CAs on photosynthetic activities, given the
chloroplast location of βCA1 and proposed roles of CAs in photosynthetic activities.

To analyze whether βCA expression targeted to guard cells is sufficient to complement the
CO2 insensitive phenotype of ca1ca4, βCA1 or βCA4 cDNA driven by a strong guard cell
promoter pGC122 was transformed into ca1ca4. In these stably transformed ca1ca4 lines,
βCA1 and βCA4 transcripts were detected in guard cells but not in mesophyll cells (Fig. 4a;
Supplementary Information, Fig. S7a). Four randomly selected independent transgenic lines
expressing βCA1 or βCA4 in guard cells exhibited recovery of CO2 responsiveness (Fig. 4b;
Supplementary Information, Fig. S7b–d). Interestingly, in contrast to ca1ca4, these
transgenic lines displayed wild-type-like stomatal indices and densities (Supplementary
Information, Fig. S7e, f). Thus, targeted expression of βCA1 or βCA4 in guard cells is
sufficient to restore CO2 responsiveness and stomatal density.

We then investigated whether over-expression of βCA1 or βCA4 in guard cells of wild-type
plants can modulate intact plant gas exchange. Four randomly selected independent lines
over-expressing βCA1 or βCA4 in the wild-type background (Supplementary Information,
Fig. S8b) displayed a reduced stomatal conductance at all tested [CO2] (Fig. 4c;
Supplementary Information, Fig. S8c–e). Interestingly, substantial increases in the

Hu et al. Page 3

Nat Cell Biol. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



instantaneous water use efficiency (WUE) of all analyzed guard cell-targeted over-
expression lines were consistently found, with an average increase of 44% at ambient [CO2]
(Fig. 4d), while CO2 assimilation rates were not significantly altered under the imposed
growth conditions (Fig. 4e). All over-expressing lines exhibited reduced fresh weight loss
from excised leaves compared to wild type (Supplementary Information, Fig. S8f),
consistent with a reduced stomatal conductance at ambient [CO2] in all βCA-overexpressing
lines (Fig. 4c; Supplementary Information, Fig. S8c–e).

No whole plant phenotypic growth differences and no reduction in total plant dry weight
(growth penalty) were observed in βCA-overexpressing lines compared to wild-type plants
under limited-watering or well-watered conditions (Supplementary Information, Fig. S8a, g,
h). Guard cell-targeted overexpression lines displayed slightly lower average stomatal
densities (−13%) and stomatal indices (−14%) compared to parallel grown wild-type plants
(Supplementary Information, Fig. S9; P = 0.0312 to 0.0523 for these overexpression lines
compared to wild type, Student’s t-test). The “single cell spacing phenotype” was not
violated in ca1ca4 mutant and βCA-overexpression plants leaves28, 29. Therefore, guard
cell-targeted over-expression of βCA is sufficient to modulate CO2 regulation of stomatal
conductance and may provide an approach for improving the water use efficiency of C3
plants.

The earliest component of CO2 signalling in Arabidopsis guard cells identified thus far is the
HT1 protein kinase, a negative regulator of the CO2 response pathway9. The recessive ht1-2
allele exhibits a constitutive high-[CO2] response9. Strikingly, ca1ca4ht1-2 triple mutant
plants exhibited a constitutive high-[CO2] phenotype similar to ht1-2 (Fig. 5a), showing that
HT1 is epistatic to βCA1 and βCA4 and supporting an early CO2 signalling role of βCAs.
To determine whether enzymatic carbonic anhydrase activity mediates CO2 control of gas
exchange, we expressed an unrelated α-carbonic anhydrase from human, αCAII 30, under the
control of the guard cell promoter in ca1ca4 plants. Human αCAII shows only 9% identity
to βCA1 and 12% to βCA4 at the amino acid level, respectively. Astonishingly, three
randomly-selected independent human αCAII-expressing transgenic ca1ca4 lines (Fig. 5b)
exhibited restoration of the CO2 insensitive phenotype, providing strong evidence that
carbonic anhydrase activity in guard cells is required for CO2-mediated stomatal regulation
(Fig. 5c; Supplementary Information, Fig. S10).

