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The central vacuole in a plant cell occupies the majority of the
cellular volume and plays a key role in turgor regulation. The vac-
uolar membrane (tonoplast) contains a large number of trans-
porters that mediate fluxes of solutes and water, thereby
adjusting cell turgor in response to developmental and environ-
mental signals. We report that two tonoplast Detoxification efflux
carrier (DTX)/Multidrug and Toxic Compound Extrusion (MATE)
transporters, DTX33 and DTX35, function as chloride channels es-
sential for turgor regulation in Arabidopsis. Ectopic expression of
each transporter in Nicotiana benthamiana mesophyll cells elicited
a large voltage-dependent inward chloride current across the to-
noplast, showing that DTX33 and DTX35 each constitute a func-
tional channel. Both channels are highly expressed in Arabidopsis
tissues, including root hairs and guard cells that experience rapid
turgor changes during root-hair elongation and stomatal move-
ments. Disruption of these two genes, either in single or double
mutants, resulted in shorter root hairs and smaller stomatal aper-
ture, with double mutants showingmore severe defects, suggesting
that these two channels function additively to facilitate anion influx
into the vacuole during cell expansion. In addition, dtx35 single
mutant showed lower fertility as a result of a defect in pollen-tube
growth. Indeed, patch-clamp recording of isolated vacuoles indi-
cated that the inward chloride channel activity across the tonoplast
was impaired in the double mutant. Because MATE proteins are
widely known transporters of organic compounds, finding MATE
members as chloride channels expands the functional definition of
this large family of transporters.

vacuole | root hair | stomata | drought

Within a plant cell, turgor pressure pushes the plasma
membrane against the cell wall to generate a specific cell

size and shape (1–3). Hence, turgor pressure is the driving force
for cell expansion and growth. At the tissue level, the structural
strength of tissues depends on both the cell wall rigidity and turgor
pressure in each cell. The tissues remain turgid when turgor
pressure rises and wilt when turgor falls below a certain threshold
(2–4). Therefore, turgor is essential for cell growth and mor-
phology, tissue architecture, and overall strength of all plants.
Positive turgor pressure is produced when osmolality of in-

tracellular content is higher than the extracellular environment
(apoplast), leading to water intake and cell swelling. Because most
living plant cells contain a large central vacuole that can occupy as
much as 90% of the cellular volume, vacuolar lumen provides the
major space for turgor regulation. Vacuoles also function as a de-
pository of xenobiotic and toxic compounds, minimizing toxicity in
the cytoplasm where sensitive biochemical processes take place.
Secondary metabolites and proteins involved in plant defense
against pathogens and herbivores are also kept in the vacuole and
released in response to attack and cellular damage (5). Vacuoles
play a critical role in pH regulation as well, with its own pH typically
around 5–6 because of action of H+-ATPases and pyrophosphatase
that pump protons into the lumen (6). In all cases, the tonoplast

transport proteins are key players that enable these functions. For
example, the tonoplast ATP binding cassette transporters are
responsible for detoxifying many secondary compounds from the
cytoplasm (7, 8). The chloride channel (CLC)–type ion channels
play a role in sequestration of anions, including nitrate and chlo-
ride, into the vacuole (9). Some cation channels and transporters
have also been shown to be present and in charge of cation fluxes
in and out of vacuoles (10–13). Last but not least, aquaporins
represent the most abundant tonoplast proteins that move water
across the vacuolar membrane to adjust turgor pressure (14).
The Detoxification efflux carrier (DTX)/Multidrug and Toxic

Compound Extrusion (MATE) transporters are conserved from
bacteria to plants and animals (15). Consistent with the diversity
of secondary metabolites in plants, a large and diverse family of
DTX/MATE proteins has been identified in plant genomes. The
Arabidopsis genome encodes at least 56 members in the DTX/
MATE family (16), among which several members have been
reported to function as transporters of organic acids and second-
ary metabolites. For example, AtDTX1 serves as an efflux carrier
of plant-derived alkaloids and antibiotics (16). The TT12 protein
works as a flavonoid/H+ antiporter in seed coat cells (17). The
FRD3 protein is a citric acid efflux transporter involved in effective
Fe3+ uptake (18). The EDS5 protein plays a role in the salicylic
acid (SA)-dependent pathogen response pathway and possibly
functions as an SA transporter responsible for SA release from
chloroplasts (19, 20). Our previous work indicates that AtDTX50
may serve as an abscisic acid (ABA) efflux transporter (21). A
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recent study indicates that DTX18 exports hydroxycinnamic acid
amides to the leaf surface, inhibiting germination of Phytophthora
infestans spores (22).
To explore the functional diversity of the large DTX/MATE

transporter family in plants and in particular, those in the vacuolar
membrane, we focus here on the characterization of two closely
related members, DTX33 and DTX35, which are localized to the
tonoplast. Surprisingly, these two members, unlike those reported
previously, function as typical anion channels that transport in-
organic anions, especially chloride. We further identified their
function as influx channels that facilitate chloride sequestration
into the vacuole. Genetic mutant analyses linked their function to
root-hair growth and stomatal movement in Arabidopsis.

