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A calcium signalling network activates vacuolar
K* remobilization to enable plant adaptation to
low-K environments

Ren-Jie Tang ®'3, Fu-Geng Zhao??3, Yang Yang?, Chao Wang', Kunlun Li', Thomas J. Kleist,
Peggy G. Lemaux®'and Sheng Luan®12<

Potassium (K) is an essential nutrient, but levels of the free K ions (K*) in soil are often limiting, imposing a constant stress on
plants. We have discovered a calcium (Ca?*)-dependent signalling network, consisting of two calcineurin B-like (CBL) Ca®* sensors
and a quartet of CBL-interacting protein kinases (CIPKs), which plays a key role in plant response to K+ starvation. The mutant
plants lacking two CBLs (CBL2 and CBL3) were severely stunted under low-K conditions. Interestingly, the cbl2 cbI3 mutant was
normal in K* uptake but impaired in K* remobilization from vacuoles. Four CIPKs—CIPK3, 9, 23 and 26—were identified as part-
ners of CBL2 and CBL3 that together regulate K* homeostasis through activating vacuolar K+ efflux to the cytoplasm. The vacuolar
two-pore K* (TPK) channels were directly activated by the vacuolar CBL-CIPK modules in a Ca?*-dependent manner, presenting

a mechanism for the activation of vacuolar K* remobilization that plays an important role in plant adaptation to K* deficiency.

and development. In contrast to a relatively high and stable K*

concentration (around 100mM) in the cytoplasm, bio-avail-
able K* levels in most natural soils are limited, typically in the sub-
millimolar range”. To cope with the low-K conditions, plant roots
are equipped with an array of transporters and channels capable of
pulling K* into the cell against the electrochemical gradient™. In
particular, a K* channel (AKT1) and a K*/H* symporter (HAKS5)
are two major facilitators for root K* acquisition when external K*
concentration falls below 0.2mM (refs. >°). Disruption of AKT1
and HAKS5 leads to considerable loss of K* uptake capacity in
Arabidopsis roots, coupled with severe plant growth defects under
low-K conditions®”. Both AKT1 and HAKS5 are activated by calci-
neurin B-like (CBL) calcium (Ca?*) sensors and their interacting
protein kinases (CIPKs). In plants, CBLs and CIPKs generally form
membrane-anchored CBL-CIPK complexes that serve as molecular
modules in decoding Ca?* signals’. It has become increasingly evi-
dent that the CBL-CIPK signalling network plays a primary role in
the regulation of membrane transport processes in plant cells*’. In
the case of K uptake, CBL1 and CBL9 physically interact with their
downstream kinase CIPK23 to recruit the CBL1/9-CIPK complexes
to the plasma membrane, where they activate the AKT1 and HAK5
through phosphorylation'*-"2. This CBL-CIPK-mediated signalling
pathway, conserved in different plant species, is essential for plants
to survive low-K environments'***.

After uptake from the soil, K* moves into the stele to be distrib-
uted throughout the plant via vasculature'>'*. Once arriving at the
sink’ cells (for example, mesophyll cells in the leaf), K* is used in
cellular metabolism and osmoregulation with excess K* sequestered
into the vacuoles by tonoplast K*/H* antiporters'”**. In addition to
supporting turgor pressure for cell expansion and movement, the
vacuolar K* pool can also be remobilized into the cytoplasm in
response to K* deficiency.