To determine whether the carbonic anhydrase reaction product, intracellular bicarbonate,
can participate in stomatal signalling, S-type anion channel regulation was analyzed.
Addition of 6.75 mM bicarbonate and buffering free [CO2] to 1 mM at pH 7.1 resulted in
typical small background currents (Fig. 5d, n = 6). In contrast, when 13.5 mM bicarbonate
was added, which buffered free [CO2] to 2 mM at pH 7.1, strong S-type anion currents were
observed in guard cells, demonstrating that plasma-membrane anion channels can be
activated by CO2/HCO3

−, though at high concentrations (Fig. 5d, n = 10). Furthermore,
extracellularly applied bicarbonate buffered to 2 mM free [CO2] in the bath solution caused
a smaller activation of S-type anion currents in guard cells compared to that of intracellular
bicarbonate (P<0.01 at −147mV and −117 mV, pairwise Student’s t-test, Supplementary
Information, Fig. S10c). These data indicate that HCO3- emanating from neighboring cells
may be taken up by guard cells and might contribute to the stomatal response, albeit at a
lower level. These results demonstrate for the first time that elevated intracellular
bicarbonate and CO2 levels can contribute to activation of guard cell plasma-membrane
anion channel currents and indicate that CO2/HCO3

− flux may function in βCA-mediated
CO2-induced stomatal closing.

The present data show that β-carbonic anhydrases function very early in the CO2-induced
stomatal signal transduction cascade based on impaired CO2 responses yet robust responses
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to blue light, light-dark transitions and abscisic acid in ca1ca4 leaves and epistasis analyses
with the ht1-2 mutant9. The differential CO2 response of wild-type and ca1ca4 in isolated
leaf epidermes, together with guard cell-targeted complementation of ca1ca4 by βCA and
even by the unrelated human aCAII as well as guard cell βCA over-expression plant
phenotypes provide genetic and molecular evidence that guard cells are a major site for β-
carbonic anhydrase-mediated CO2 regulation of stomatal movements. However, the
existence of an additional mesophyll- and/or a photosynthesis-related pathway6, 8
contributing to the residual CO2-induced stomatal movements in ca1ca4 (Fig. 1c-e) cannot
be strictly excluded. The residual and slowed CO2 responses in βca mutant leaves may result
from a combination of: (a) additional carbonic anhydrases that are expressed in guard
cells21, 22; (b) CO2 levels may be elevated in ca1ca4 guard cells compared to wild type,
due to the reduced CO2 hydration activity found in ca1ca4; (c) non-guard cell tissues such
as pavement cells and mesophyll cells may contribute to the residual CO2 response; (d) a
parallel mechanism for CO2 signalling and (e) even in the absence of carbonic anhydrases a
slow spontaneous reversible hydration of CO2 occurs.

Interestingly, an increased stomatal density in ca1ca4 and an opposite effect in βCA guard
cell-overexpression plants were observed, indicating that βCA1/4 not only strongly affect
CO2 control of stomatal movements but also modulate stomatal development at ambient
[CO2]. Analyses of the pGC1 guard cell promoter activity during stomatal development22

further suggest that βCA-mediated control of stomatal development is non cell-autonomous,
as stomatal development is defined prior to the guard cell stage28, 29. Previous studies have
suggested non cell-autonomous long distance signalling from mature leaves to newly
developing leaves as part of the mechanisms by which environmental cues regulate stomatal
development31. Further research is needed to determine whether βCA1 and βCA4 function
in environmental control of stomatal development.

Guard cell-targeted over-expression of βCA1 or βCA4 consistently increased instantaneous
water use efficiency, indicating that: (i) βCA expression levels are not saturated in wild-type
guard cells; and (ii) manipulation of carbonic anhydrases may provide an approach for
engineering gas exchange and transpirational water loss or alternatively protection against
heat-induced damage of plants in light of the continuing atmospheric [CO2] increase,
climate change and limited global freshwater availability4, 32.