Results
DTX33 and DTX35 Are Highly Similar Proteins Localized to the Tonoplast,
and Their Genes Are Widely Expressed in Arabidopsis Tissues. Since the
identification of AtDTX1 by bacterial complementation (16), we
have started a systematic analysis of functional redundancy of these
DTX/MATE family transporters. We approached their functional
relatedness based on their phylogenetic relations, expression pat-
terns, and subcellular locations. One proteomic study (23) identi-
fied six DTX proteins associated with the tonoplast. In the
phylogenetic tree, two of the members are closely related and
named as DTX33 and DTX35. We focused on these two members
and examined their functional relationship.
Because subcellular localization of a transporter is critical for

its function, we first examined their subcellular localization by
the GFP fusion approach to corroborate the proteomics results.
We made DTX33::GFP and DTX35::GFP fusion constructs un-
der the control of 35S promoter and transiently expressed them
in Arabidopsis suspension culture cells (24). Because these cells
lack chloroplasts, the plasma membrane and vacuolar membrane
were often separated by asymmetrical distribution of the cyto-
plasm. The DTX33-GFP and DTX35-GFP were clearly associated
with the vacuolar membrane as was AtTPK1-GFP, a well-known
tonoplast protein (25) (Fig. 1A). In the transgenic plants
expressing the DTX33-GFP or DTX35-GFP, we found that the
green fluorescence was particularly strong in stomatal guard

cells, although the 35S promoter was not supposed to drive
specific expression of the fusion protein. Nevertheless, guard cell
provided a model cell to examine the subcellular localization of
the fusion proteins. We found that DTX33-GFP and DTX35-
GFP were associated with guard cell periphery that was sepa-
rated from plasma membrane stained with FRIE MAO 4-64
(FM4-64) dye (Fig. 1B and Fig. S1). We further confirmed the
tonoplast localization by examining the fluorescence signals on
vacuoles released from Arabidopsis mesophyll protoplasts
transfected by the DTX-GFP constructs. The released vacuoles
after osmotic breakage of plasma membrane are still associated
with chloroplast clusters on the outside (shown by red auto-
fluorescence from chlorophyll) (Fig. 1C). Together, these results
confirmed the previously reported proteomic data that both
DTX33 and DTX35 are tonoplast proteins.
Another important feature that determines a gene function

is its expression pattern. To investigate the expression patterns
of the two genes encoding DTX33 and DTX35, we performed
real-time PCR assay and found that mRNA levels of both
genes are quite high in various tissues, including roots, leaves,
and flowers, suggesting that both genes are ubiquitously
expressed in a plant (Fig. 2 A and B). To assess the expression
of these genes in more detail, we fused their promoter regions
(2.0 kb upstream of the start codon) to the β-glucuronidase
(GUS) reporter and transformed the constructs into Arabi-
dopsis. We found that GUS activities driven by both gene
promoters were detected in a variety of plant tissues, including
roots, mesophyll cells, guard cells, inflorescence stems, and
flowers (Fig. 2 C and D). Furthermore, the overall expression
pattern of DTX33 and DTX35 was highly similar, suggesting
possible overlap of functions.

Expression of DTX33 or DTX35 in Nicotiana benthamiana Elicits a
Large Voltage-Dependent Chloride Current Across Tonoplast. Be-
cause DTX family proteins are transporters with a variety of
substrates, their physiological functions are tied to their trans-
port properties. To address the transport activity and substrate
specificity of DTX33 and DTX35, we need to express these
transporters in plant cells where the proteins are targeted to the

Fig. 1. DTX33 and DTX35 are both tonoplast pro-
teins. (A) Arabidopsis suspension culture cells were
transiently transformed with 35S-DTX33::GFP, 35S-
DTX35::GFP, or 35S-TPK1::GFP. (Left) GFP signals (green),
(Center) bight field image of the same cell (DIC), and
(Right) an overlay (GFP and DIC) of the same sample.
(Scale bar: 5 μM.) (B) Transgenic Arabidopsis plants
expressing 35S:DTX33-GFP and 35S:DTX35-GFP. (Left)
GFP signals (green), (Center) the plasma membrane
stained with FM4-64 (red), and (Right) an overlay
(green and red) from the same sample. (Scale bar:
20 μM.) (C) Vacuoles released from Arabidopsis meso-
phyll protoplasts that were transiently transformedwith
35S-DTX33::GFP and 35S-DTX35::GFP. (Scale bar: 5 μM.)
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vacuolar membrane so that their in situ activity can be measured.
Previous studies (26, 27) used agrobacterium-mediated trans-
formation of Nicotiana benthamiana mesophyll cells as a func-
tional expression system for vacuolar transporters. Although the
vacuoles isolated from these cells display endogenous transport
activity, overexpression of an exogenous transporter drives the
transport activity many folds over the background, thus making it
feasible to analyze the function and characteristics of the exog-
enous vacuolar transporters (28). To monitor the expression of
DTX33 or DTX35, we expressed the proteins as GFP fusions in
N. benthamianamesophyll cells. We then measured the transport
activity of isolated vacuoles from fluorescence-labeled cells by
patch-clamp procedure (28). Several studies indicated that DTX/
MATE-type proteins transport organic acids, such as citric acid
(18–22, 29). We examined the possibility that DTX33 and
DTX35 may function as anion transporters, like those reported
earlier. We performed the patch-clamp procedure under a
whole-vacuole configuration in bath solutions containing cation
BisTrisPropane (BTP) and various anions, including citric acid,
malate, chloride, nitrate, phosphate, sulfate, bromide, and glu-
tamate. BTP is generally impermeable, thus minimizing the
contribution of cation current (30). As documented previously,
an “inward” current is defined as movement of a positive charge
out of or a negative charge into the vacuole (31). We compared
the current amplitudes produced by various anions and found
that chloride consistently generated a large voltage-dependent
inward current. Compared with the endogenous background
expressing the empty vector, increases in Cl− current densities at
−160 mV were 4.4- and 5.1-fold for vacuoles overexpressing
DTX33-GFP and DTX35-GFP, respectively (empty vector: 2.6 ±
0.3 pA·pF−1, n = 11; DTX33-GFP: 11.5 ± 0.6 pA·pF−1, n = 7;
DTX35-GFP: 13.2 ± 0.7 pA·pF−1, n = 6) (Fig. 3 A–C). To further
address the anion selectivity of the currents observed in vacuoles
containing DTX33-GFP and DTX35-GFP, we performed a rapid
voltage ramp analysis (50 mV·s−1)to directly measure the re-
versal potentials of the currents. Replacing 100-mM Cl− bath
solution with different equimolar anions resulted in significant

shifts of the reversal potentials (Fig. S2). On the basis of reversal
potentials, the following relative permeability sequence was de-
rived (30): for DTX33, Br− (17.5 ± 2.0 mV) > Cl− (−2.2 ±
0.8 mV) > NO3