P otassium (K) is an essential macronutrient for plant growth

Two major mechanisms operate in parallel for plants to respond
and adapt to K* deficiency: boosting root K* uptake and remobiliz-
ing local vacuolar K* stores*'**’. When external K* levels are mini-
mal, retrieving K* from the vacuolar store may become the only
way for plants to survive and grow during K* starvation. However,
the molecular components and signalling pathways that regu-
late vacuolar K* remobilization remain largely unknown. In this
study, we identified a signalling pathway that involves CBL-CIPK
modules in the regulation of vacuolar K* remobilization. Together
with the previously described plasma membrane CBL-CIPK path-
way, our finding of the tonoplast CBL-CIPK pathway highlights
a central function for the CBL-CIPK signalling network in plant
low-K response through orchestrating the activities of multiple K*
transporters for K+ uptake from the soil and remobilization from
the vacuolar store. Because mutants lacking the vacuolar CBL-
CIPK pathway display more severe growth defects under low-K
conditions compared with those devoid of the plasma membrane
CBL-CIPK pathway, we conclude that vacuolar K* remobilization
functions as a primary mechanism for plants to respond and adapt
to low-K environments.

Results

The cbl2 cbl3 double mutant is hypersensitive to low-K condi-
tions. To identify molecular components that may contribute to
vacuolar K* remobilization, we designed a germination-based strat-
egy to screen for mutants that require an external K* supply to sup-
port early seedling establishment. This approach specifically targets
active K* remobilization from seed storage vacuoles during the seed
germination process”’. Indeed, wild-type Arabidopsis seeds germi-
nated well and established normal seedlings in distilled water with-
out external supply of mineral nutrients, solely relying on minerals
from seed storage vacuoles (Supplementary Fig. 1). In principle,
mutations in genes responsible for nutrient retrieval from vacuoles
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Fig. 1| How cbl2 cbI3 mutant plants are hypersensitive to external K* deficiency. a, Seed germination of wild type (Col-0) and cb/2 cbl3 in the presence

of different external K* concentrations. Representative images show eight-day-old seedlings after direct germination on the K-free growth medium
supplemented with indicated concentrations of KCl (n=4 biological replicates). b, Measurement of cotyledon greening percentage (n=4 biological
replicates), primary root length (n=30, independent samples collected from four experiments) and seedling fresh weight (n=4 biological replicates) at
the end of the seed germination assay as shown in a. Box plots show the minimum, 25th percentile, median, 75th percentile and maximum of the data
points. Asterisks indicate statistically significant differences compared with the wild type by two-tailed Student's t-tests, *P < 0.05. The exact P values

are as follows: for cotyledon greening, from left to right, P=3.83x10°,1.26 x 107>, 6.46 X107, 5.70 x 1077, 0129, 0.537; for primary root length, from left
to right, P<1.0x107%, <1.0x 107", <1.0 x 107, <1.0 x 107", =0.0625, 0.988; for fresh weight, from left to right, P=7.77 x107°,1.76 x 1077, 1.29 x 108,
7.22x1075,9.78 X107, 0.739. ¢, Growth phenotype of wild-type and cbl2 cbl3 plants during K*-starvation treatment. Wild-type and mutant plants

were grown under K-replete conditions (10 MM K*) for 16 d and then transferred to new hydroponic solutions containing either sufficient K+ (10 mM)

or insufficient K* (0.01mM) for another 9 d. Photographs were taken before the transfer and at the end of the 9-d treatment, respectively. Independent
experiments were repeated three times. d, Root and shoot fresh weight of wild-type and cbl2 cbl3 plants on the ninth day after transferring plants to the
new hydroponic solutions. Box plots show the minimum, 25th percentile, median, 75th percentile and maximum of the data points. Asterisks indicate
statistically significant differences compared with the wild type by two-tailed Student's t-tests, *P < 0.05. Data are from 12 independent biological samples
(n=12). The exact P values are as follows: for root fresh weight, at 0.01and 10, P=3.37 x 107" and 0.0656, respectively; for shoot fresh weight, at 0.01 and

10, P=2.40 %107 and 0.465, respectively.

would result in defects during seed germination. When screening
mutants with transfer DNA (T-DNA) insertions in various genes
encoding K* transporters and potential regulators, we identified
several mutants with a dramatic defect in seedling establishment.
One such mutant harbours T-DNA insertions in both CBL2 and
CBL3 genes (Supplementary Fig. 1), which encode two major CBLs
anchored to the tonoplast’>. To verify a K*-specific effect on the
phenotype, we subsequently germinated the seeds under various
external K* regimes and found that the addition of 1-10mM K* into
the medium rescued seedling establishment of the cbl2 cbl3 mutant,
whereas 0.01-0.1 mM K* did not (Fig. 1a,b).