Restoration of CO2 regulation of stomatal movements by guard cell expression of the
structurally unrelated human αCAII provides strong evidence that catalytic CA activity and
bicarbonate and/or proton production function in mediation of this CO2 response and
indicates that CO2 regulation of stomatal conductance in plants underlies flux control33. A
previous study has suggested that the CO2 response is not mediated through changes in
cytosolic pH34. Moreover, the activation of large S-type anion channel currents by high
intracellular bicarbonate levels provides evidence that CO2/HCO3

− may act as messengers
contributing to guard cell CO2 signal transduction. Note that although these CO2/HCO3

− are
much higher than CO2 concentrations used in gas exchange experiments, high CO2
concentrations have been used in other electrophysiological studies (e. g. 30) and whole-cell
dialysis during patch clamping may reduce the CO2/HCO3

− sensitivity of downstream
signaling mechanisms. Together our findings reveal an essential function of guard cell-
expressed carbonic anhydrases in CO2 regulation of plant water transpiration and CO2 influx
and are consistent with a model in which βCA1 and βCA4 function in the early CO2
response machinery in guard cells.
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METHODS
Plant growth conditions and mutant genotyping

All Arabidopsis thaliana plants used in this study were of the Columbia ecotype (Col 0).
Wild-type, ht1-2 and carbonic anhydrase mutant plants were grown in a Conviron growth
chamber (Winnipeg, Canada) (20°C, 60 to 80% humidity with a 16-h-light/8-h-dark
photoperiod regime at ~75 µmol m−2s−1). The β-carbonic anhydrase T-DNA insertional
mutants ca1 (SALK_106570; insertion in Exon IX at nucleotide +2631), ca4
(WiscDsLox508D11; insertion in Intron II at nucleotide +618) and ca6 (SALK_044658;
insertion in Exon V at nucleotide +691) were obtained from The Arabidopsis Biological
Resource Center (ABRC). Genotyping PCR reactions were performed using the primer pairs
CA1F-RT/CA1R-RT and CA1R-RT/LBa1 for ca1; CA4F-RT/CA4R-RT, and CA4R-RT/
LB-Wisc for ca4 and finally CA6F-RT/CA6R-RT and CA6F-RT/LBa1 for ca6
(Supplementary Table 1). To confirm the ht1-2 point mutation, the primers HT1-F and HT1-
R were used to amplify a 300bp PCR fragment from plant genomic DNA which was then
sequenced.

Time-resolved intact leaf stomatal conductance experiments with [CO2] shifts
Stomatal conductance recordings from intact, mature non senescent leaves of 5 to 7 week-
old plants were conducted starting 1 to 2 hrs after growth chamber light onset during
mornings using a Li-6400 infrared (IRGA)-based gas exchange analyzer system with a
fluorometer chamber (Li-Cor Inc., Lincoln, NE). Temperature and relative humidity were
held at 20°C and approximately 60% to 70% respectively, while photon flux density was 55
µmol m−2s−1 except for high light experiments (Supplementary Information, Fig. S1e, f)
where temperature was 22°C and photon flux density was 1000 µmol m−2s−1. Analyzed
leaves always covered the whole surface of the gas exchange analyzer chamber so that all
measurements would be dependent on the stomatal density and the stomatal aperture
responses in the chamber.

For stomatal closing experiments, stomatal conductance was stabilized at ambient [CO2]
(365 ppm) for 30 min then [CO2] was shifted to 800 ppm for 30 min or 60 min then changed
to 100 ppm for at least 30 min. For additional experiments, stomatal conductance was
stabilized at 400 ppm [CO2] for 30 min, then [CO2] was shifted to 100 ppm for 30 min and
then changed to 800 ppm. The data presented are means of at least 3 leaves per genotype per
treatment ± s.e.m. Relative stomatal conductance values were determined by normalization
relative to the last data point prior to the 365 to 800 ppm [CO2], 400 to 100 ppm [CO2]
transitions or the dark to blue light transitions.

Instantaneous water use efficiency (WUE) defined as the ratio of CO2 assimilated to water
lost during transpiration (µmol CO2 mmol−1 H2O−1) was calculated from data collected
with the Li-6400 gas exchange analyzer at ambient [CO2]. Three time points (first, medium
and last point under ambient conditions) were chosen for each leaf. P values were calculated
using Students t-test using two-tailed distribution and two-sample equal variance.

