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The ability to control the cytoplasmic environment is a prerequisite for plants to cope with changing environmental conditions.
During salt stress, for instance, Na+ and Cl2 are sequestered into the vacuole to help maintain cytosolic ion homeostasis and
avoid cellular damage. It has been observed that vacuolar ion uptake is tied to fluxes across the plasma membrane. The
coordination of both transport processes and relative contribution to plant adaptation, however, is still poorly understood.
To investigate the link between vacuolar anion uptake and whole-plant ion distribution during salinity, we used mutants of the
only vacuolar Cl2 channel described to date: the Arabidopsis (Arabidopsis thaliana) ALMT9. After 24-h NaCl treatment, almt9
knock-out mutants had reduced shoot accumulation of both Cl2 and Na+. In contrast, almt9 plants complemented with a mutant
variant of ALMT9 that exhibits enhanced channel activity showed higher Cl2 and Na+ accumulation. The altered shoot ion
contents were not based on differences in transpiration, pointing to a vacuolar function in regulating xylem loading during
salinity. In line with this finding, GUS staining demonstrated that ALMT9 is highly expressed in the vasculature of shoots and
roots. RNA-seq analysis of almt9 mutants under salinity revealed specific expression profiles of transporters involved in long-
distance ion translocation. Taken together, our study uncovers that the capacity of vacuolar Cl2 loading in vascular cells plays a
crucial role in controlling whole-plant ion movement rapidly after onset of salinity.

Solute fluxes across the vacuolar membrane are at the
center of plant performance and survival in fluctuating
environmental conditions. The large central vacuole
serves as a storage reservoir that accumulates and re-
leases ions as well as metabolites according to demands.
The physical and functional plasticity of the vacuole
enables plants to use energy and nutrients efficiently and
maintain optimal physiological conditions in the cytosol.
Vacuolar storage capacity regulates intracellular ion
homeostasis but also influences whole-plant ion ac-
cumulation and distribution. For example, nhx1 nhx2

mutant plants lack twomajorNa+ andK+/H+ antiporters
at the tonoplast and show lower tissue K+ accumulation
(Barragán et al., 2012). Similarly, Arabidopsis (Arabi-
dopsis thaliana) mutants deficient in the vacuolar NO3

2/
H+ exchanger CLCa (De Angeli et al., 2006) have di-
minished nitrate (NO3

2) contents in shoots and roots
(Geelen et al., 2000; Monachello et al., 2009). Manipu-
lating ion fluxes through the application of high ionic
concentrations (for instance NaCl stress) can reveal the
functional role of the vacuole in the coordination of ion
movement at the whole-plant level.

Salinity has a negative impact on plant development,
and this is based on an osmotic and an ion toxicity effect
(for review, see Teakle and Tyerman, 2010; Munns and
Tester, 2008). Although salt stress responses and ad-
aptation mechanisms were investigated with a focus on
Na+ toxicity and accumulation (Craig Plett and Møller,
2010), Cl2 ions similarly interfere with metabolic pro-
cesses, in particular in photosynthetic tissue (Tavakkoli
et al., 2010, 2011; Geilfus et al., 2015; Genc et al., 2016).
To mitigate the damaging effects of salinity, the
movement of toxic ions across cellular membranes is
tightly regulated. At the whole-plant level, plants re-
strict shoot ion accumulation by controlling net ion
uptake and xylem loading (Britto et al., 2004; Møller
and Tester, 2007; Brumós et al., 2010; Craig Plett and
Møller, 2010; Teakle and Tyerman, 2010). Recirculation
of ions to the roots via the phloem does not significantly
contribute to the reduction of Na+ and Cl2 levels in leaf
tissue (Munns, 2002; Davenport et al., 2007). The ability
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of shoot ion exclusion is limited. Therefore, plants al-
locate toxic ions to specific cells or sites within the
shoots to adapt to salinity. Indeed, Na+ and Cl2 accu-
mulate preferentially in old leaves (Sibole et al., 2003;
Craig Plett and Møller, 2010), leaf margins (Shapira
et al., 2009), and epidermal cells (Huang and Van
Steveninck, 1989; Karley et al., 2000a, 2000b; James
et al., 2006) to protect photosynthetically active cells.
Consequently, the controlled loading of Na+ and Cl2

into xylem vessels of the vasculature system in roots
and shoots majorly determines long-distance ion
movement such as root-to-shoot translocation and
distribution within the shoots during salinity. Despite
the knowledge of these physiological adaptation strat-
egies to salt stress, the core molecular machinery un-
derlying the regulation of ion uptake, xylem loading,
and partitioning is only slowly being identified.

At the cellular level, plants are capable of sequester-
ing toxic ions into the vacuoles to minimize harm once
ions have accumulated to high concentrations during
salt stress (James et al., 2006; Munns and Tester, 2008).
Several transport proteins localized at the tonoplast
have been suggested to facilitate intracellular ion par-
titioning and thereby regulate cellular ion homeostasis
(Martinoia et al., 2007; Martinoia et al., 2012). However,
only few transporters involved in vacuolar ion uptake
during salinity have been studied. The two vacuolar
cation/H+ antiporters NHX1 and NHX2 contribute to
salinity tolerance in several plant species (Munns and
Tester, 2008, and references therein). Subsequently, a
role of these NHXs in vacuolar Na+ sequestration has
been challenged by findings suggesting their cellular
function in K+ compartmentation (Leidi et al., 2010;
Jiang et al., 2010). With respect to intracellular Cl2 up-
take, two members of the channel and transporter
protein family CLC (Chloride Channel), CLCc and
CLCg, have been shown to be involved in salinity tol-
erance (Jossier et al., 2010; Nguyen et al., 2016). Besides
the importance of fluxes across the tonoplast, transport
proteins localized to other endomembranes such as the
trans-Golgi network have been implicated in salinity
adaptation mechanisms (Krebs et al., 2010; Bassil et al.,
2011; Henderson et al., 2015). Yet, the limited knowl-
edge about salt stress-related endomembrane trans-
porters and their functional roles, especiallywith regards
to Cl2 sequestration, restricts our understanding of the
contribution of intracellular ion homeostasis to long-
distance ion fluxes and salinity adaptation mechanisms.

The ALMT (Aluminum-activated Malate Trans-
porter) protein family is unique to plants and encodes
channels able to mediate anion fluxes across cellular
membranes (Barbier-Brygoo et al., 2011). In clade II
of the Arabidopsis ALMT family, two ion channels
were shown to be localized at the tonoplast and medi-
ate anion fluxes directed to the vacuolar lumen
(Kovermann et al., 2007; Meyer et al., 2011; De Angeli
et al., 2013). One of them, ALMT6, transports malate
(MA22 ) into guard cell vacuoles in a Ca2+- and
pH-dependent manner (Meyer et al., 2011). ALMT9, a
channel shown to be expressed in mesophyll and guard

cells, is permeable for both MA22and Cl2, whereby its
physiological function is linked to the Cl2 conductivity
(Kovermann et al., 2007; De Angeli et al., 2013).
ALMT9-mediated Cl2 currents across the tonoplast are
activated by physiological concentrations of cytosolic
MA22, and mesophyll vacuoles of almt9 knock-out mu-
tants lacking the vacuolar channel exhibit lower overall
Cl2 currents (De Angeli et al., 2013). Moreover, almt9
plants have reduced Cl2 uptake into vacuoles of guard
cells resulting in impaired light-dependent stomatal
opening and reduced wilting during drought stress.

In the current study, we aimed at uncovering the
consequences of impaired intracellular Cl2 fluxes
across the tonoplast on whole-plant ion transport dur-
ing salinity. To address this issue, we used knock-out
mutants of the only genuine vacuolar Cl2 channel de-
scribed so far, ALMT9. We found that almt9 plants
show a reduced shoot accumulation of Cl2 as well as
Na+ after 24-h salinity, whereas mutants with enhanced
ALMT9-mediated Cl2 currents possess increased ion ac-
cumulation. Using transcriptome approaches, we dem-
onstrate that genes encoding plasmamembrane-localized
transport proteins that contribute to long-distance ion
translocation exhibit an altered transcriptional response
in almt9 during salt stress. In line with this, we show that
ALMT9 is highly expressed in the vasculature of shoots
and roots. Collectively, the data suggest that vacuolar ion
uptake is not only crucial to confer cellular tolerance
during long-term salinity but also to modulate shoot ion
accumulation and whole-plant ion distribution during
early phases of salinity.