Previous work suggests that CBL2 and CBL3 modulate tonoplast
V-ATPase activity, which in turn regulates many aspects of plant
growth and ion homeostasis*. We thus examined whether vacuolar
H*-ATPase is involved in low-K response by testing the germination
of vha-a2 a3, a tonoplast V-ATPase null mutant”, on the medium
containing low levels of K*. Unlike the cbl2 cbi3 mutant, vha-a2 a3
seeds germinated like the wild type (Supplementary Fig. 2), indi-
cating that CBL2 and CBL3 regulate low-K response in a tonoplast
V-ATPase-independent manner.

CBL1 and CBL9, which are targeted to the plasma membrane,
function as essential Ca?* sensors required for activation of root K*
uptake during K* deficiency'®'"**. However, under the experimen-
tal conditions designed for screening the K*-remobilization defect,
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cbll cbl9 double mutants, unlike cbl2 cbi3, failed to exhibit a dis-
cernible phenotypic change on the low-K medium (Supplementary
Fig. 3). This result not only indicates that these two pairs of CBLs,
localized to plasma membrane and tonoplast, respectively, play
distinct roles in low-K adaptation, but also verifies that the germi-
nation assay described in this study would probably identify remo-
bilization mutants rather than mutants defective in K* uptake.

We next examined the seed germination of cbl2 or cbi3 single
mutants on low-K medium to dissect the functional redundancy.
Although cbl3 showed slightly retarded germination on the medium
with an extremely low level of K* (0.0l mM), the ¢cbi2 cbi3 double
mutant displayed a much stronger phenotype (Supplementary
Fig. 4). In the presence of 0.05mM or 0.1 mMK*, defect in seed
germination was observed only in the double mutant but not in
the single mutants (Supplementary Fig. 4). Moreover, transgenic
expression in the cbl2 cbl3 background of either CBL2 or CBL3
restored seed germination under low-K conditions (Supplementary
Fig. 5). Taken together, these results demonstrated that CBL2 and
CBL3 function redundantly in low-K adaptation in Arabidopsis.

To extend the phenotypic analysis under low-K conditions, we
subjected the seedlings to postgermination growth assay on agarose
plates. When grown on the low-K medium containing 0.01, 0.05
or 0.1 mMK, ¢bl2 cbl3 mutants grew worse than wild-type plants,
with more stunted shoot and root systems (Supplementary Fig. 6).

385


http://www.nature.com/natureplants

NATURE PLANTS

ARTICLES

We noted that cbl2 cbl3 shows a different phenotype in an earlier
study using a high concentration of ammonium (NH,*) in the
medium®. We thus phenotyped cbi2 cbl3 on media with variable
K* and NH,* supplies. With low millimolar levels of NH,*, cbi2 cbi3
clearly displayed a low-K hypersensitive phenotype (Supplementary
Fig. 7). In the presence of 20 mM NH,*, however, cbi2 cbi3 seedlings
appeared larger and greener than the wild type (Supplementary
Fig. 7), which was earlier interpreted as more ‘resistant’ to low-K
conditions®’. We therefore concluded that NH,* toxicity can mask
the true phenotype of mutants under low-K conditions. Hence, we
set the external NH,* at 1 mM to avoid its toxic effect.

To address the role of CBL2 and CBL3 in K* homeostasis during
an extended growth period, we cultured the seedlings hydroponi-
cally and examined their phenotypes for four weeks. Under a wide
range of low-K conditions, cbl2 cbl3 seedlings were consistently
more stunted than wild-type plants (Supplementary Fig. 8).