To calculate the initial rate of stomatal conductance changes in response to [CO2] shifts (n =
7; Fig. 1d) or dark/blue light transitions (n = 4, Fig. S2a; n = 5, Fig. S2b) in wild-type and
ca1ca4 or ca1ca4ca6 plants, Li-6400 data collected during the first 20 minutes following
[CO2] or blue light shifts were plotted and regression analyses were performed. These data
are the average of the slopes of 4, 5 and 7 fits ± s.e.m‥ P values were calculated using
unpaired t-test with two-tailed distribution and two-sample equal variance. Note that in the
ca1ca4ca6 triple mutant an additional later slow rate of stomatal conductance increase was
observed (Fig. S2b), whereas in the ca1ca4 mutant, normalized data show similar rates in
wild-type and mutant plants (Fig. 1f, Fig. S2a).
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Stomatal measurements
For responses to buffers pre-equilibrated with high CO2 (800 ppm) in balance with air or
control ambient air, intact submerged leaf epidermal layers were prepared with intact guard
cells and leaf pavement cells12. Stomatal apertures were analyzed only in stomatal
complexes with no mesophyll cells in their vicinity. Leaf epidermal layers were pre-
incubated for 1.5 h in pre-incubation buffer (10 mM MES, 10 mM KCl, 50 µM CaCl2, pH
6.15) and exposed continuously to the indicated CO2 conditions for 30 min or 60 min as
described previously12. As leaf epidermes were submerged in a solution volume of 7 ml, the
likelihood of diffusible signals emanating from distant cells was remote. Fig. 1g and Fig.
S2d correspond to 30 and 60 min CO2 exposure times respectively at pH 6.15. For responses
to ABA, epidermal layer were incubated in stomatal opening buffer (5 mM MES, 10 mM
KCl, 50 µM CaCl2, pH 6.15) for 3 h and exposed to the indicated ABA concentrations for
60 min. Thereafter stomatal apertures were measured. Data shown in Fig. 1g and Fig. S2d
were genotype blind analyses and in Fig. 1h were genotype and [ABA] blind analyses (n = 3
experiments, 30 stomata per experiment and condition). For stomatal index and density
analyses, 16 leaves for each genotype were analyzed per experiment from 4–5 week-old
plants of similar plant sizes grown in an AR-22L Arabidopsis growth chamber (Percival,
Iowa, 21°C, ~75% relative humidity, 320–340 ppm CO2, 16-h-light/8-h-dark photoperiod
regime at ~120 µmol m−2 s−1) and two areas (0.039mm2 ) in the middle region of abaxial
epidermes of each leaf were measured. Stomatal index was defined as 100% * number of
stomata / (number of stomata + number of epidermal cells) in each area.

Genomic and guard cell-targeted complementation of ca1ca4
For genomic complementation, the 4.5 Kb βCA1 (including 2077 bp-long 5’ region
upstream of the start codon) and 4.3 Kb βCA4 (including 1677 bp-long 5’ region upstream
of the start codon) genomic DNA fragments containing the βCA1 and βCA4 genes with their
flanking sequences were PCR-amplified from the BACs F4P13 (accession number
AC009325) and F17O7 (AC003671) and were recombined into the binary Gateway vector
pHGY (RIKEN Plant Science Center, Japan) by LR reaction (Invitrogen). For guard cell-
targeted expression of βCA1 and βCA4 cDNAs in wild type and ca1ca4, βCA1 and βCA4
full length cDNAs were amplified and recombined into the binary vector derivated from
pXCSG-Strep35, where the 35S promoter was replaced by the guard cell-targeted promoter
pGC122. For human αCAII cDNA expression in guard cells of ca1ca4 plants, the full-length
cDNA was amplified from the cDNA clone (SC107902) which was purchased from the
OriGENE (Rockville, MD) with primer pairs HmCAIIF/HmCAIIR and subcloned into the
modified binary vector pGreenII0179 with the pGC1 promoter.