RESULTS

ALMT9 Is Expressed in the Vasculature and Is
Up-Regulated upon NaCl Application

Gene regulation at the transcriptional level is com-
monly observed upon salt (NaCl) stress in plants
(Tester and Davenport, 2003). To investigate whether
ALMT9 is involved in intracellular Cl2 transport dur-
ing salinity, we examined its expression levels by
quantitative real-time PCR (qRT-PCR) in shoots and
roots of Arabidopsis wild-type plants grown in a hy-
droponic system in response to 100 mM NaCl for up to
48 h. The up-regulation of expression of the salt stress-
inducible gene SOS1 (Shi et al., 2000, 2002) verified that
plants experience salinity stress in our experimental
conditions in shoots and roots at the molecular level
(Fig. 1A). We found that ALMT9 was transcriptionally
up-regulated in response to NaCl application in both
tissues after 6 h (Fig. 1B). Over 48 h of NaCl treatment,
shoot expression of ALMT9 showed a 3-fold increase
when compared to the expression level prior to stress;
in roots, the transcription increased 4.2 times. To dis-
criminate whether the stimulation of ALMT9 tran-
scription is specific to NaCl or depends on a general
osmotic effect, we applied 100 mM KCl and 200 mM

sorbitol to the plants. Both treatments stimulated the
expression of ALMT9 in shoots (2-fold and 3.5-fold
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increase after 48 h, respectively), whereas no tran-
scriptional responsewas detectable in root tissue (Fig. 1,
C and D). These findings show that the transcriptional
up-regulation of ALMT9 in roots is specific to the ionic
stress of salinity.
Subsequently, we used transgenic plants carrying the

GUS reporter gene under the control of the ALMT9
promoter region (ALMT9pro:GUS) to investigate the
expression pattern and tissue specificity of ALMT9 dur-
ing transcriptional up-regulation in response to salinity.
As previously shown, ALMT9 was expressed in leaf
mesophyll and guard cells (Fig. 1, E and G; Kovermann
et al., 2007; De Angeli et al., 2013). The mesophyll ex-
pressionwas predominantly detected inmature leaves. In
contrast, GUS staining was found in the vasculature
throughout all developmental stages of the leaf (Fig. 1, E
and F). ALMT9 promoter-driven GUS expression could
also be detected in the stele of roots (Fig. 1H).A transverse
section allowed to locate ALMT9 expression in vascular
and pericycle cells as well as weakly in the endodermis
(Fig. 1J). However, ALMT9 was not expressed in root
cortex or epidermis cells. As observed in the qRT-PCR
(Fig. 1B), NaCl treatment enhanced the intensity of the
GUS staining (Fig. 1I), corresponding to a transcriptional
up-regulation ofALMT9. Nevertheless, the tissue-specific
expression pattern did not change upon salt exposure.

The almt9 Mutants Have Reduced Shoot Na+ and Cl2

Accumulation during Early Salinity

To assess whether the transcriptional up-regulation
of ALMT9 in response to NaCl is associated with a

physiological role of ALMT9 during salinity, we con-
ducted ion content measurements in shoots and roots of
two independent almt9 knock-out mutant lines and the
corresponding wild types (De Angeli et al., 2013). A
hydroponic system was used, and roots were exposed
to control conditions or salt stress (100 mM NaCl), re-
spectively, for 24 h. Under control conditions, hardly
any difference in Na+ and Cl2 contents were detected
between almt9mutants and wild types (Fig. 2, A and B;
Supplemental Table S1). However, upon 24-h salt
stress, Cl2 accumulation was significantly lower in
shoots of almt9 plants compared to the corresponding
wild types (266 4% in almt9-1 and 166 3% in almt9-2).
We tested whether this difference was reflected in Cl2

xylem sap content, and although not significant at a P,
0.05-level, we found a substantial reduction of 32% in
almt9 mutants compared to wild type (Supplemental
Fig. S1). Interestingly, Na+ contents in shoots of almt9
mutants were similarly reduced upon salinity treat-
ment (206 6% in almt9-1 and 236 10% in almt9-2), but
root ion content was not significantly altered (Fig. 2, A
and B; Supplemental Table S1). Of note, differences in
shoot ion accumulation were observed specifically un-
der NaCl stress, and no reduction in Na+ and Cl2 levels
were detected under 100-mM KCl or 100-mM NaNO3
treatment for 24 h (Supplemental Fig. S2). When plants
were treated with 100 mM NaCl for 1 week, reduced
shoot ion accumulation was no longer significant be-
tween wild-type and almt9mutants (Supplemental Fig.
S3). Taken together, these results show that almt9
knock-out mutants exhibit, besides the reduction in
intracellular Cl2 fluxes (De Angeli et al., 2013), an

Figure 1. Transcriptional regulation and
expression pattern analysis of ALMT9. A
to D, qRT-PCR analysis of SOS1 (A) and
ALMT9 (B–D) expression in hydroponi-
cally grown wild-type shoots and roots
after the application of 100 mM NaCl (A
and B), 100 mM KCl (C), and 200 mM

sorbitol (D) for 0, 6, 24, and 48 h. The
data were normalized to expression
levels in shoots prior to treatment (0 h).
ACT2 served as a reference gene. Data
are means 6 SD of n = 3 biological rep-
licates. E to J, ALMT9 expression pattern
revealed by histochemical localization
of GUS activity directed by the ALMT9
promoter. E, Mesophyll cell and vascu-
lature expression in the third rosette leaf.
F, Vasculature expression in the sixth
rosette leaf. G, Expression in guard cells.
H, Expression in root stelar cells. I, Ex-
pression in response to 100 mM NaCl for
24 h was enhanced but remained re-
stricted to the root stele. J, In cross-
sections of roots, no expression was
detected in cortex cells (c), but in the
endodermis (e), the pericycle (p), and the
vasculature (v). Scale bars represent
0.2 mm in E and F, 10 mm inG and J, and
100 mm in H and I.
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altered capacity to accumulate Na+ and Cl2 in shoots
during early salinity.

In the following, we elucidated whether reduced Na+

and Cl2 levels in almt9 mutants during salinity were
accompanied by alterations in the accumulation of
other ion species. K+ (Fig. 2C; Supplemental Table S1),
Mg2+ (Supplemental Fig. S4A), NO3

2 (Fig. 2D;
Supplemental Table S1), and MA2- (Supplemental Fig.
S4B) contents showed no significant differences be-
tween both genotypes under control and salinity
conditions. Also, the osmolality of the shoot press sap
was indistinguishable between almt9 and wild types
(Supplemental Fig. S4C). This suggests that despite
reduced Na+ and Cl2 contents in the shoots of almt9 mu-
tants, these plants accumulate other solutes that maintain
a shoot sap osmolality comparable to that of thewild type.

ALMT9 has high sequence similarities with several
clade II members of the ALMT family (Kovermann
et al., 2007). To exclude functional redundancy, we
generated a transgenic hairpin RNA-expressing line in
the genetic background of almt9-1 that simultaneously
targets other ALMTs (clade II) for transcriptional
down-regulation (Supplemental Fig. S5A). Shoots of
this line did not show further reduction in Na+ or Cl2

accumulation than almt9-1 (Supplemental Fig. S5, B and
C), indicating that other closely related ALMTmembers
do not contribute notably to the modulation of Na+ and
Cl2 shoot accumulation upon 24-h salt stress.