A short-term K*-starvation treatment of mature plants may
directly manifest plant capacities in the K* remobilization process.
We thus transferred plants from K*-sufficient to K*-deficient condi-
tions and monitored their growth for 9 d. We found that, while wild-
type plants remained healthy, cbl2 cbl3 plants were stunted with
strong chlorosis at leaf tips, a typical symptom for K* deficiency in
plants (Fig. 1¢). Quantification of the root and shoot biomass con-
firmed that growth of cbi2 cbl3 mutants was severely affected within
9d of K* deprivation (Fig. 1d).

K* homeostasis, but not uptake, is severely impaired in the
cbl2 cbl3 mutant plants. To explore the mechanism underlying
CBL2/3-mediated low-K adaptation, we measured K content in
wild-type and cbi2 cbl3 plants grown in different K* regimes on
agarose plates. To our surprise, although the mutant plants were
extremely sensitive to low-K levels in the medium, they exhibited
a significantly higher K content as compared with the wild type,
particularly under low-K conditions (Fig. 2a). We then measured
the K content in the adult plants from hydroponic culture. When
plants were transferred from 10mM to 0.0l mMK*, we found a
dramatic drop in K accumulation in both roots and shoots of wild-
type plants. Interestingly, shoot K content in cbl2 cbl3 plants was
more than double of the level in wild-type plants, although K level
in roots was similar between cbl2 cbl3 and the wild type (Fig. 2b).
Furthermore, when grown in a wide range of external K* concentra-
tions (0.01, 0.1, 0.5, 1, 3 and 10mM), cbl2 cbl3 mutant plants con-
sistently retained a higher K content in the shoots as compared with
wild-type plants (Fig. 2c).

To date, a large majority of low-K hypersensitive mutants show
defects associated with root K* uptake. Although the initial screen
in this study was designed to identify mutants potentially defective
in vacuolar K* remobilization, we cannot exclude the possibility
that CBL2 and CBL3 may also regulate K* uptake. We compared
cbl2 cbl3 mutants with the wild-type plants in root K* uptake capac-
ity using the rubidium (Rb*) tracer assay® and found no difference.
In contrast, the well-known K*-uptake mutant (lacking both AKT1
and HAKS5) showed severely reduced uptake rates (Fig. 2d). These
results further support the conclusion that CBL2 and CBL3 regulate
K* homeostasis without altering K* uptake in Arabidopsis.

To further understand the defect of K+ homeostasis in cbl2 cbi3,
we monitored the expression of low-K-induced marker genes® in
wild-type and mutant seedlings as a proxy for relative cytoplasmic
K* levels. Upon K* starvation, all of the tested gene markers were
expressed at higher levels in the cbl2 ¢bl3 mutant than in the wild
type (Supplementary Fig. 9), suggesting that cbl2 cbl3 mutant plants
were physiologically more starved of the K* nutrient despite an
overaccumulation of total K. These results further support the ini-
tial hypothesis that CBL2 and CBL3 may control remobilization of
the vacuolar K* pool. As the primary K* reserve for remobilization
comes from the majority of leaf cells containing large vacuoles, it is
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reasonable to see that shoot K content is more affected, as compared
with the root K content, in the cbl2 cbl3 mutant.