− (−12.5 ± 0.9 mV) ∼malate2− (−11.6 ± 1.3 mV) >
citrate3− (−17 ± 2.0 mV) > HPO4

2− (−34 ± 2.5 mV) ∼ SO4
2−

(−36 ± 2.8 mV) > glutamate2− (−71 ± 2 mV); for DTX35, Br−

(11.5 ± 1.0 mV) > Cl− (−3.2 ± 0.9 mV) >NO3
− (−9.5 ± 0.8 mV) ∼

malate2− (−12.6 ± 1.5 mV) ∼ citrate3− (−13.1 ± 2.0 mV) >
HPO4

2− (−33 ± 2.6 mV) ∼ SO4
2− (−37 ± 1.8 mV) > glutamate2−

(−56 ± 2.1 mV) (Fig. 3 D and E and Table S1). To study the
possible effect of anions in the vacuolar lumen on the channel
current, we substituted the vacuolar chloride with equal amounts
of malate and nitrate and found that the amplitudes of inward
Cl− currents did not change significantly (Fig. S3). To exclude
the possibility that DTX33 and DTX35 may function as a cation
transporter, thereby generating the channel currents observed,
we measured the potassium currents across the vacuolar mem-
brane using the N. benthamiana system transformed with DTX33-
GFP or DTX35-GFP. We found that the outward K+ currents (that
could contribute to the anion influx currents) observed in vacuoles
expressing DTX33-GFP or DTX35-GFP were not significantly
different from the vector control (Fig. S4). In conclusion, consid-
ering that most land plants do not use bromide as a functional
anion, the results from the above analyses indicate that DTX33 and
DTX35 exhibited highest selectivity for Cl− over other anions in
plants (Fig. 3 D and E). The DTX33 and DTX35 transporters were
not significantly permeable to organic acids, including citric acid
and malate, in contrast to the MATE transporters described pre-
viously, including those mediating aluminum tolerance (18–22, 29).
It is noteworthy that both DTX members are slightly permeable to
nitrate, which can be an abundant inorganic anion in plant cells
under certain soil conditions. It is, therefore, possible that nitrate
transport through these MATE proteins can be physiologically
relevant in the context of turgor regulation.
To investigate further the transport properties of DTX33 and

DTX35, we included various concentrations of Cl− in the bath
solution and found that DTX33- and DTX35-mediated currents
were highly dependent on cytosolic Cl− concentration (Fig. 4 A,
B, D, and E and Fig. S5). When cytosolic Cl− (as represented by
bath Cl−) reached a level symmetrical to that in the vacuolar
lumen (100 mM Cl−cyt/100 mM Cl−vac), the current amplitudes
of DTX33-GFP– and DTX35-GFP–expressing vacuoles were in-
creased by 14- and 16-fold, respectively, compared with the
current recorded under 1 mM Cl−cyt/100 mM Cl−vac condition
(Fig. 4 A, B, D, and E). The reversal potentials (Erev) of DTX33
and DTX35 currents shifted to more positive values with in-
creasing cytosolic Cl− concentrations, which correlated well with
the Nernst prediction of Cl− equilibrium potentials (Fig. 4 C and
F, Fig. S5, and Table S2). The agreement between measured
and predicted Nernst potentials for Cl− showed that DTX33 and
DTX35 behave as ion channels, mediating the passive transport
of Cl− across the vacuolar membrane.
We also analyzed the single-channel activities in membrane

patches detached from vacuoles isolated from N. ben-
thamiana mesophyll cells transformed with empty vector
(control), 35S:DTX33-GFP, or 35S:DTX35-GFP construct. Sin-
gle-channel activity was not detected in the patches from control
vacuoles under Cl−-based bath and pipette solutions (n = 10). In
contrast, we consistently recorded single-channel conductance in
all excised outside-out patches from vacuoles overexpressing
DTX33-GFP or DTX35-GFP (n = 12 for each construct). The
single-channel open probability (Po) of DTX33 or DTX35
depended on voltage and increased at more negative membrane
potentials (Fig. 5 A and B), which is in agreement with the whole-
vacuole measurements (Fig. 3A). As the membrane potential
shifted from −40 to −120 mV, the Po values of DTX33 and
DTX35 increased 10- and 7-fold, respectively (Fig. 5 A and B). The
single-channel current amplitudes also increased with more negative

Fig. 2. Expression patterns of DTX33 and DTX35. (A and B) Real-time PCR
analysis of mRNA levels of DTX33 and DTX35 in different tissues. Data rep-
resent mean ± SD. Fl, flower; Le, leaf; Rt, root; St, stem. (C) Expression
pattern of DTX33-GUS showing (a) 2-wk-old plant, (b) leaf, (c) guard cells, (d)
root, and (e) flower. (Scale bar: a and e, 5 mm; b and d, 0.5 mm; c, 50 μm.) (D)
Expression pattern of DTX35-GUS showing (a) 2-wk-old plant, (b) leaf, (c)
guard cells, (d) root, and (e) flower. (Scale bar: a and e, 5 mm; b and d,
0.5 mm; c, 50 μm.)
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tonoplast potentials, with 50- and 80-pS conductance, respectively, at
−120 mV (Fig. 5 A and B). The reversal potentials of the single
channels were −2 ± 2 and 0 ± 2 mV, respectively, in agreement
with the Nernst potential for Cl− [ENernst(Cl

−) = 0 mV] (Fig. 5 C
and D).