ALMT9-Mediated Vacuolar Cl2 Currents Contribute to the
Regulation of Whole-Plant Ion Accumulation

Our data show that almt9 mutants with reduced
vacuolar Cl2 currents (De Angeli et al., 2013) accumu-
late less Na+ and Cl2 during salinity (Fig. 2). Hence, we

wondered whether enhancing vacuolar Cl2 currents
would reverse or complement this effect on whole-
plant ion accumulation. When modifying ion fluxes
during salinity by transgenic approaches, it is funda-
mental to maintain cell type specificity of the transport
processes (Møller et al., 2009). Therefore, instead of
using ectopic overexpression of ALMT9, we aimed at
identifying a mutated channel variant that exhibits in-
creased Cl2 current activity. For this purpose, we took
advantage of a collection of point-mutated ALMT9
channels that was previously generated (Zhang et al.,
2013). We found that the amino acid exchange E196A
induced the desired alterations in ALMT9 channel
properties, but did not change the channel localization
at the tonoplast (Fig. 3A). By patch-clamping, it had
been shown that the mutation E196A does not affect the
MA22 conductivity of ALMT9 (Zhang et al., 2013).
Here, we additionally examined the Cl2 conductivity
(Fig. 3B) and found that ALMT9E196A displayed Cl2

currents and a marked inward but no outward rectifi-
cation similar to ALMT9 (Fig. 3C). However, sequential
cytosolic-side buffer exchanges (Fig. 3B) revealed that
the ratio of Cl2 to MA22 currents (ICl

2/ IMA
22) differed

between both channel variants (Fig. 3D). The Cl2 cur-
rent amplitude was 5 6 2% of the MA22 current am-
plitude in ALMT9 and 18 6 4% in ALMT9E196A (Fig.
3D). This shows that ALMT9E196A is able to mediate Cl2

currents that are approximately three times higher than
ALMT9-mediated Cl2 currents. In addition, by deter-
mining ICl

2
+ MA

22/ ICl
2, we found that ALMT9 and

ALMT9E196A were differently activated by cytosolic
MA22 (Fig. 3C). ALMT9 showed a 6- 6 1-fold increase
of Cl2 conductivity in the presence of 1 mM MA22 at
2100 mV, whereas ALMT9E196A showed a 2-6 0.6-fold
increase (Fig. 3E).However, the ratio ICl

2
+MA

22/ IMA
22 that

Figure 2. Ion content analysis in shoots and roots
of wild-type and almt9 mutants upon 24-h salt
stress. The two knock-out alleles almt9-1 and
almt9-2 and the corresponding wild types (wt-
1 and wt-2) were grown in hydroponics, and Na+

(A), Cl2 (B), K+ (C), and NO3
2 (D) contents were

determined prior to (0 mM) and after NaCl treat-
ment (100 mM). Data are means 6 SD of n $

5 biological replicates derived from two indepen-
dent experiments. One-way ANOVA of each tissue
and treatment and a pairwise comparison was
used for statistical analysis. Asterisks indicate sig-
nificant differences from the corresponding wt
(*P , 0.05, **P , 0.01, ***P , 0.001). DW, Dry
weight; FW, fresh weight.
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was 0.326 0.1 and0.346 0.06 inALMT9andALMT9E196A,
respectively, was not significantly altered between both
channel variants (Fig. 3D). These data demonstrate that
themutation E196A impacts the basal activity of ALMT9
by increasing Cl2 currents across the tonoplast consti-
tutively.

The electrophysiological measurements identified
ALMT9E196A as a suitable tool tomodify Cl2fluxes across
the tonoplast. To test the physiological consequences of
higher vacuolar Cl2 currents, we expressed the mutant
channel under the spatial and temporal control of the
ALMT9 promoter (ALMT9pro:ALMT9E196A) in almt9-2;
hereafter, this point-mutated complementation line is
referred to as E196A. Determining the ion content in
shoots revealed that E196A had slightly higher Na+ and
Cl2 concentrations than wild-type-2 and almt9-2 under
control conditions (Fig. 4, A and B). In addition, the re-
duced shoot ion accumulation phenotype of almt9-2was
recovered in E196A under salt treatment. In roots, we
found that 24-h salinity treatment induced a significantly
higher ion accumulation in E196A (1.3 times more Cl2

and 1.7 timesmoreNa+) compared towild-type-2 (Fig. 4,
A and B). To exclude the possibility that differences in
ion accumulation occur due to elevated ALMT9 expres-
sion, we analyzed the transcript amounts by qRT-PCR.
ALMT9 expression in E196A and wild-type-2 did not
differ significantly excluding a transcriptional effect on
the measured ion concentrations (Fig. 4C). In summary,
these results demonstrate that themagnitude ofALMT9-
mediated vacuolar Cl2 uptake alters ion accumulation at
the whole-plant level.

Lower Shoot Ion Accumulation in almt9 Is Not Caused by
Impaired Stomatal Opening

Transpiration rates highly impact root-to-shoot
translocation of ions. In a previous study, almt9 has
been shown to display impaired light-dependent sto-
matal opening due to reduced Cl2 fluxes into the vac-
uoles of guard cells (De Angeli et al., 2013). Therefore,
we investigated whether decreased leaf transpiration in
almt9 might be responsible for the observed reduction
in shoot ion translocation under salt stress. Previously,
stomatal apertures of almt9 had been analyzed on
peeled epidermal strips (De Angeli et al., 2013). In the
current study, we performed in situ stomatal assays
using hydroponically grown plants (see “Materials and
Methods”) that provide a snapshot of the native sto-
matal aperture over a time course of NaCl treatment.
Indeed, using this method in blind assays, the previ-
ously reported reduced stomatal aperture of almt9
mutant plants (De Angeli et al., 2013) was reproduced
(Fig. 5A). Salinity treatment induced stomatal closure in
wild-type-1 and almt9-1 after 3 h (Supplemental Fig.
S6A). Upon 24-h salt stress, we observed a recovery of
the stomatal aperture, which is in accordance with the
observation that Na+ can be used as osmotically active
solute for stomatal opening (Zhao et al., 2011; Yu and
Assmann, 2015). Interestingly, the reduced stomatal
opening in almt9 plants was restored upon salinity (Fig.
5A). Similarly, when we conducted the same assay
using 100 mM KCl, we found no significant difference
between the stomatal aperture of wild-type-1 and
almt9-1 (Supplemental Fig. S6B), suggesting that the
complementation was based on the increased presence

Figure 3. Electrophysiological properties of the mutant channel
ALMT9E196A. A, Fluorescence and transmission images of vacuoles re-
leased from lysed tobacco protoplasts that transiently overexpress
ALMT9-GFP (left) and ALMT9E196A-GFP (right). Auto-fluorescence of
chloroplasts is shown in magenta. Scale bars = 20 mm. B, Patch-clamp
experimental procedure. Vacuoles were patched in excised cytosolic-
side-out configuration under symmetric ionic conditions (100 mM Cl2vac/
100 mM Cl2cyt). The cytosolic buffer was sequentially exchanged (100 mM

Cl2; 100 mM Cl2 + 1 mM MA22; 100 mM MA22) on the same membrane
patch. C, Representative currents of ALMT9 (left) and ALMT9E196A (right) in
presence of 100mMCl2 (Cl2) and 100mMCl2+ 1mMMA22 (Cl2+MA22)
in the cytosolic buffers. Currents were evoked by a 2.5-s voltage ramp
ranging from +40 mV to 2100 mV. D, Relative Cl2 and Cl2 + MA22 cur-
rents mediated by ALMT9 and ALMT9E196A. Currents were normalized to
the current amplitudemeasured at2100mV in presence of 100mMMA22

in the cytosolic solution. E, Level of MA22-activation (ICl
2

+ MA
22/ ICl

2) of
ALMT9- and ALMT9E196A-mediated Cl2 currents at 2100 mV. Data are
means 6 SD. Asterisks indicate statistically significant differences between
ALMT9 (n = 5) and ALMT9E196A (n = 6) currents (*P , 0.05, **P , 0.01,
***P , 0.001; two-tailed Student’s t test).
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of osmotica. This indicated that reduced almt9 stomatal
apertures and transpiration were not responsible for
decreased shoot ion accumulation under salt stress.

To gain definite evidence that the stomatal conduc-
tance of almt9 does not contribute to lower ion accu-
mulation, we generated an ALMT9 complementation
line under the control of the guard cell-specific MYB60
(Cominelli et al., 2005) promoter (MYB60pro:ALMT9) in

the genetic background of almt9-2, referred to as GC:
ALMT9 (Supplemental Fig. S7). The reduced light-
dependent stomatal opening of almt9-2 was rescued in
GC:ALMT9 (Fig. 5B). However, GC:ALMT9 did not
complement the ion accumulation phenotype of almt9
mutants (Fig. 5, C and D). This result demonstrates that
impaired stomatal opening and transpiration of almt9
does not account for differences in shoot ion accumu-
lation during early salinity.