RT-PCR and qRT-PCR analyses
Protoplasts of guard cells and mesophyll cells from wild-type and complementation plant
leaves were isolated as described previously 21 and total RNA samples from protoplasts and
leaves were isolated as described 36. RT-PCR shown in Fig. 4a; 5b; and Fig. S1a, S8b were
carried out for 30 cycles to amplify target sequences βCA1 (CA1F/CA1R), βCA4 (CA4F/
CA4R), βCA6 (CA6F/CA6R) and human αCAII (NM_000067) (HmCAIIF/HmCAIIR). For
Fig. 2b, RT-PCR experiments were carried out for 29 cycles with the primer pairs CA1F-
RT/CA1R-RT and CA4F-RT/CA4R-RT to amplify βCA1 and βCA4 respectively. For
quantitative real-time PCR (qRT-PCR), the cDNAs obtained as above were diluted five
times. Then, qRT-PCR was performed by using a LightCycler (Roche) with the SYBR
Green I detection system, under the following conditions: 95°C for 10 min; 45 cycles of
95°C for 5 s, 55°C for 5 s, and 72°C for 13 s; followed by melting curve analysis. EF-1α
(At5g60390) was selected as the reference gene according to 37. The primers for the six
βCAs genes as well as GC1 were designed according to 38 and are shown in Supplemental
Table 1. PCR mixture at a final volume of 10 µL contained 2 µL of cDNA, 0.5 µM of each
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primer, 4 mM Mg2+, and 1 µL of LightCycler-FastStart DNA Master SYBR Green I mixture
(Roche). Quantitative data analyses were performed with the LightCycler software 4.0
(Roche).

Water loss measurements
For water-loss measurements, the weight of detached leaves, incubated abaxial side up
under laboratory conditions was measured at the illustrated time points. Water loss was
calculated as the percentage of initial fresh weight. For whole plant dry weight analyses,
germinated plants were transferred to soil, 5 plants per pot (8.5×8.5×8.5 cm3). The soil filled
in each pot before planting was the same and adjusted by weighing. Plants were grown in a
growth room with 16-h-light/8-h-dark; the same amounts of water were applied to each pot.
For limited watering 5 ml water was added every 2 days to each pot. For well-watered plants
8 ml water was added every day to each pot. Four-week old plants were carefully removed
from the soil and washed, dried at 37°C for 5 days and dry weights were measured. Plant
genotypes were blinded to the experimenter.

Carbonic anhydrase activity analyses
0.5g of mature leaf samples from 5–7 week-old and non-senescent Arabidopsis plants were
ground in liquid nitrogen and immediately resuspended in 1 mL of extraction buffer (100
mM N, N-Bis 2-hydroxymethyl Gly)-NaOH buffer (pH 8.5), 20mM MgCl2, 1mM EDTA).
The lysate was cleared by centrifugation at 18,400 g for 10 min at 4°C. CA activity was
measured by the potentiometric method39 with some modifications. 50 µL of cell suspension
was added to 3 mL of 20 mM Tris-Sulfate buffer (pH 8.3) in a scintillation vial maintained
at 2°C. Addition of 2 mL of ice-cold CO2-saturated water initiated the reaction and the time
required for the pH change from 8.3 to 6.3 was measured.

Norflurazon-treated plants and analyses
Three to four week-old plants were watered once with a solution of ~67 µM norflurazon
which was fully absorbed into the plant soil system followed by normal watering. Newly
formed leaves showed chlorosis (bleaching) after one week. Norflurazon slowed the growth
of plants; therefore control plants used in experiments were 4–5 weeks old, but at the same
developmental stage as 6–7 week-old albino plants. Intact epidermal layers of control and
norflurazon-treated albino leaves were analyzed using confocal imaging, with an excitation
wavelength of 488 nm to measure chlorophyll fluorescence. The fluorescence intensity was
quantified (Fig. 3c) following background subtraction using ImageJ (freeware National
Institutes of Health, MD).

Photosynthetic activity measurements
Chlorophyll fluorescence (F) was measured using the fluorometer chamber of the Li-6400
system (LI-COR Inc, Lincoln, NE) with default settings. The Fv/Fm of pre-darkened leaves
(6 weeks old) was calculated as (Fm-F0)/Fm 40 (n = 10). The photochemical efficiency of
photosynthesis (ΦPSII) was determined by measuring steady-state fluorescence (Fs) and
maximum fluorescence during a light saturating pulse (F’m) 40 on fully expanded attached
leaves (n = 6). The leaves were adapted to low (50 µmol m−2 s−1) or high (2000 µmol m−2