Disruption of DTX33 and DTX35 Expression Reduces Vacuolar Chloride
Influx. If DTX33 and DTX35 function as CLCs mediating chlo-
ride influx into the vacuolar lumen, disruption of these two genes
should reduce the chloride influx and thus, alter cell turgor
regulation and related physiological processes. To test this hy-
pothesis, we identified two transfer-DNA (T-DNA) insertional
mutant alleles for DTX33 (dtx33-1 and dtx33-2) and one allele for
DTX35 (dtx35). After obtaining homozygous mutants, we exam-
ined the transcript levels of these two genes and found that all
three mutants represented null alleles lacking a detectable level of
mRNA. Two double mutants, dtx33-1/dtx35 and dtx33-2/dtx35,
were obtained after crossing the single mutants, and they lacked
both DTX33 and DTX35 mRNA (Fig. 6 A and B).
To record channel activity across Arabidopsis vacuolar mem-

brane, we performed the patch-clamp procedure on isolated vac-
uoles from mesophyll cells of the WT, dtx33-1, dtx33-2, dtx35,
dtx33-1/dtx35, and dtx-2/dtx35 mutants. We conducted the experi-
ments using the same buffer (100 mM Cl−cyt/100 mM Cl−vac) and
the same protocol (−160 to +20 mV) as in the experiments with
N. benthamiana vacuoles. In the whole-vacuole recording from the
WT plants, a chloride current was observed. The inward rectifying
chloride current depended on negative voltage (Fig. 6C). The
mean current density at −160 mV was −3 pA/pF (Fig. 6D). We
performed the same experiments in dtx33-1, dtx33-2, dtx35, dtx33-
1/dtx35, and dtx33-2/dtx35 mutant lines. Although the chloride
currents of the three single mutants were moderately reduced, the

channel activities in the two double mutants were greatly reduced
(Fig. 6C). The mean current density recorded from the vacuoles of
these two double mutants was −0.5 pA compared with 3 pA in the
control at −160 mV (Fig. 6D). The result indicated that DTX33
and DTX35 are major channels that additively contribute to
voltage-dependent inward chloride current in the tonoplast.
We also measured the Cl− content of WT and mutant plants in

two treatment groups. In one group, plants grew on the 1/2
Murashige and Skoog (MS) medium (containing 3 mM Cl−) for
2 wk before their Cl− contents were measured. In the second
group, 2-wk-old plants grown on 1/2 MS medium were transferred
to 1/2 MS medium supplemented with 97 mMKCl (with a final Cl−

concentration of 100 mM) for 2 d before measuring Cl− content in
these plants. As shown in Fig. 6E, the Cl− content in the double
mutant was slightly lower than that in the WT when grown on
medium with 3 mM Cl−. However, when the plants were trans-
ferred to 100 mM Cl− for 2 d, Cl− accumulation in the double
mutants was severely reduced compared with that in the WT and
single mutants. We also measured the osmolality of plants of the
WT, dtx33-1/dtx35, dtx33-2/dtx35, dtx33-1, dtx33-2, and dtx35. The
osmolality of dtx33-1/dtx35 and dtx33-2/dtx35 was about 10% lower
than that of the WT. However, the single mutant of dtx33 or dtx35
showed no significant difference from the WT (Fig. S6). These
results indicated that lack of DTX33 and DTX35 reduced vacuolar
Cl− accumulation and osmolality of plant cells, resulting in lower
turgor pressure in double mutants.

DTX33 and DTX35 Function in Root-Hair and Pollen-Tube Elongation.
Vacuolar transport of anions is highly relevant to turgor pressure
regulation during cell expansion. DTX33 and DTX35 are tonoplast
anion channels that may function in turgor regulation of elon-
gating cells. We examined the expression pattern of the two

Fig. 3. DTX33 and DTX35 mediate chloride transport across the vacuolar membrane. (A) Representative whole-vacuole current of vacuoles isolated from
N. benthamiana mesophyll cells transformed by empty vector, DTX33-GFP, or DTX35-GFP. OE, over expression cell. (B) Recording protocol. From a holding
potential of 0 mV, a series of test voltages from −160 to 20 mV in steps of 20 mV was applied. Symmetrical chloride levels (100 mM Cl−cyt/100 mM Cl−vac) were
used in all recordings. (C) Current–voltage relationships from vacuoles as in A for vector control (n = 13), DTX33-GFP (n = 8), and DTX35-GFP (n = 7). Steady-
state currents were determined by averaging the first 50–100 ms of each current trace. The data represent mean ± SD. (D and E) Bar plots of reversal po-
tentials illustrating anion selectivity. The vacuolar side contains 100 mM Cl−, and a cytosolic solution contains 100 mM different anions (chloride, bromide,
nitrate, malate, citrate, phosphate, sulfate, or glutamate). Data are means ± SEM, and one-way ANOVA analysis was used to identify significant differences at
the P < 0.05 or 0.01 level. *P < 0.05; **P < 0.01.
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genes encoding these channels and found that they are widely
expressed in a variety of plant tissues, including those rapidly
elongating cell types, such as root hairs. A root hair is an out-
growth of a root epidermal cell in the mature zone of roots. The
development of a root hair starts with cell specification and hair
initiation followed by hair elongation, a process also called tip
growth (32). We showed that GUS activities driven by either
DTX33 or DTX35 promoter were strong in root hairs during the
early phase of hair elongation (Fig. 7A and Fig. S7). Interest-
ingly, when we focused on the same region of root hairs along the
developmental process, GUS activity in root hairs reached a
peak in 4-d-old plants, when root hairs were in rapid growth phase;
then, it decreased and eventually became undetectable when root
hairs stopped elongation in 14-d-old plants (Fig. 7 A–C). This
unique pattern of expression suggested that DTX33 and DTX35
may play a role in root-hair elongation, a polarized cell growth that
is known to be driven by turgor pressure. We then analyzed the
root-hair phenotype of the mutants lacking expression of each of
the genes or both of them. We found that the single mutants and
two double mutants exhibited shorter root hairs during early
growth phase when the seedlings were 4 d old (fourth day after
germination) (Fig. 7 D and E). When we examined the same re-
gion of the roots from these plants on the seventh day, we found
that root hairs of the single mutants continued to grow and
eventually reached similar lengths to those from the WT, but the
double mutant still displayed shorter root hairs (Fig. 7 D and F).
Root hairs of all plants were up to the same length when the plants
were 14 d old (Fig. 7 D and G). The delayed root-hair elongation
at the early stage precisely matched the expression pattern of the
two genes encoding the two tonoplast channels, suggesting that
DTX33 and DTX35 function in turgor regulation essential for
root-hair growth. The fact that mutant root hairs eventually
reached the same length as the WT suggested presence of other