Disturbed Intracellular Cl2 Fluxes Induce a Specific
Expression Pattern under Salinity

To unravel the physiological basis of the detected
differences in ion accumulation and elucidate the role of
vacuolar ion uptake during salinity, we conducted a
transcript profile analysis by RNA-seq using wild-type-1
and almt9-1 shoots and roots under nonsaline and sa-
line conditions (0 mM or 100 mM NaCl for 24 h). Data of
three biological replicates were analyzed as described
in “Materials and Methods.” To identify genes with
significant differences in expression between wild-
type-1 and almt9-1, we used a fold change cutoff level
of 2 (log2 ratio $ 6 1, P , 0.01). A total of 352 genes
showed a 2-fold or greater difference in expression in
shoots and 52 genes in roots under control conditions,
and 144 in shoots and 53 in roots under salinity (Fig. 6A;
Supplemental Data Sets S1–S4).

Strikingly, under nonsaline conditions, numerous
genes that were suggested to be stress-inducible and/or
involved in ABA-mediated signaling, such as the PP2C-
type protein phosphatases AIP1 (Lim et al., 2012) and
ABI2 (Merlot et al., 2001; Rubio et al., 2009), were dif-
ferentially expressed in almt9-1 (Supplemental Data
Sets S1 and S2). Besides, several genes encoding ATP-
Binding Cassette (ABC)-transport proteins and genes
that belong to the NRT (Nitrate Transporter) families
(NRT1.8 [Li et al., 2010] in shoots and NRT2.4 [Kiba
et al., 2012] in roots) exhibited changes in expression
levels (Supplemental Data Sets S1 and S2). The tran-
scriptional modification of stress- and transport-related
genes indicates that the reduced vacuolar Cl2 fluxes in
almt9 mutants impact plants at the molecular and
physiological level.

We identified only 26 genes in shoots and 10 genes in
roots with a significant difference in the expression
level under both control and salinity conditions (Fig.
6A). Hence, salt stress evokes distinct changes between
the transcriptomes of wild-type-1 and almt9-1mutants.

Subsequently, we closely analyzed the subset of
genes with a significant up- or down-regulation in
almt9-1 exclusively under salt stress but not under
control conditions (Fig. 6B; Supplemental Tables S2 and
S3; for selection criteria, see “Materials and Methods”).
We identified 54 genes that were up-regulated in almt9-
1 shoots and 16 genes that were down-regulated;
13 genes that were up-regulated in almt9-1 roots
and 18 genes that were down-regulated. Several of
these genes have functions associated with salt stress

Figure 4. Na+ and Cl2 content analysis in the transgenic line E196A. In
plants of E196, the point-mutated channel variant ALMT9E196A is
expressed under the control of the native ALMT9 promoter in the ge-
netic background of almt9-2. Na+ (A) and Cl2 (B) measurements were
performed in shoot and root tissue of hydroponically grown wt-2,
almt9-2, and E196A plants upon treatment with control (0 mM) or NaCl
(100 mM) solutions for 24 h. The results are shown as mean6 SD of n$

5 biological replicates derived from two independent experiments. For
statistical analysis, one-way ANOVA of each tissue and treatment and a
Tukey-Kramer multiple comparison posttest was used. Different low-
ercase letters indicate significant differences in ion content (P , 0.05)
under control conditions, capital letters under salinity. DW, Dry weight.
C, Expression analysis of ALMT9 in wt-2 and E196A using qRT-PCR.
ACT2 served as a reference gene. The expression levels were normal-
ized to wt-2. Data are means 6 SD from n = 2 biological replicates.
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(Supplemental Fig. S8; Supplemental Tables S2 and S3),
such as stress signal transduction, for example,
ERF/AP2-type transcription factors, DDF1 and DDF2
(Magome et al., 2004, 2008); redox homeostasis, for
example, ascorbate peroxidase, APX2; and hormone
homeostasis, e.g. UGT74E2 (Tognetti et al., 2010). The
data show that the lack of the vacuolar Cl2 channel
ALMT9 has a global impact on the genome-wide tran-
scriptional response under salinity.
Among the genes showing differential transcrip-

tional regulation exclusively upon salinity, we exam-
ined candidates that code for transporter proteins with
a putative role in salinity-related processes in more
detail (Fig. 6, C–E). The RNA-seq results were verified
by qRT-PCR using the second knock-out allele almt9-2.
We confirmed that the expression of the CHX21 gene
that encodes for a putative plasma membrane Na+

transporter (Hall et al., 2006) was indistinguishable
between both genotypes under control condition in
shoots (Fig. 6C; Supplemental Table S2). However,
upon salinity the transcript levels increased slightly in
the wild type but decreased in almt9. Interestingly, we

identified three Multidrug and Toxic Compound Ex-
trusion (MATE)-related transporter genes by RNA-seq
of which the expression was highly up-regulated in
almt9-1 shoots upon salinity (Supplemental Table S2).
We confirmed this expression pattern by qRT-PCR us-
ing one of them, DTX1 (Fig. 6D), a plasma membrane
transporter that was suggested to export toxic com-
pounds (Li et al., 2002). In the RNA-seq data of roots,
the expression ofHKT1;1, a well-known gene coding for
a Na+-selective transport protein at the plasma mem-
brane of root stelar cells (Davenport et al., 2007),
showed high variability between the three biological
replicates and was therefore not among the signifi-
cantly differentially regulated genes. Since HKT1;1
has a crucial role in diminishing Na+ translocation to
shoots, we further investigated its transcriptional re-
sponse to salinity in both genotypes by qRT-PCR. The
analysis of four biological independent experiments
proved that HKT1;1 expression increased in almt9-2
roots in response to salinity approximately twice as
much as in wild-type-2 roots (Fig. 6E). SOS1, another
gene known to encode for a Na+ transporter involved in

Figure 5. Investigation of stomatal movement and ion content in a guard cell-specific complementation line of almt9-2. A, In situ
assay of native stomatal apertures (see “Materials and Methods”) using hydroponically grown plants of the almt9-1 and almt9-2
mutant alleles and the corresponding wild types (wt-1 and wt-2). Roots were exposed to control (0 mM) or NaCl (100 mM)
solutions, and the stomatal aperture was measured before (0 h) and after (24 h) treatment. Error bars correspond to SEM, which
was calculated from averages of at least four biological replicates. Asterisks indicate statistically significant differences in stomatal
aperture from the corresponding wt (*P , 0.05, **P , 0.01, ***P , 0.01; two-tailed Student’s t test). B, In situ assay of native
stomatal apertures of wt-2, almt9-2, and the complemented line GC:ALMT9 that guard cell-specifically expresses ALMT9
in control conditions. Error bars correspond to SEM, which was calculated from n$ 4 biological replicates. C and D, Contents of
Na+ (C) and Cl2 (D) were measured in shoots and roots of hydroponically grown wt-2, almt9-2, andGC:ALMT9 plants after 24-h
treatment with control (0 mM) or NaCl (100 mM) solutions. The combined results from two independent experiments are shown
as mean 6 SD (n $ 5). For statistical analysis in B to D, one-way ANOVA and a Tukey-Kramer multiple comparison were used.
Different letters indicate significant differences in ion content (P , 0.05) within each tissue (lowercase in control conditions,
capital letters under NaCl stress). DW, Dry weight.

Plant Physiol. Vol. 172, 2016 1173

Vacuolar Chloride Fluxes during Salinity

http://www.plantphysiol.org/cgi/content/full/pp.16.00183/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00183/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00183/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00183/DC1


salinity responses (Shi et al., 2000, 2002), did not show
significantly altered expression levels between the
different genotypes (Supplemental Fig. S9).

Our qRT-PCR analysis of CHX21,DTX1, andHKT1;1
included the complementation lines E196A and GC:
ALMT9 to untangle the molecular basis of the tran-
scriptional disregulation of the candidate transporter
genes. For all three investigated genes, GC:ALMT9
showed similar expression patterns as almt9-2 (Fig. 6,
C–E), consistent with the finding that differences in ion
concentration do not arise from differences in stomatal
movement between wild type and almt9 during salin-
ity (Fig. 5). The E196A plants, which have enhanced
vacuolar Cl2 conductivity in the vasculature and leaf
mesophyll, showed a more complex transcriptional
response. Indeed, E196A roots displayed the same ex-
pression profile of HKT1;1 as wild-type-2 (Fig. 6E), but
had a similar expression pattern as almt9-2 regarding
the shoot CHX21 expression (Fig. 6C) and showed an
evenmore pronounced transcriptional up-regulation of
DTX1 in shoots than the almt9-2 mutant (Fig. 6D).