s−1) illumination consisting of 90% red light (630 nm) and 10% blue light (470 nm). In
addition, the onset of photosynthetic activity was measured as CO2 assimilation rate (µmol
m−2 s−1) in pre-darkened leaves exposed to red light. Leaves were pre-darkened until they
showed stable stomatal conductance levels for a period of 30 minutes and then exposed to
300 µmol m−2 s−1 red light for 2 hrs (n = 6, 5–7 weeks old). Data presented as mean ±
s.e.m‥
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Patch clamp analyses
Arabidopsis guard cell protoplasts were isolated from rosette leaves of 4 to 6 week-old
plants using a protoplast isolation solution containing 1.0% Cellulase R10, 0.5%
Macerozyme R10 (Yakutt Horisha Co. Ltd, http://www.yakutt.co.jp/ypi/en/product.html),
0.5% bovine serum albumin, 0.1% kanamycin, 10 mM ascorbic acid, 0.1 mM KCl, 0.1 mM
CaCl2 and 500 mM D-mannitol (buffered to pH 5.5 using KOH). Whole-cell patch-clamp
experiments were performed as described previously 41. For analyses of S-type anion
currents, the pipette solution contained 150 mM CsCl, 2 mM MgCl2, 6.7 mM EGTA, 5 mM
Mg-ATP, 5 mM Tris-GTP, 1 mM HEPES/Tris pH 7.1, and CaCl2 was added to 2µM free
Ca2+. In analyses of intracellular bicarbonate/CO2 activation of S-type anion currents,
bicarbonate was freshly added to the pipette solution and the pH was adjusted to the
indicated value with Tris-HCl. The addition of 13.5 mM bicarbonate buffered to 2 mM free
CO2 and 6.75 mM bicarbonate buffered to 1 mM free CO2 in the pipette solution are
calculated at pH 7.1 according to 42, 43. The bath solution contained 30 mM CsCl, 2 mM
MgCl2, 5 mM CaCl2 and 10 mM Mes/Tris pH 5.6. In analyses of S-type anion channels
activated by extracellular bicarbonate/CO2, the addition of 2.4 mM bicarbonate buffered to 2
mM free CO2 and1.2 mM bicarbonate buffered to 1 mM free CO2 were added to the bath
solution at pH 5.6 adjusted with Tris-HCl. Before patch clamping, the guard cells were
incubated in CsHCO3-containing solution for 30–90 min. The bath solution contained 30
mM CsCl, 2 mM MgCl2, 5 mM CaCl2, Osmo 500 mmol/kg and 10 mM MES/Tris pH 5.6
and the pipette solution contained 150 mM CsCl, 2 mM MgCl2, 6.7 mM EGTA, 5 mM Mg-
ATP, 5 mM Tris-GTP, 6.03 CaCl2 ( 2µM free Ca2+), 1 mM HEPES-Tris and Osmo 500
mmol/kg, pH 7.1.