unknown channels responsible for supplementing similar function,
especially in the later stage of root-hair development.
In addition to the function in root-hair elongation, the DTX35

was previously shown to play a role in reproduction (33). We also
observed lower fertility in the dtx35 single mutant (Fig. S8A).
This phenotype prompted us to examine further why the mutant
showed a fertility defect by checking the detailed expression
pattern of DTX35. The DTX35 promoter–GUS reporter was
strongly expressed in pollen grains and pollen tubes (Fig. S8B),
whereas the DTX33 promoter–GUS was not. When we analyzed
pollen germination and pollen-tube growth in vitro, we found
that pollen tubes from the dtx35 mutant were significantly
shorter compared with those of the WT (Fig. S8 C–E), but the
germination rate of dtx35 pollen grains was normal. Because
turgor pressure is the driving force for pollen-tube elongation as
well as root-hair growth, these results suggest that DTX35 and
DTX33 work together in root-hair elongation, but DTX35 (not
DTX33) plays a role during pollen-tube growth.

The dtx33/dtx35 Mutant Is Impaired in Stomatal Opening and
Becomes More Tolerant to Drought. In addition to expression in
root hairs, both DTX33 and DTX35 were also strongly expressed
in guard cells (Fig. 2 C, c and D, c) that also experience rapid
turgor changes during stomatal movements. It is thus plausible
that DTX33 and DTX35 may also be involved in the control of
stomatal opening that requires turgor-driven expansion of the two
guard cells. To test this hypothesis, we measured the rate of water
loss from rosette leaves of the WT and various mutants at 23 °C
with 60% humidity under light. We found that detached leaves
from both double-mutant plants, dtx33-1/dtx35 and dtx33-2/dtx35,
lost water more slowly than those of WT plants and single mutants
(Fig. 8A and Fig. S9A). In the 4-h duration, detached leaves of
double mutants (dtx33-1/dtx35 and dtx33-2/dtx35) lost 35% of fresh

Fig. 4. The DTX33- and DTX35-mediated currents in N. benthamiana vacuoles are dependent on chloride concentration. (A) The typical whole-vacuole current
traces generated by a DTX33-GFP–expressing vacuole bathed in solution containing 1, 10, 30, 50, or 100 mM chloride. (B) The current–voltage relationship was
deduced from recordings of DTX33-GFP–expressing vacuoles as in A. The data are mean ± SD (n = 15). (C) Nernst potentials for Cl− compared with observed
reversal potentials (DTX33) under different chloride concentrations. The linear fit of the data points presents a slope of 1.11 ± 0.12. (D) The typical whole-vacuole
current traces generated by a DTX35-GFP–expressing vacuole bathed in solution containing 1, 10, 30, 50, or 100 mM chloride. (E) The current–voltage relationship
was deduced from recordings of DTX35-GFP–expressing vacuoles as in D. The data are mean ± SD (n = 15). (F) Nernst potentials for Cl− compared with observed
reversal potentials (DTX35) under different chloride concentrations. The linear fit of the data points presents a slope of 1.04 ± 0.12.
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weight and the single mutants (dtx33-1 and dtx35) lost about 50%
compared with WT leaves, which lost about 60% fresh weight
(Fig. 8A). We further measured stomatal conductance of leaves on
intact plants that were grown under a normal light–dark cycle.
When the plants from the dark period were exposed to the light
(130 μmol m−2 s−1) to induce stomatal opening, stomatal conduc-
tance was lower in the mutants, especially dtx33-1/dtx35 and dtx33-2/
dtx35 double mutants, compared with the WT (Fig. 8B). Stomatal
conductance in the single mutants was again slightly lower than in
the WT, indicating that both channels contribute to cell turgor in an
additive manner. When plants were transferred to the dark, theWT
and mutants showed similar rate of stomatal closing.
We also carried out experiments with epidermal strips in

different buffers to compare mutants with WT plants in sto-
matal movements. We placed the leaves of the WT and mu-
tants in the stomatal opening buffer containing 5 mM Cl− and
incubated them in the dark. Stomata of dark-incubated leaves
were closed, and no difference was found between the WT and
mutants. When exposed to light for 3 h, peeled epidermal strips
of dtx33-1/dtx35 and dtx33-2/dtx35 exhibited smaller stomatal
aperture than the WT. Interestingly, when exposed to light in
the stomatal opening buffer with an increased Cl− concentra-
tion (30 mM) for 3 h, WT leaves showed larger stomatal ap-
erture compared with those incubated in 5 mM Cl−. However,
the double mutants showed smaller stomatal aperture in both
cases, and no difference was observed between samples in 5 or
30 mM Cl− (Fig. 8C). This result suggests that Cl− accumula-
tion into the vacuole contributes to turgor regulation and that
lack of DTX33 and DTX35 reduced Cl− influx, thereby lower-
ing the driving force for stomatal opening. Furthermore, ABA-
induced stomatal closing, like dark-induced closing, was not
altered in the double mutants compared with the WT.
To examine whether the difference in stomatal conductance

between the WT and the mutants affected their water-holding ef-

ficiency under physiological conditions, we tested drought tolerance
in the WT, two double mutants (dtx33-1/dtx35 and dtx33-2/dtx35),
and two complementation lines (dtx33-1/dtx35 complemented by
35S-DTX33 and dtx33-1/dtx35 complemented by 35S-DTX35). Af-
ter withholding water for 10 d from 8-wk-old plants under short-day
8-/16-h greenhouse conditions, we found that double-mutant plants
wilted more slowly than the WT and complementation lines (Fig.
8D). Prolonged drought treatment revealed more clear differ-
ence between the WT and the double mutant (Fig. S9B). Taken
together, these results indicate that DTX33 and DTX35 play a
significant role in the control of stomatal opening, thereby con-
tributing to the gas exchange function of the plants.