The RNA-seq data identified further transporter
genes that show changes in gene expression in almt9-1
specifically upon salinity (Supplemental Tables S2
and S3), namely ACA12 (Limonta et al., 2014), ABCB4
(Terasaka et al., 2005), SUC5 (Baud et al., 2005;
Pommerrenig et al., 2013), and OCT1 (Lelandais-Brière
et al., 2007; Strohm et al., 2015). Notably, no member of
the ALMT, CLC, or NRT family has been identified as
differentially regulated in almt9-1 in response to salinity
(Supplemental Tables S2 and S3).

DISCUSSION

During salinity the sequestration of Na+ and Cl2 ions
into the vacuole is crucial tomaintain optimalmetabolic
conditions in the cytosol and mitigate cellular damage.
Our data provide new insights into the role of intra-
cellular ion partitioning during salt stress. Crucially, we
show that Cl2 fluxes across the vacuolar membrane
have consequences on fluxes across the plasma mem-
brane and thereby influence global plant ion move-
ment. Firstly, we present evidence that disturbed
vacuolar Cl2 uptake has a dramatic effect on shoot ion
accumulation during early salt stress. Secondly, the
data show a strong correlation between anion and cation
fluxes during salinity as not only Cl2 but also Na+ ac-
cumulation was affected in almt9 and E196A mutants
specifically under NaCl treatment. And thirdly, our re-
sults imply that a disturbed intracellular ion homeostasis

Figure 6. Transcriptome analysis in wild-type and almt9 shoots and
roots upon salinity. A and B, RNA-seq analysis of hydroponically grown
wt-1 and almt9-1 plants upon exposure to control (0 mM) or NaCl
(100 mM) conditions for 24 h. A, Venn diagram showing the number of
differentially expressed genes between wt-1 and almt9-1 within each
tissue and treatment. The overlap between the ovals represents genes
that have significant changes in gene expression under both treatments.
B, Number of genes that are significantly differentially expressed
between both genotypes exclusively under salinity. For selection re-
quirements, see “Materials and Methods.” up, up-regulated genes in
almt9-1; down, down-regulated genes in almt9-1. C to E, The expres-
sion levels of candidate genes were determined in wt-2, almt9-2, and
the complemented lines E196A andGC:ALMT9 by qRT-PCR. The same
experimental set-up as for the RNA-seq analysis was used. Transcript
abundance of CHX21 (C) and DTX1 (D) was determined in shoots,
transcript abundance of HKT1;1 (E) in roots. The data were normalized
to the expression level of the respective gene in wt-2 under control

conditions. ACT2 served as a reference gene. Each data point was de-
rived from n$ 3 biological replicates and is shown asmean6 SD. In C to
E, significances at P , 0.05 were analyzed by one-way ANOVA and
Tukey-Kramer multiple comparison posttest for each treatment and are
indicated by lettering (lowercase for control conditions, capital letters
for salinity).
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acts as a feedback-signal that regulates the expression of
genes encoding for plasma membrane-localized trans-
port proteins.
Ions are delivered to the shoot via the transpiration

stream. Therefore, differences in shoot ion contents
might arise from diminished transpiration rates, or
from the modification of transport processes in the root
stele that catalyze long-distance ion translocation to
shoots. Here, we provide comprehensive evidence that
stomatal movement and transpiration does not account
for the differences in shoot ion accumulation between
almt9 and wild-type plants during salinity. In contrast,
we show that HKT1;1 shows elevated expression levels
in roots of almt9mutants in response to salinity. HKT1;1
is a transport protein at the plasma membrane of the
root stele involved in xylem retrieval of Na+ from the
transpiration stream and reduction of Na+ root-to-shoot
transfer (Davenport et al., 2007). Knock-out mutants of
HKT1;1 show elevated xylem (Sunarpi et al., 2005) and
shoot (Mäser et al., 2002) Na+ levels when exposed to
salt stress. In contrast, cell type-specific overexpression
ofHKT1;1 in stelar root cells reduces shootNa+ contents
(Møller et al., 2009). Thus, the transcriptional up-regulation
of HKT1;1 in almt9 mutants might contribute to lower
shoot Na+ contents. In accordance, E196A plants exhibit
similar HKT1;1 expression levels in roots as the wild-type
and a similar shoot ion accumulation during salinity.
The coinciding expression pattern of ALMT9 and

HKT1;1 (Møller et al., 2009) in the root stele suggests
that the lack of the Cl2 channel in these cells modifies
the expression of transporters at the plasmamembrane.
The overall tissue ion content in roots was not altered in
almt9 and wild-type plants. Therefore, we propose a
model in which the absence of ALMT9 reduces the
loading capacity of Cl2 and presumably also Na+ ions
into the vacuole of stelar cells (Fig. 7). A linked trans-
port of both Cl2 and Na+ is supported by the finding
that NaNO3 treatment does not reduce shoot ion ac-
cumulation in the almt9 mutants which lack the Cl2

channel. The reduced vacuolar ion uptake might result
in a disturbed intracellular ion homeostasis which
might in turn mimic an elevated salt stress that pro-
motes the transcriptional up-regulation of HKT1;1.
Consistently, E196A plants with restored or increased
vacuolar Cl2 uptake have a transcriptional response of
HKT1;1 similar to wild-type plants (Fig. 7). The im-
portance of intracellular ion homeostasis in regulating
cellular events in response to salinity in roots was also
demonstrated in the sos1-1mutant, which is deficient in
cellular Na+ extrusion and which showed a magnifi-
cation of salt stress responses (Oh et al., 2010). A role of
ALMT9 in regulating the vacuolar ion uptake in the
root stele during salinity is in agreement with the
fact that ALMT9 expression in roots is specifically
up-regulated in response to NaCl, but not to other ionic
or osmotic stresses. Hence, our findings show that the
control of vacuolar ion contents in pericycle and xylem
parenchyma cells contributes to whole-plant ion ac-
cumulation during salinity as previously suggested
(Storey et al., 2003, Läuchli et al., 2008). In addition, we

propose that the capacity of vacuolar ion uptake in
these cells is a factor that influences root-to-shoot ion
transport processes via the modification of the expres-
sion of plasma membrane-bound ion transporters in
response to salt stress. How a potentially disturbed
intracellular ion homeostasis leads to changes in gene
expression is still an open question. It has to be noted
that the vacuolar storage capacity also influences heavy
metal long-distance transport. However, the reduced
loading of heavy metals in the vacuoles of root
stelar cells causes enhanced shoot ion accumulation
(Arrivault et al., 2006, Peng and Gong, 2014). Further-
more, astonishingly, we found that NaCl treatment

Figure 7. Proposed model for the transcriptional regulation of trans-
porter genes involved in whole-plant ion distribution by vacuolar ion
uptake during early salinity. The expression of plasma membrane-
localized transport proteins involved in long-distance ion transport is
tuned by the efficiency of vacuolar Cl2 fluxes in the vasculature at the
onset of salinity stress. The reduced Cl2 storage in the vacuoles of almt9
mutants might perturb the intracellular homeostasis of Na+ and Cl2

(black circles represent positively and negatively charged ions). This
might signal an enhanced NaCl stress and initiate elevated expression
levels of transporters such as the Na+ transporter HKT1;1 (HKT). In
accordance, wild-type and E196A plants have more efficient vacuolar
Cl2 uptake, and exhibit lower salt-induced HKT1;1 transcript increase.
Similarly, transcript levels of other genes encoding for transporters (x)
involved in the regulation of long-distance ion translocation in shoots
and roots might be up- or down-regulated (dashed lines) in response to
the capacity of storing Cl2 in the vacuoles of the vascular system.
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results in reduced shoot ion accumulation in almt9
plants whereas KCl treatment does not, indicating that
long-distance Cl2 transport in almt9 knock-out mutants
is altered specifically in presence of NaCl. Therefore, it
seems that an ion- and/or stress-dependent signaling
pathway operates downstream the vacuolar ion load-
ing capacity.