Subcellular localization of βCA-YFP protein
To generate the βCA1-YFP and βCA4-YFP constructs, 1061 bp βCA1 and 836 bp βCA4
cDNAs were amplified with the primer pairs CA1F/CA1YFPR and CA4F/CA4YFPR
respectively and cloned into the binary pXCSG-YFP44. The pXCSG-YFP vector containing
the plasma membrane targeted FLS2-YFP fusion was used as a positive control for
membrane localization and provided by Dr. Silke Robatzek (Max Planck Institute for Plant
Breeding Research, Cologne) (Robatzek et al., 2006). The pH35YG vector45 containing the
35S-YFP was used as a positive control for cytosol and nuclear localizations. Protoplasts
were prepared from infiltrated leaves as described46. Protoplasts were stained with 2µM
FM4-64 dye for 5 min to only stain the plasma membrane. Fluorescence imaging was
acquired by spinning-disc confocal microscopy. Images were captured with an electron
multiplying charge-coupled device (EMCCD) camera (Cascade II: 512, Photometrics,
Tucson, AZ, USA) using Metamorph software (Universal Imaging, Downington, PA, USA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Disruption of the carbonic anhydrases βCA1 and βCA4 greatly impairs CO2-induced
stomatal movements, but not responses to blue light and abscisic acid
(a) Phylogenetic tree (ClustalX 1.83) of Arabidopsis β-carbonic anhydrases (βCAs) and
corresponding average guard cell specific microarray expression data in brackets (Left, 8K
AG Genechips21; Right, ATH1 Genechips22). βCA1, βCA4 and βCA6 showed the highest
expression values among βCAs within guard cells as depicted in bold. βCA1 (At3g01500),
βCA2 (At5g14740), βCA3 (At1g23730), βCA4 (At1g70410), βCA5 (At4g33580) and βCA6
(At1g58180)24. (b) Relative transcript levels (compared to EF-1α, At5g60390) of the six
βCA genes in guard cells (GC) and mesophyll cells (MC) (qRT-PCR, n = 3 independent
biological replicates, ± s.e.m.). qRT-PCR data confirmed high expression of βCA1, βCA4
and βCA6 in guard cells. GC1, At1g2269022. (c–e) Time-resolved stomatal conductance
responses to [CO2] concentrations in wild-type (WT) and ca1ca4 mutant plants (c, d, n = 7;
e, n = 5 leaves). (c) shows normalized responses of those shown in d. * means significant
difference in the bracketed points between ca1ca4 and wild-type plants (P<0.05, unpaired
Students t-test). For initial rates of stomatal conductance changes in d: for 800 ppm to 100
ppm shift, dConductance/dt = 0.028 ± 0. 005 in wild type and 0.008 ± 0.002 in ca1ca4; in e:
for 100 ppm to 800 ppm shift, dConductance/dt = −0.034 ± 0. 004 in wild type and −0.005
± 0.009 in ca1ca4, mmol H2O m−2s−1, means ± s.e.m., P<0.05, unpaired t-test. (f) Analyses
of relative stomatal conductance responses to blue light and light-dark transitions in wild-
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type (WT) and ca1ca4 mutant plants (n = 4, ± s.e.m.). (g) High [CO2]-induced stomatal
closing is impaired in ca1ca4 mutant leaf epidermes (n = 4 experiments, 80 stomata per
condition), in which only guard cells and leaf pavement cells were alive and no mesophyll
cells were in the vicinity. Leaf epidermes were treated with 800 ppm CO2 for 30 min. Data
represent means ± s.e.m‥ (genotype blind analyses). * P<0.001, pairwise Student’s t-test.
See also Supplementary Information Fig. S2d for a 60 min treatment. (h) Stomata in ca1ca4
leaves close in response to abscisic acid (n = 3 experiments, 30 stomata per experiment and
condition). Data represent means ± s.e.m‥
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Figure 2. Introduction of wild-type genomic βCA complements the reduced CO2 sensitivity of
ca1ca4
(a) Catalytic carbonic anhydrase activity assays show a reduction by 65% in carbonic
anhydrase activity of the ca1ca4 double mutant (n = 16) compared to wild-type plants (n =
16). Means ± s.e.m., *P<0.05 compared to wild type, unpaired Student’s t-test. Residual
carbonic anhydrase activities were not significantly different between ca1 and ca1ca4
mutant plants (P>0.3, pairwise Student’s t-test). (b) RT-PCR analyses confirmed restoration
of βCA1 and βCA4 expression in ca1ca4 leaves transformed with genomic βCA1 or βCA4
constructs. Three independent randomly selected transgenic lines per genomic construct
were analyzed. Actin (At2g37620) was used as a control. (c) Complementation line with
genomic βCA1 construct exhibits recovery of [CO2]-regulated stomatal conductance
changes (n = 8 leaves for ca1ca4, n = 10 for WT and n = 4 for each complemented line).
Means ± s.e.m‥ (d) Complementation line with genomic βCA4 construct exhibits recovery
of [CO2]-regulated stomatal conductance changes (n = 8 leaves for ca1ca4, n = 10 for WT
and n = 4 for each complemented line). Experiments in c and d were performed in the same
experimental set with the same controls. Means ± s.e.m‥ Supplementary Information Fig. S3
shows four other independent transgenic lines analyzed in parallel.
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Figure 3. Photosynthesis is not directly linked to βCA-mediated CO2-triggered stomatal
responses
(a) Chlorophyll-deficient albino wild-type leaves were generated by watering with the
carotenoid biosynthesis inhibitor norflurazon. (b) Chlorophyll-deficiency in norflurazon-
treated albino leaf guard cells compared to wild type was analyzed using confocal
microscopy. (c) The absence of chlorophyll in albino guard cells was quantified by image
analyses of chlorophyll fluorescence intensity (n = 3, 12 stomata/sample). *P<0.001,
pairwise Student’s t-test. (d) The stomatal CO2 response to [CO2] changes was functional in
intact albino leaf epidermes (n = 7 experiments, 50 stomata/sample). Means ± s.e.m‥ (e) The
maximum efficiency of photosystem II (PSII)- Fv/Fm in dark-adapted leaves was unaffected
in ca1ca4ca6 mutant plants (n = 10, ± s.e.m.). (f, g) No difference was observed between
wild type (WT) and ca1ca4ca6 mutant plants with respect to the quantum yield of PSII
(ΦPSII) in leaves pre-adapted (f) at 50 µmol m−2s−1 (n = 6) or (g) at 2000 µmol m−2s−1(n =
6) photosynthetically active radiation. Means ± s.e.m. (h) Red light (300 µmol m−2s−1) -
induced CO2 assimilation of intact leaves was not impaired in ca1ca4ca6 plants (n = 6, ±
s.e.m.).
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Figure 4. βCA expression in ca1ca4 guard cells restores CO2 responses and βCA over-expression
plants show improved instantaneous water use efficiency
(a) RT-PCR analyses of βCA1 expression in guard cell (GC) and mesophyll cell (MC)
protoplasts of two ca1ca4 lines expressing βCA1 driven by the pGC1 promoter. GC, guard
cell; MC, mesophyll cell. KAT1, At5g46240, leaf guard cell marker; CBP, At4g33050,
mesophyll cell marker. (b) βCA1 expression in guard cells restores CO2 responsiveness in
intact leaves. CO2-induced stomatal conductance changes of guard cell-targeted line
CA1gc#1and ca1ca4 and wild-type plants from the same experimental set (n = 4). Fig. S7
shows CO2 responses of other independent transgenic lines. Note that the starting stomatal
conductance in guard cell-targeted lines was lower than that in wild type, probably because
pGC1 drives stronger expression in guard cells22 than the native βCA promoters (Fig. 1b).
(c) Stomatal conductance of βCA4 over-expressing lines and wild-type (WT) plants in
response to the indicated [CO2] changes (n = 4, ± s.e.m.). Fig. S8 shows other independent
transgenic lines analyzed in parallel. Experiments in (b) and (c) were performed in the same
experimental set with the same controls. (d) βCA1 and βCA4 over-expressing lines show
improved instantaneous water use efficiency (WUE, µmol CO2 assimilated per mmol H2O
transpired). n = 5, error bars depict means ± s.e.m‥ P<0.01(**) and P<0.05(*), compared to
wild type, pairwise Student’s t-test. (e) Rates of photosynthesis (CO2 assimilation) at
ambient (365 ppm) [CO2] in wild type and the analyzed βCA1 and βCA4 guard cell over-
expressing lines. Error bars depict means ± s.e.m‥
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Figure 5. HT1 epistasis analysis, human αCAII expression in guard cells restores CO2
responsiveness and HCO3