Discussion
Plant cell growth and stature are determined by turgor pressure
largely produced by concentrated solutes in the vacuolar lu-
men. A large number of transport proteins in the tonoplast
control the trafficking of solutes in and out of the vacuole,
providing a molecular network that regulates turgor pressure.
To understand the molecular mechanism underlying cell
growth and turgor regulation, it is essential that the function of
these transporters be dissected. Here, we report identification
of two tonoplast MATE-type proteins that function as CLCs
essential for turgor regulation in plants.
Organic compounds, including a number of therapeutic

drugs, have been shown to be substrates of MATE transporters
in bacteria and animals (15, 34, 35). The MATE/DTX proteins
in plants constitute a superfamily, and some of them have been
shown to transport organic acids or secondary metabolites (16–
22, 29, 36). For example, MATE proteins play a role in alu-
minum tolerance by mediating citric acid efflux from root cells
(29, 37–40) to chelate Al3+ (29, 35–39). So far, however, none
of the MATE proteins from any organism have been shown to
transport inorganic anions. Finding DTX33 and DTX35 as

Fig. 5. The DTX33- and DTX35-mediated currents in N. benthamiana vacuoles are voltage-sensitive. (A) The Po of DTX33-GFP–expressing vacuole single
channels in excised outside-out patches at different voltages. (Left) Representative current traces and (Right) corresponding amplitude histograms recorded
at (Left) membrane potentials of 0, −40, −80, or −120 mV. The conductance (γ) was calculated as the current to voltage ratio. (B) The Po of DTX35-GFP–
expressing vacuole single channels in excised outside-out patches at different voltages. (Left) Representative current traces and (Right) corresponding am-
plitude histograms recorded at (Left) membrane potentials of 0, −40, −80, or −120 mV. The conductance (γ) was calculated as the current to voltage ratio.
(C) Current–voltage relationship of DTX33-GFP–expressing vacuole recordings from eight excised outside-out patches under various membrane potentials.
Data are mean ± SD. (D) Current–voltage relationship of DTX35-GFP–expressing vacuole recordings from eight excised outside-out patches under various
membrane potentials. Data are mean ± SD.
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CLCs in this study is significant, because it breaks the dogma
that DTX/MATE proteins are transporters of organic com-
pounds. Our work thus expands the diversity of substrates for
plant MATE transporters, extending the function of this large
family of transporters to basic turgor regulation in addition to
detoxification of secondary metabolites and heavy metals as
originally proposed (16). This finding also adds a family to the
list of anion/CLCs that includes the previously known voltage-
gated CLC family, aluminum-activated malate transporters
(ALMTs), and slow-type anion channels (SLACs).
In the context of multiple anion channel families, it will be

particularly important to sort out the physiological functions of

individual channel family. The CLC family proteins are con-
served in species from bacteria to human and function as Cl−

channels or Cl−/H+ antiporters (41). Based on several studies on
the two model plants Arabidopsis and rice, members of the CLC
family have been proposed to function as anion channels/trans-
porters. Four of seven CLC members in Arabidopsis are localized
to tonoplast (9). Combining electrophysiological and genetic
approaches, De Angeli et al. (30) showed that AtClCa functions
as an NO3

−/H+ exchanger responsible specifically for nitrate
transport into the vacuole and that it is involved in nitrate ho-
meostasis between cytoplasm and vacuole (9, 42). The CLCc
protein can transport both nitrate and chloride and is involved in
chloride homeostasis in guard cells (43, 44). The ALMTs were
first identified in wheat (TaALMT1) and rape seed (45, 46),
where these ALMT proteins mediate malate efflux to detoxify
soil-borne Al3+ by chelating the toxic cation (47). In Arabidopsis,
ALMT genes are categorized into three clades according to se-
quence comparison (47). The first clade has the highest homol-
ogy to TaALMT1, and within this group, AtALMT1 is crucial for
aluminum tolerance (48). It is shown that genes in the second
clade, such as AtALMT6 and AtALMT9, give rise to vacuolar
anion channels (28, 49), whereas those of the third clade, in-
cluding QUAC1, encode plasma membrane R-type channels
found in various cell types, including guard cells (50, 51). The
SLACs are first identified from Arabidopsis and show weak ho-
mology to the tellurite resistance multidrug transporter TehA
from Haemophilus influenzae and the malate transporter Mae1
from fission yeast (52). Studies place SLAC1 family channels as
key regulators of guard cell turgor and thus, stomatal movements
in response to various signals, including high CO2 and ABA (53–
55). Both SLAC1 and SLAH3 are localized in the plasma mem-
brane of guard cells and mediate the efflux of anions (chloride and
nitrate) to regulate stomatal closure (56–59).
Identifying the function of DTX33 and DTX35 as tonoplast

chloride/anion channels expands the repertoire of anion chan-
nels in plant cells in general and vacuolar anion channels in
particular. What is the specific function of DTX33 and DTX35
(and possibly, other DTX members in the same category) in
vacuolar turgor regulation? To date, CLCa, CLCc, ALMT9, and
ALMT6 are known to function as tonoplast transporters/chan-
nels that may function in a similar way as DTX33 and DTX35, in
that they all mediate anion influx into the vacuole. Although
CLCa specifically transports NO3