The disturbed intracellular ion homeostasis in the
vascular system of almt9might also affect the regulation
of transport proteins in shoots (Fig. 7). Interestingly,
CHX21 (Hall et al., 2006) and DTX1 (Li et al., 2002),
plasma membrane transporters that were identified in
the shoot RNA-seq analysis, were also associated with
the modulation of xylem loading and long-distance
ion transport. CHX21 was previously shown to be
expressed in endodermal root cells and suggested to
control root-to-shoot translocation of Na+ during sa-
linity (Hall et al., 2006). Although we did not determine
the cell type-specific distribution of Na+ ions, the po-
tential role in the regulation of Na+ xylem content (Hall
et al., 2006) together with the differential expression in
almt9 mutant shoots leads us to propose that CHX
genes are likely to contribute to intercellular Na+ par-
titioning within shoots during salinity.

In our study, the MATE-related transporter gene
DTX1 as well as two further DTXmembers of the same
subfamily (Li et al., 2002) were highly up-regulated in
shoots of almt9. DTX1 has been described as a detoxi-
fication efflux carrier, and a role in exporting toxic
compounds into the xylem for long-distance transport
and distribution within the plant has been hypothe-
sized (Li et al., 2002). Since also E196A shoots showed a
dramatic increase in DTX1 levels even under control
conditions, the transcriptional up-regulation is appar-
ently stimulated by the disregulated vacuolar Cl2

fluxes in both mutants. This observation points toward
a role of DTX1 in the export of compounds that ac-
cumulate in response to impaired intracellular ion
homeostasis or to an osmotic imbalance that is probable
in mutants with reduced or enhanced vacuolar Cl2

uptake. An implication of ALMT9 in maintaining the
osmotic status in shoots under salinity is suggested by
the transcriptional up-regulation in response to KCl
and sorbitol specifically in this tissue. Interestingly,
DTX1 and the two other identified DTX members are
coexpressed (Obayashi et al., 2007; www.atted.jp) with
UGT74E2 (Tognetti et al., 2010), the expression of which
was also found to be highly up-regulated in almt9
shoots in the RNA-seq analysis. The hydrogen peroxide-
responsiveUGT74E2 encodes a UDP-glycosyltransferase
that contributes to salt stress adaptation mechanisms
(Tognetti et al., 2010). It will be of interest to determine
the physiological substrate of theseDTX transporters and
investigate their functional role during salinity, which
might be linked to UGT74E2 activity.

The altered expression of Na+ transporters such as
HKT1;1 and CHX21 in the Cl2 channel mutants almt9
and E196A substantiates the strong coupling of the
transport of both ion species during salinity as also
observed in the ion content measurements. Strikingly,

among the transporter genes that were differentially
regulated in almt9 under salinity, we did not identify
genes that encode for putative anion transporters.
However, transcription levels of transport-related
genes under nonsaline conditions might contribute to
alterations in tissue ion content during salinity as sug-
gested for different grapevine (Vitis vinifera) species
(Henderson et al., 2014). For instance, the basal expres-
sion of two genes that encode for plasma membrane-
localized NRT transporters showed different levels in
almt9. Some members of the NRT1/PTR (Nitrate
Transporter 1/ Peptide Transporter; Léran et al., 2014)
family have been found to mediate transmembrane
NO3

2 and Cl2 fluxes and were suggested to be imple-
mented in salinity responses (Li et al., 2010, 2016; Chen
et al., 2012, Taochy et al., 2015). Hence, the expression
landscape of transporter genes under control conditions
might alter ion fluxes constitutively and contribute po-
tentially to differences in tissue ion accumulation during
salinity.

In addition, the activity of several anion channels and
transporters has been shown to be stimulated at other
levels than the transcriptional, for instance by phos-
phorylation (Frachisse et al., 2000; Liu and Tsay, 2003;
Lee et al., 2009; Wege et al., 2014), or by signals such as
the pH (Frachisse et al., 2000, Colcombet et al., 2005;
Meyer et al., 2011) and Ca2+ concentrations (Gilliham
and Tester, 2005; Meyer et al., 2011). If the activity of
transporters involved in Cl2 fluxes during salinity is
modified by these regulatory mechanisms, RNA-seq
experiments will not identify the corresponding genes.
The same applies for other Na+ transporter proteins such
as SOS1, which might contribute to differences in Na+

accumulation in almt9 mutants although not being dif-
ferentially regulated at the transcriptional level.

The lower ion contents in almt9were detected during
early salinity, but not upon extended exposure to salt
stress. Transporter proteins that belong to the ALMT or
other families might contribute to efficient vacuolar Cl2

uptake in almt9 during prolonged salinity. For example,
members of the CLC family are able to transport Cl2

across the tonoplast (Jossier et al., 2010; Wege et al.,
2010; De Angeli et al., 2013; Nguyen et al., 2015). The
relative contribution of CLC-mediated Cl2 currents
might thereby increase with accumulating Cl2 contents
over time, since the slightly negative membrane po-
tential at the tonoplast supports the passive uptake of
Cl2 by channels only up to a concentration gradient of
3-fold (Teakle and Tyerman, 2010). By contrast, sec-
ondary active transporters such as CLCa can account
for up to 50-fold concentration gradients across the
tonoplast (De Angeli et al., 2006). This indicates that
plants have a set of tonoplast-localized transport pro-
teins that are implicated in intracellular ion uptake at
different time-points during salinity.

To conclude, while the role of plasma membrane-
localized transport proteins in salt stress adaptation
mechanisms has been studied intensively, the impor-
tance of vacuolar ion uptake in particular during early
salinity remained elusive. In our study, we clearly show

1176 Plant Physiol. Vol. 172, 2016

Baetz et al.

http://www.atted.jp


that the significance of ion movement across the tono-
plast during salt stress exceeds a role of vacuolar ion
sequestration during long-term salinity to guarantee
cellular survival. The differences in shoot ion content in
almt9 and E196A mutants and the transcriptional altera-
tion of several plasma membrane-localized transporters
with an established or putative role in long-distance ion
translocation suggest an interplay between disturbed in-
tracellular ion homeostasis and tissue ion fluxes. Our
findings provide strong evidence that the capacity of
vacuolar ion uptake in vascular tissue is a pivotal factor
that contributes to the modulation of long-distance ion
transport at the onset of salinity.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and
Salinity Treatment

The two independent T-DNA insertion lines of ALMT9 (almt9-1:
WiscDsLox499H09; almt9-2: SALK_055490) and the corresponding wild types
were described in a previous study (De Angeli et al., 2013). Arabidopsis
(Arabidopsis thaliana) wild-type Col-0 and almt9 plants were grown in a growth
chamber (21°C, 12 h light /12 h dark, 40% relative humidity) in hydroponic
culture. 1/2 Murashige and Skoog (MS), pH 5.6, was used as nutrient solution.
It has to be noted that 1/2 MS contains 9.4 mM KNO3, 0.6 mM K2HPO4, and
20.6 mM NH4NO3. Unless otherwise specified, treatment was applied to
5-week-old plants by adding control (0 mM supplemental NaCl) or salt stress
(100 mM supplemental NaCl) solutions. Treatment was started 6 h after dawn
and material was harvested after 24 h.

Construct Design and Generation of Transgenic Plants

To generate ALMT9pro:GUS, a 548-bp promoter sequence upstream of the
start codon of ALMT9 was cloned into pMDC163 (Curtis and Grossniklaus,
2003). The gene silencing suppressor mutant rdr-6-11 (Peragine et al., 2004;
Meyer et al., 2011) and Col-0 plants were transformed with the construct, and
positive transformation events were selected by hygromycin.

The intron-containing hairpin RNA was generated using pKANNIBAL
(Wesley et al., 2001). The construct was based on the ALMT5 nucleotide se-
quence in order to target ALMT family clade II members (Kovermann et al.,
2007) for multiple down-regulation. NotI fragments were subcloned into
pART27 (Gleave, 1992) for stable transformation into the almt9-1 knock-out
background (transgenic line hpRNA). Positive transformation events were se-
lected by kanamycin. The expression of ALMT family clade II members
(ALMT3, ALMT4, ALMT5, ALMT6) was evaluated by qRT-PCR using 7-d-old
T3 seedlings grown on plates containing 1/2MS, pH5.6, and 1%phytoagar. The
line hpRNA was selected based on the highest degree of transcriptional down-
regulation of ALMT clade II members.