A quartet of CIPKs partner with tonoplast Ca** sensors in plant
low-K adaptation. It has become a widely accepted paradigm
that CBL proteins physically and functionally interact with CIPKs
to regulate membrane transport processes*’. To identify CIPKs
involved in the CBL2/3-mediated pathway in plant low-K adap-
tation, we first analysed the expression levels of CIPK genes dur-
ing seed germination in response to K* deficiency. Among the 26
CIPKs in Arabidopsis, CIPK6, 9 and 25 exhibited a strong induc-
tion (>tenfold) at the transcriptional level under low-K conditions
(Supplementary Fig. 10a). We examined loss-of-function mutants
of cipké, cipk9 and cipk25 under low-K conditions and found that
the growth of cipk9 mutants, but not cipk6 or cipk25, was slightly
arrested in the presence of 0.01 mM K* (Supplementary Fig. 10b,c),
suggesting that CIPK9 may function in plant adaptation to K* star-
vation, consistent with the finding in a previous study”. However,
the phenotypes of cipk9 single mutants were much weaker than cbl2
cbl3 when grown under low-K conditions, probably due to func-
tional redundancy with other CIPKs. Indeed, we earlier showed that
CIPKO9, as well as its three close homologues CIPK3, 23 and 26, can
interact with CBL2 and CBL3 in the tonoplast to regulate plant tol-
erance to high magnesium (Mg?**) stress”. It is tempting to speculate
the same signalling complexes in the tonoplast may also be respon-
sible for plant low-K responses. To test this hypothesis, we created a
series of multigene mutants among cipk3, 9, 23 and 26, and in par-
ticular we established a second set of combinations of independent
alleles that was not available in the previous study (Supplementary
Fig. 11). We subjected these genetic materials to low-K growth assays
as conducted earlier for the cbl2 cbl3 mutant. We found that among
all the single mutants only cipk9 showed a discernible phenotype.
The cipk9 cipk23 double mutants showed a much stronger pheno-
type than the cipk3 cipk26 double mutants under low-K conditions
during seed germination (Fig. 3a and Supplementary Fig. 12a),
asrevealed by plant fresh weight (Fig. 3b and Supplementary Fig. 12b).
This is interesting because our previous study indicates that the
same cipk9 cipk23 mutant did not show a strong phenotype under
high-Mg conditions”, suggesting that these CIPKs do not contrib-
ute to the two nutrient-associated stresses (low-K versus high-Mg)
in the same manner, although they partner with the same CBLs. In
the hydroponic solutions containing extremely low K* (0.01mM),
even single mutants of cipk9 and cipk23 exhibited mild but signifi-
cant growth retardation as compared with wild type. But cipk9/23
double and cipk9/23/26 triple mutants showed much stronger
defects, to a similar level as cbl2 cbl3 (Fig. 3c,d). In the presence
of 0.1 mMKY, cipk9 and cipk23 single mutants became comparable
with wild type, but growth defects remained strong in cipk9/23 and
cipk9/23/26 mutants (Fig. 3c,d). When analysing the various triple
mutants, we found that all of them were hypersensitive to low-K
conditions, although cipk3/23/26 was the weakest and cipk9/23/26
was the strongest (Supplementary Fig. 12¢,d). This phenotype ‘gra-
dient’ in single, double, triple mutants under different K* regimes
reflects a functional overlap among the four CIPK partners of CBL2
and CBL3 in low-K adaptation.