−, it functions as 2NO3
−/1H+

exchanger (30). ALMT6 and ALMT9 are anion channels that
are permeable to various anions, including Cl− and malate.
Studies indicate that both ALMT6 and ALMT9 function as an-
ion channels for turgor regulation in guard cells controlling
stomatal opening. The ALMT6 protein transports malate and
fumarate, which are present in guard cells in large quantities
(49). The ALMT9 protein is a malate-activated CLC in guard
cells (26). Under certain conditions, CLCa and its homologs may
also play a role in stomatal movement (44, 60). Our study here
shows that DTX33 and DTX35, although structurally unrelated
to ALMTs or CLCs, are both CLCs that function in turgor
regulation in guard cells. However, DTX33 and DTX35 have
specific properties that are different from known channels. Un-
like some CLC family members that function as anion H+ anti-
porters, the measured reversal potentials of DTX33 and DTX35
are in total agreement with the theoretical Nernst potentials
under different ionic conditions (Fig. 4 C and F), indicating that
DTX33 and DTX35 function as ion channels. Because homologs
of DTX33 and DTX35 are present in many plants (Figs. S10 and
S11), we believe that DTX channels are generally important for
turgor regulation in the plant kingdom. We noted that the ac-
tivity of these channels can be regulated by vacuolar pH changes,
reminiscent of the pH dependence observed with ALMT6 (49)
(Fig. S12). Meanwhile, compared with ALMT family members,
DTX33 and DTX35 exhibit the highest selectivity for Cl− over

Fig. 6. Whole-vacuole Cl− currents are impaired in vacuoles isolated from
mutant plants lacking dtx33 and dtx35. (A) Schematic map of the dtx33 and
dtx35 insertion mutants used in this study. (B) RT-PCR analysis of mRNA
levels in the WT; dtx33-1, dtx33-2, and dtx35 single mutants; and dtx33-1/
dtx35 and dtx33-2/dtx35 double mutants. The total RNA samples were
extracted from Arabidopsis rosette leaves of 4-wk-old plants in soil. (C) Rep-
resentative traces of the currents recorded in whole-vacuole configuration
from Col-0, two double mutants (dtx33-1/dtx35 and dtx33-2/dtx35), and three
single mutants (dtx33-1, dtx33-2, and dtx35). With a holding potential of 0 mV,
currents evoked on 20-mV steps in the voltage range from −160 to +20 mV.
(D) Corresponding I-V curves (Col-0, n= 21; dtx33-1, n= 15; dtx33-2, n= 13; dtx35,
n = 17; dtx33-1/dtx35, n = 14; dtx33-2/dtx35, n = 12). Steady-state currents
were determined by averaging the last 100 ms of each current trace for inward
currents. Data present mean± SD. (E) Cl− contents in the plants of Col-0, dtx33-
1/dtx35, dtx33-2/dtx35, dtx33-1, and dtx35. The white bars denote plants
grown under 3 mM Cl−, and the gray bars indicate plants grown under 3 mM
Cl− for 2 wk and transferred to 100 mM Cl− for 2 d before the whole plants
were harvested and used for measuring Cl− contents. Five independent ex-
periments were carried out, and data represent mean ± SD.
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other anions in plants (Fig. 3 D and E) but are not significantly
permeable to organic acids, such as citric acid and malate. In-
terestingly, mutations in ALMT or DTX channels all lead to de-
fects in stomatal opening to a certain degree, suggesting that these
channels function in turgor regulation of guard cells but not in a
redundant fashion. It will be interesting to dissect their individual
contributions to guard cell physiology by producing stacking mu-
tants combining the mutations and comparing with each individual
mutant. Without doubt, a complex battery of channels in the to-
noplast works together to fine-tune cell turgor, so that plant cells
can adapt to constantly changing environments.
In addition to guard cells, the DTX channels are also highly

expressed in root hairs, especially in the early stage of root-hair
development. Indeed, these DTX channels participate in root-
hair elongation at least during the early phase. Through this
work, we realized that other channels/transporters are also in-
volved in the control of root-hair turgor pressure, because dis-
ruption of both DTX channels failed to affect the length of
mature root hairs. Identifying the other players in this process
will help clarify the individual contributions of multiple channels/
transporters to turgor regulation in root hairs, a model system
for studying polarized cell elongation.
A wide-spreading pattern of expression of DTX33 and DTX35

warrants additional analysis of their function in other cell types
in addition to guard cells and root hairs. In this regard, an earlier
study shows that lack of DTX35 affects pollen development and

flavonoid content in flowers, leading to the hypothesis that DTX35,
like TT12, may be a flavonoid transporter (33). We also observed
fertility defects in the dtx35 mutant. Furthermore, when pollen
grains were cultured and germinated in vitro, pollen tubes of dtx35
mutant grew more slowly compared those of the WT (Fig. S8). We,
therefore, hypothesize that the fertility defect in the mutant may
have derived from reduced pollen tube growth, which as in the case
of root-hair growth, also requires proper turgor pressure to drive
cell elongation. To our knowledge, function of tonoplast channels
in pollen-tube growth has not been previously reported, and ad-
ditional analysis along this line will shed light on the contribution of
vacuolar transport in polar growth. It will not be surprising if these
channels are found to contribute to turgor regulation in many other
cell types and under various environmental conditions. Further-
more, finding the two DTX/MATE transporters as CLCs raises the
possibility that other MATE proteins may also function as ion
channels, which should be addressed in future studies.

Materials and Methods
Plant Materials and Growth Conditions. All Arabidopsis plants were grown in
soil under greenhouse conditions (22 °C; 16-/8-h light–dark cycle for long
day; 8-/16-h light–dark cycle for short day; 80–100 μmol m−2 s−1 light in-
tensity) or on 1/2 MS medium containing 0.5% sucrose and 0.8% agar in the
growth chamber (22 °C/18 °C; 16-/8-h light–dark cycle; 80 μmol m−2 s−1 light
intensity). Mutant seeds were obtained from the Arabidopsis Biological
Resource Center (dtx33-1 as SALK_084030, dtx33-2 as SALK_131275, and
dtx35 as SALK_104224).