Togenerate thepoint-mutated complementation lineALMT9pro:ALMT9E196A
(line E196A),ALMT9 and its upstream promoter region (548 bp) were amplified
from wild-type genomic DNA and cloned into pPLV22 (De Rybel et al., 2011).
The site-directed mutagenesis was performed as described previously (Zhang
et al., 2013). The construct was transformed into almt9-2 and positive trans-
formation events were selected by BASTA. Seven-day-old seedlings of the T3
progeny of line E196A and wild-type-2 were grown on plates containing 1/2
MS, pH5.6, and 1% phytoagar to determine ALMT9 expression by qRT-PCR.

To generate a guard cell-specific complementation line of almt9-2 (line
GC:ALMT9), ALMT9 cDNA was amplified and cloned into pMDC32 (Curtis
and Grossniklaus, 2003) under the control of the guard cell-specific MYB60
promoter (Cominelli et al., 2005) as described previously (Nagy et al., 2009).
The construct MYB60pro:ALMT9 was transformed into almt9-2. T3 progeny of
hygromycin-resistant transformants of GC:ALMT9 was used to evaluate
ALMT9 expression by PCR. Mesophyll cell protoplasts of 5-week-old soil-
grown wild-type-2, almt9-2, and GC:ALMT9 plants were isolated by enzy-
matic digestion as described in the “Patch-ClampMeasurements” section. Total
RNA of mesophyll cell protoplast, and shoots and roots of plants grown on
plates (1/2 MS, pH5.6, and 1% phytoagar), was extracted and cDNA was

synthesized as described in the “qRT-PCR” section. The PCR conditions were
set as follows: 98°C for 2 min in the first cycle; subsequently, multiple ampli-
fication cycles consisting of 30 s at 98°C, 30 s at 58°C, and 2.5 min at 72°C; the
final extension was 5 min at 72°C. To amplify ALMT9, 32 amplification cycles
were used for KAT1 35 cycles and for ACT2 27 cycles. KAT1 served as a control
of a guard cell-specific gene (Nakamura et al., 1995) to exclude contamination of
mesophyll cell protoplasts with guard cells.

Primersused for amplificationandevaluationof the transgenic linesare listed
in Supplemental Table S4. Arabidopsis was stable transformed via Agro-
bacterium tumefaciens using the floral dipping method (Clough and Bent, 1998).

qRT-PCR

Total RNA was extracted from approximately 30 mg shoot and root tissue
(pool of material from two to three plants) by using the SV Total RNA Isolation
System (Promega) following the manufacturer’s instructions. Then 1 mg total
RNA was reverse transcribed using oligo(dT) priming and M-MLV reverse
transcriptase (Promega) according to the manufacturer’s instructions. Tran-
script levels were determined by qRT-PCR using the 7500 Fast Real-Time PCR
System (Applied Biosystems) and a SYBR Green PCR Master Mix (Applied
Biosystems). Transcript levels were calculated with the standard curve method
as described by Pfaffl (2001) and were normalized against the expression of the
actin gene ACT2. All reactions were performed in technical triplicates that were
averaged to generate one biological replicate. Primers used for the transcript
analysis are listed in Supplemental Table S4.

Tissue-Specific Expression of ALMT9

T3 ALMT9pro:GUS reporter plants were grown on plates (1/2 MS, pH5.6,
and 1% phytoagar) for 2 to 3 weeks. For the evaluation of the expression pattern
under salinity, plants were transferred to plates containing 100 mM supple-
mental NaCl for 24 h. Shoots and roots were assayed for GUS activity in a
staining solution containing 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-
glucuronide) in 50 mM sodium phosphate buffer, pH 7.15, 0.5 mM potassium
ferricyanide, 0.5mMpotassium ferrocyanide, and 0.05%TritonX-100.After vacuum
infiltration, the tissue was incubated for approximately 4 h (roots) or overnight
(shoots) at 37°C in the staining solution. The reaction was stopped with several
washes in 50 mM sodium phosphate buffer, pH 7.15, and tissues were cleared with
70% ethanol overnight. Images were captured with a digital reflex camera from
Canon and with a Leica DMR widefield fluorescence microscope (Leica Micro-
systems). To obtain transverse sections, roots were embedded in a 4% agarose so-
lution and 150 mm sections were generated by vibratome. Three independent
transgenic lines in the rdr6-11 backgroundand three lines inCol-0were analyzed for
expression of the GUS reporter that each showed similar expression patterns.

Ion and Osmolality Content Quantification

Mg2+, K+, Na+, and Cl2 ions were extracted and quantified as described in
Munns et al., 2010. In brief, shoots and roots of three to four plants were pooled
for each biological replicate. Dry weight from shoot and root tissue was de-
termined, and ions were extracted using 0.5 M nitric acid overnight at 70°C.
Cation content was determined using atomic absorption spectrometry, and Cl2

was determined using the colorimetric ferricyanide method (Munns et al.,
2010). All reactions were performed in technical triplicates that were averaged
to generate one biological replicate. The measurements of wt-2, the knock-out
mutant almt9-2, and its complementation lines GC:ALMT9 and E196A were
performed in parallel. Hence, the results of the Na+ and Cl2 contents measured
in wt-2 and almt9-2 are presented in Figures 2, 4, and 5.

For nitrate quantification, a colorimetric assay with salicylic acid was used
according to Cataldo and Maroon, 1975. In brief, nitrate was extracted from
shoots and roots (pool of two plants per biological replicate) in 5 mL hot
deionized water (90°C to 95°C) and incubated in an 80°C waterbath for 30 min.
Cooled supernatants and standard solutions were incubated at room temper-
ature with 5% salicylic acid (w/v) that was dissolved in 96% sulfuric acid. After
20 min, 2 M NaOHwas added to raise the pH and absorbance was measured at
480 nm. All reactions were performed in technical duplicates that were aver-
aged to generate a biological replicate.

Malate was extracted from shoot tissue as described previously (Hurth et al.,
2005). Malate contents were measured with the L-Malic Acid Enzymatic Bio-
Analysis Kit (Roche, R-Biopharm) according to the manufacturer’s instructions.
All reactions were performed in technical duplicates that were averaged to
generate a biological replicate.
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Osmolality was determined using the leaf sap extracts of shoots. The material
underwent a cycle of freezing and thawing and was subsequently mechanically
pressed.After centrifugation, the supernatantwas collected andused for osmolality
measurementswith amicro-osmometer (Advanced Instruments, Inc.,model 3320).

Xylem Sap Collection

Five-week-old hydroponically grown plants were subjected to 0 mM and
100 mM NaCl, respectively. Treatment was started at the onset of the light pe-
riod. After 24 h of treatment, the stem was cut with a sharp razor blade, and a
borosilicate thinwall capillary (30-0062, Harvard Apparatus) was put over each
stem. Drops of xylem sap that accumulated in the capillary were collected after
4 to 6 h using a micropipette. Xylem sap of at least ten plants was pooled per
genotype and treatment to generate one biological replicate. By this, material
for four biological replicates per genotype and treatment was obtained. Cl2

content measurement was performed as described in “Ion and Osmolality
Content Quantification.”Xylem sap of the plants treatedwith 100mMNaClwas
diluted 1:10 using 0.5 M nitric acid.

Confocal Microscopy

The constructs ALMT9-GFP and ALMT9E196A-GFP, which have been de-
scribed previously (Zhang et al., 2013), were transformed into Agrobacterium
tumefaciens (GV3101) by electroporation. The Agrobacterium-mediated infiltration
of 4-wk-old tobacco leaves was performed as described previously with slight
modifications (Yang et al., 2001). After transient transformation, tobacco plants
were grown in the greenhouse (16 h light/ 8 h dark, 25°C/ 23°C, 100–200 mmol
photons m22 s21, 60% relative humidity) for another 2 to 3 d and then used to
extract protoplasts for confocal microscopy and patch-clamp measurements.