We also subjected various plants to the K* starvation treatment.
In this assay, only the cipk3/9/23/26 quadruple mutant displayed
an identical phenotype to cbl2 cbl3 among all the genetic mutants
described above (Supplementary Fig. 13). The two independent
alleles of cipk3/9/23/26 quadruple mutant, like the cbl2 cbl3 mutant,
were both severely stressed with leaf tip necrosis, suggesting that
these four CIPKs all function downstream of CBL2 and CBL3 in
the K* remobilization process (Fig. 3e), although their individual
contributions may differ. Among them, CIPK9 and CIPK23 may
contribute more significantly than CIPK3 and CIPK26. In particu-
lar, CIPK23 appears to play a dual role in both K* absorption'®*
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Fig. 2 | K content in the cbl2 cbI3 mutant. a, K content in the root and shoot tissues of two-week-old wild-type (Col-0) and cbl2 cbl3 plants grown on
agarose plates supplemented with different concentrations of K* (n=4 biological replicates). Asterisks indicate statistically significant differences
between the wild type and cbl2 cbl3 analysed by two-tailed Student's t-tests, *P< 0.05. The exact P values are as follows: for root, from left to right,
P=4.74%x1073,5.22%107°, 0.624; for shoot, from left to right, P=1.24 x107°, 7.38 x 10-¢, 3.52 x 10~3. b, K content in the root and shoot tissues was
measured at the end of the K*-starvation assay as shown in Fig. 1b (n=4 biological replicates). Asterisks indicate statistically significant differences
between the wild type and cbl2 cbl3 analysed by two-tailed Student's t-tests, *P < 0.05. The exact P values are as follows: for root, at 0.01and 10, P=0.555
and 0.944, respectively; for shoot, at 0.01and 10, P=4.36 X107 and 2.71x 1074, respectively. ¢, K content in the shoot tissue of hydroponically grown
plants. Wild-type plants and cbl2 cbi3 mutants were grown in hydroponic solutions to one-month-old stage in the presence of different K* concentrations.
Shoot materials were harvested for the determination of K content (n=4 biological replicates). Asterisks indicate statistically significant differences
between the wild type and cbl2 cbl3 analysed by two-tailed Student's t-tests, *P < 0.05. The exact P values are as follows: from left to right, P=2.19x 1075,
9.51x107°% 6.03x 107>, 3.54 x1073,1.77 x10°°, 0.0268. d, K* (Rb*) uptake rates in the wild type, and cbl2 cbl3 and akt1 hak5 mutants in the absence or
presence of NH,* (n=6 biological replicates). Asterisks indicate statistically significant differences analysed by two-tailed Student's t-tests, *P < 0.05.
The exact P values are as follows: for —=NH,*, P=0.883 (Col-0 versus cbl2 cbl3), P=1.53 x10~7 (Col-0 versus aktT hak5); for +NH,*, P=0.179 (Col-0 versus
¢bl2 cbl3), P=1.03 x10~° (Col-0 versus akt1 hak5). All the box plots from a-d show the minimum, 25th percentile, median, 75th percentile and maximum

of the data points.

and remobilization, while the other three CIPKs mainly function in
the latter process. This idea was supported by the finding that the
cipk3/9/26 triple mutant, like the ¢bl2 c¢bl3 double mutant, overac-
cumulated K in the shoots, whereas cipk9/23/26 and cipk3/9/23/26
mutants did not, presumably because CIPK23 mutation additively
leads to impaired K* uptake (Fig. 3f).

In this study, we found that the akt1 hak5 double mutant, lack-
ing the two major K*-uptake transporters in the roots, did not
display leaf necrosis, a typical K+ deficiency symptom shown in
cbl2 cbl3 (Supplementary Fig. 13), although K content in both
roots and shoots was greatly reduced in the aktl hak5 mutant as
compared with the wild type (Fig. 3f). Moreover, we compared
the phenotypes of ¢cbll cbl9 and cbl2 cbl3 in various low-K treat-
ment assays, and found that cbi2 cbl3 displayed a severe growth
inhibition in all cases when K* was deficient, whereas cblI cbl9
failed to show a pronounced phenotype upon a short period of
K* starvation (Supplementary Fig. 14). These findings suggest that
immediate K+ remobilization from vacuolar stores, rather than K*
uptake, serves as a predominant mechanism in coping with short-
term K* starvation, a condition often encountered by plants under
natural conditions.
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Tonoplast CBL-CIPK modules regulate the vacuole-to-cytosol
K* transport. Our previous study has shown that CBL2 and CBL3
form protein complexes with CIPK3, 9, 23 and 26 at the vacuolar
membrane”’. We hypothesize that the tonoplast CBL-CIPK mod-
ules directly regulate K* retrieval from the vacuolar pool to cope
with K* deficiency. To test this hypothesis, we examined K* fluxes
from the vacuole into the cytoplasm using the patch-clamp tech-
nique. In the whole-vacuole mode, instantaneous K*-permeable
currents were recorded at both positive and negative voltages in the
wild-type vacuoles isolated from mesophyll cells (Fig. 4a). Because
pH gradient across the tonoplast under physiological conditions
establishes a negative membrane potential that favours cation efflux
from the vacuole®, we focused on the K* current detected in the
range of negative test voltages. Importantly, the inward K* current
(from vacuolar lumen to the cytosol) physiologically corresponds
to the vacuolar K* remobilization process. Under the same experi-
mental condition, vacuoles from cbl2 cbi3 mesophyll cells exhibited
dramatically reduced inward K+ currents compared with those from
wild-type plants (Fig. 4a), suggesting that vacuolar K+ remobiliza-
tion was seriously impeded in the mutant. Further analysis in mul-
tiple cipk mutants showed that mutation of CIPK9 alone slightly
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two independent alleles of cipk9 cipk23 double mutants under different external K* concentrations. Representative images show eight-day-old seedlings
after direct germination on the K-free growth medium supplemented with indicated concentrations of KCI (n=4 biological replicates). b, Measurement