Fig. 7. The double mutants showed delayed root-hair elongation. (A) GUS staining shows the expression of DTX33 and DTX35 in root hairs at different
developmental stages. (Scale bars: 4 d, 50 μm; 7 and 14 d, 0.1 mm.) (B and C) Quantification of GUS activity in the root hairs of transgenic Arabidopsis plants
containing the DTX33 (B) and DTX35 (C) promoter–GUS construct. ImageJ software was used to quantify the GUS signals in the root hairs of two transgenic
lines (lines 1 and 2) at different ages. Three plants from each line were used for the analysis in one experiment. The experiment was repeated three times with
similar results. Data are means ± SEM, and Student’s t test was used to identify significant differences at the P < 0.05 or 0.01 level. *P < 0.05; **P < 0.01.
(D) Images of roots from 4-d-old Col-0, dtx33-1/dtx35, dtx33-2/dtx35, dtx-1, and dtx35. (Scale bars: 4 d, 0.25 mm; 7 d, 0.3 mm; 14 d, 0.2 mm.) (E–G) Comparison
of the root-hair lengths of Col-0 and mutant plants at 4, 7, and 14 d. Mutant lines were dtx33-1/dtx35, dtx33-2/dtx35, dtx33-1, and dtx35. The bar graphs show
average lengths of 400 (Col-0), 232 (dtx33-1/dtx35), 201 (dtx33-2/dtx35), 180 (dtx33-1), and 355 (dtx35) root hairs for 4-d-old plants (E); 280 (Col-0), 165 (dtx33-
1/dtx35), 186 (dtx33-2/dtx35), 158 (dtx33-1), and 213 (dtx35) root hairs for 7-d-old plants (F); and 210 (Col-0), 155 (dtx33-1/dtx35), 167 (dtx33-2/dtx35), 138
(dtx33-1), and 198 (dtx35) for 14-d-old plants (G). Data are means ± SEM, and Student’s t test was used to identify significant differences at the P < 0.05 or P <
0.01 level. *P < 0.05; **P < 0.01.
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Subcellular Localization of DTX33::GFP and DTX35::GFP Fusion Proteins.
pCambia1302-35S-DTX33::GFP, pCambia1302-35S-DTX35::GFP, and pCam-
bia1302-35S-GFP constructs were introduced into Arabidopsis suspension
culture or Arabidopsis mesophyll protoplasts by the PEG-mediated trans-
fection procedure (24). Protoplast cells were resuspended in 1 mL W5 wash
solution (containing 154 mM NaCl, 125 mM CaCl2, 5 mM MgCl2, 2 mM MES
adjusted to pH 5.7 with KOH) and cultured for 18 h in the dark at room
temperature. Confocal images were captured using Zeiss Live 5 equip-
ment. The fluorescence signals were excited at 488 nm for GFP. The pri-
mers used are summarized in Table S3.

GUS Activity Assay. GUS activity was detected by histochemical staining of
tissues as previously described (61). The GUS-stained plants were examined
under the microscope (Zeiss Stemi SV11), and digital images were captured
using the Zeiss Axio Vision software.

Ectopic Expression of DTX33-GFP and DTX35-GFP in N. benthamiana and Isolation
of Mesophyll Vacuoles. The DTX33 and DTX35 cDNAs were cloned into the
pCambia1302 vector and transformed into agrobacterium GV3101 for in-
filtration of N. benthamiana leaves (62). Three days after infiltration, the me-
sophyll protoplasts from transformed tobacco leaves were released by an
enzymatic digestion, and vacuoles were further released from the protoplasts
as described previously (26).

Patch-Clamp Recordings on Mesophyll Vacuoles. Patch-clamp experiments on
mesophyll vacuoles were performed in whole-vacuole and excised cytosolic

side-out configurations as described previously (27, 63). Additional details are
described in SI Materials and Methods.

Cl− Content Measurement. Cl− contents were determined by a modified silver
titration method that has been described previously (64).

Observation of Root-Hair Growth Phenotypes. Root-hair length was measured
as described (65) with modifications. Portion of the root with uniform root
hairs was digitally photographed with a stereomicroscope (MZ FLIII; Leica).
The length of 10 consecutive hairs protruding perpendicularly from each
side of the root for a total of 20 hairs from both sides of the root was cal-
culated using LAS software, version 2.8.1 (Leica).

Measurement of Stomatal Conductance and Stomatal Aperture. To analyze
stomatal responses to light–dark transitions, we chose mature nonsenescent
leaves of 6-wk-old plants for gas exchange experiments using a Li-6400 IR
(IRGA) Gas Exchange Analyzer. The experiments were conducted under
22 °C and 60% humidity conditions as described previously (26). Stomatal
aperture measurements are described in SI Materials and Methods.
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Fig. 8. The dtx33 and dtx35 mutants are impaired in stomatal opening and show altered drought tolerance. (A) Time course of water loss from the detached
leaves of 4-wk-old Col-0, dtx33-1/dtx35, dtx33-2/dtx35, dtx33-1, and dtx35 plants. Water loss rate is shown as a percentage of the initial fresh weight at indicated
intervals. Three independent experiments were carried out, and three plants were used for each experiment. The mean values of three measurements are shown
with error bars (± SD). (B) Time course of stomatal conductance of Col-0, dtx33-1/dtx35, dtx33-2/dtx35, dtx33-1, and dtx35 plants during light-induced opening.
Plants were preincubated under dark and 400 ppm CO2; 130 μmol m−2 s−1 light was given, and transpiration rate was recorded for 50 min and then, returned to
dark. The mean values of three measurements are shown with error bars (± SD). (C) Stomotal aperture of Col-0, dtx33-1/dtx35, dtx33-2/dtx35, dtx33-1, and dtx35
plants in the presence of 5 or 30 mM Cl− or 10 μM ABA. Three independent experiments were carried out, and about 50 guard cells were measured for each
sample in each experiment. Data are means ± SD. (D) Photographs of 8-wk-old short-day plants of Col-0 and dtx33-1/dtx35 and dtx33-2/dtx35 double mutants
and complemented lines transformed with 35S-DTX33 (C1) or 35S-DTX35 (C2) grown under (Upper) normal conditions or (Lower) 10 d after withholding water.
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