Tobaccomesophyll protoplasts transiently overexpressing ALMT9-GFP and
ALMT9E196A-GFP were extracted by enzymatic digestion as described in
“Patch-Clamp Measurements.” Vacuoles were isolated by a slight osmotic
shock. Images were obtained at the Imagerie-Gif platform (http://www.i2bc.
paris-saclay.fr/spip.php?article278) on a Leica SP8 inverted confocal micro-
scope with laser excitation at 488 nm and collection of emitted light at 495 to
550 nm for GFP and 600 to 650 nm for chlorophyll.

Patch-Clamp Measurements

Mesophyll protoplasts from ALMT9-GFP and ALMT9E196A-GFP over-
expressing tobacco leaves were isolated by enzymatic digestion. The enzyme
solution contained 0.3% (w/v) cellulase R-10, 0.03% (w/v) pectolyase Y-23,
1 mM CaCl2, 500 mM sorbitol, and 10 mM MES, pH 5.3, 550 mosmol. Protoplasts
were washed twice and resuspended in the same solution without enzymes.
Vacuoles were released from mesophyll protoplasts by the addition of 5 mM

EDTA and a slight osmotic shock (500 mosmol, see cytosolic solution below).
Transformed vacuoles exhibiting an ALMT9-GFP or ALMT9E196A-GFP signal
were selected using an epifluorescence microscope. Membrane currents from
tonoplast patches were recorded in the excised cytosolic-side-out configuration
with the patch-clamp technique as described elsewhere (De Angeli et al., 2013).
In brief, currents were recorded with an EPC8 patch-clamp amplifier and LIH8
+8 AD/DA converter (HEKA Electronics, Lambrecht/Pfalz, Germany) using
the Patchmaster software (HEKA Electronics). The data were analyzed with the
FitMaster software (HEKA Electronics). For macroscopic current record-
ings, the pipette resistance was 4 to 5 MV. Only patches presenting a seal
resistance .2 GV were used to perform experiments. Current recordings
were filtered at 300 Hz. Currents were evoked with a voltage ramp ranging
from +40 to 2100 mV in 2.5 s with a holding potential of 240 mV.

The cytosolic solution contained (1) 100 mM Cl2 adjusted to pH 7.5 with Bis-
Tris-Propane (BTP); (2) 100 mM Cl2, 1 mM malic acid adjusted to pH 7.5 with
BTP; (3) 100 mM malic acid, adjusted to pH 7.5 with BTP. The osmolality was
adjusted to 500 mosmol using sorbitol. The pipette solution contained 100 mM

HCl and was adjusted with BTP to pH 6. The osmolality was adjusted to
550 mosmol using sorbitol. All chemicals were purchased from Sigma-Aldrich.
Liquid junction potentials were measured according to Neher, 1992 and cor-
rected when higher than 6 2 mV. Sequential perfusion of cytosolic-side buffer
was performed using a custom-built gravity-driven perfusion system.

Stomata Aperture Measurement

Beforeperforming in situ assays of native stomatal apertures, hydroponically
grownplantswere transferred to an LEDgrowth chamber and grown for 3 d at a

white light intensity of 250mmol$m22$s21. Counting from the first true leaf pair,
the seventh leaf of each rosette was used to analyze stomata. The leaf was ex-
cised and its abaxial side pressed onto a piece of scotch tape. The mesophyll
tissue was scrapped off from the adaxial side using a scalpel, and the remaining
exposed abaxial epidermis was immediately rinsed three times with 10 mM

MES-KOH (pH 6.1). The tape containing the epidermal strip was transferred
onto a microscope slide, and randomly chosen areas covering both sides of the
midvein were imaged per leaf using an inverted NIKON ECLIPSE TS 100 mi-
croscope fitted with a NIKON Plan Fluor 40x/ 0.75 objective and a NIKON
Digital Sight DS-Fi1 camera. Leaves of at least four individual plants per
genotype were examined in this way and genotypes were alternated during
measurements. The time from leaf excision to completion of imaging was
kept at maximally 5 min to ensure that the measured stomatal apertures
reflected the native state and were unaffected by the process. Finally, recor-
ded images were blind-analyzed using ImageJ (Abramoff et al., 2004), and the
apertures of at least 60 stomata were measured across a minimum of six
images taken per leaf. Mean apertures of a single leaf were averaged, and the
mean of one biological replicate was derived from the averages of at least four
leaves per genotype.

RNA Sequencing and Data Processing

Total RNAwas extracted as described in “qRT-PCR.” For each tissue (shoots
and roots), genotype (almt9-1 and wild-type-1), and treatment (0 mM or 100 mM

supplemental NaCl for 24 h), three independent biological replicates were
produced. RNA library preparation and sequencing was conducted by the
Functional Genomics Center Zurich using Illumina HiSEquation 2000.

RNA-seq read alignment and expression estimation was performed with
RSEM (Li and Dewey, 2011). As a reference, we used the TAIR10 genome as-
sembly and the corresponding gene annotations provided by TAIR. Differential
expression was computed with the Bioconductor package edgeR (Robinson
et al., 2010) using the generalized linear model fit. A gene was considered as
differentially expressed between wild-type-1 and almt9-1 by applying a
threshold of 0.01 for the P value and 6 1 for the log2 ratio, corresponding to a
2-fold or greater difference in expression. In addition, we filtered out genes that
had very low counts. Specifically, we did not consider a gene as expressed if it
did not exceed in at least one condition a read count of 50 in the samples.
Positive log2 ratios correspond to transcriptional up-regulation in almt9-1,
negative log2 ratios to transcriptional down-regulation.

Among the differentially expressed genes, we further selected salinity
response-specific candidates that are up-regulated in almt9-1 by requiring that
(1) the gene is up- regulated under salinity (log2 ratio $ 6 1, P , 0.01), and (2)
the gene is not up-regulated under control conditions or the log2 ratio is at least
1 lower than the log2 ratio under salinity conditions. The corresponding filtering
has been applied for the down-regulated genes.

Accession Numbers

The sequence data from this article can be found in the GenBank/EMBL
data libraries under the following accession numbers: At3g18440 (ALMT9),
At2g17470 (ALMT6), At1g68600 (ALMT5), At1g25480 (ALMT4), At1g18420
(ALMT3), At2g01980 (SOS1), At2g31910 (CHX21), At2g04040 (DTX1),
At4g10310 (HKT1;1), At1g08810 (MYB60), At5g46240 (KAT1), and At3g18780.2
(ACT2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Cl2 content in xylem sap of wild-type-2 (wt-2)
and almt9-2 mutant plants upon 24-h salt treatment.

Supplemental Figure S2. Na+ and Cl2 contents in wild-type and almt9
mutant plants upon treatment with different salt compositions.

Supplemental Figure S3. Na+ and Cl2 contents in wild-type and almt9
mutant plants upon prolonged exposure to salinity.

Supplemental Figure S4. Mg2+, MA22, and osmotic contents in wild-type
and almt9 mutants during 24-h salt stress.

Supplemental Figure S5. Evaluation of the transgenic hairpin-RNA-
expressing line that targets clade II ALMTs for multiple transcriptional
down-regulation (hpRNA).
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Supplemental Figure S6. Stomatal movement in wild-type-1 and almt9-1
plants during NaCl and KCl stress.

Supplemental Figure S7. Evaluation of the guard cell-specific complemen-
tation line (GC:ALMT9) of almt9-2 by PCR.

Supplemental Figure S8. Biological functions of genes that are differen-
tially expressed in almt9-1 exclusively under salinity.

Supplemental Figure S9. Expression analysis of SOS1 upon 24-h salt treat-
ment.

Supplemental Table S1. Ion contents of wild-type and almt9mutant plants
upon 24-h salinity.

Supplemental Table S2. List of differentially expressed genes between
wild-type-1 and almt9-1 in shoots exclusively under salinity.

Supplemental Table S3. List of differentially expressed genes between
wild-type-1 and almt9-1 in roots exclusively under salinity.

Supplemental Table S4. Primers used in that study.

Supplemental Data Set S1. List of differentially expressed genes between
wild-type-1 and almt9-1 in shoots under control conditions.

Supplemental Data Set S2. List of differentially expressed genes between
wild-type-1 and almt9-1 in roots under control conditions.

Supplemental Data Set S3. List of differentially expressed genes between
wild-type-1 and almt9-1 in shoots under salinity conditions.

Supplemental Data Set S4. List of differentially expressed genes between
wild-type-1 and almt9-1 in roots under salinity conditions.
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