− regulation of anion channels
(a) Time-resolved stomatal conductance analyses in ca1ca4 (n = 4), wild-type (n = 4), ht1-2
(n = 7) and ca1ca4ht1-2 triple mutant (n = 7) leaves in response to the indicated [CO2]
changes, show that HT1 is epistatic to βCA1 and βCA4. (b) RT-PCR analyses show human
αCAII expression in randomly selected human αCAII transgenic ca1ca4 plant leaves. (c)
Stomatal conductance of guard cell-targeted human αCAII-expressing ca1ca4 lines, ca1ca4
and wild-type plants in response to the indicated [CO2] changes (n = 4, ± s.e.m.). Three
human αCAII-expressing lines were randomly chosen for stomatal response experiments and
all showed recovery of CO2 responsiveness. Fig. S10 shows two other independent
transgenic lines analyzed in parallel. (d) Elevated bicarbonate activates S-type anion channel
currents in Arabidopsis guard cells. Average current-voltage curves were recorded in wild-
type guard cells at ambient conditions (open circles) or with intracellular addition of either
13.5 mM bicarbonate, buffered to 2 mM free CO2 (filled red triangles) or 6.75 mM
bicarbonate, buffered to 1 mM free CO2 (filled circles). Error bars depict means ± s.e.m‥
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