of seedling fresh weight (n=4 biological replicates) at the end of the seed germination assay as shown in a. ¢, Growth phenotype of one-month-old wild-
type plants as well as different cbl and cipk mutants in hydroponic solutions containing indicated concentrations of K*. Seven-day-old seedlings germinated
on MS plates were transferred to hydroponic solutions for further 23-d growth. Photographs were taken on the 23rd day after the plants were grown

under hydroponic conditions. Independent experiments were repeated three times. d, Measurement of root and shoot biomass of one-month-old plants

in hydroponic solutions as shown in € (n=6 biological replicates). e, Growth phenotype of the wild type and two independent alleles of cipk3/9/23/29
quadruple mutant during K+ starvation treatment. Wild-type and mutant plants were grown under K-replete conditions (10 mM K*) for 18 d and then
transferred to new hydroponic solutions containing either insufficient K* (0.01mM) or sufficient K+ (10 mM) for another 9 d. Photographs were taken at
the end of the nine-day treatment. Independent experiments were repeated three times. f, Quantification of root and shoot K content in various plant
materials after the K+ starvation treatment. After the 9-d transfer of the 18-day-old plants to K-insufficient (0.01mM) or K-sufficient (10 mM) solutions,
root and shoot samples were collected in each genotype followed by the measurement of K content (n=4 biological replicates). Box plots in b,d,f show the
minimum, 25th percentile, median, 75th percentile and maximum of the data points. Statistical analyses between groups in b,df were performed by one-
way analysis of variance (ANOVA) followed by a Tukey's multiple comparison test. Different letters indicate significant differences at P< 0.05.

reduced vacuolar K* conductance, whereas cipk23 single mutants
showed no difference from the wild type (Fig. 4a). Double mutation
of CIPK9 and CIPK23 substantially disrupted the activity of vacu-
olar K* transport. The K* efflux currents in triple and quadruple
mutants were further compromised (Fig. 4a). Current magnitudes
in cbi2 cbl3 as well as higher-order cipk mutants were quantitatively
analysed in the form of a current-voltage (I-V) curve (Fig. 4b),
which suggested that multiple CIPKs differentially but coopera-
tively contributed to the regulation of K* efflux from the vacuolar
pool, consistent with their contribution to low-K adaptation phe-
notype described earlier. At a test voltage of —100mV, the current
amplitude measured in cbl2 cbl3 vacuoles was only about 20% of that
in the wild type (Fig. 4c). While single cipk mutants were slightly
compromised in the vacuolar K* conductance, higher-order cipk
mutants featured a gradient of reduction in the K* current ampli-
tude (Fig. 4c). Most strikingly, the inward K* current across the
tonoplast in the quadruple mutant cipk3/9/23/26 was diminished to
a similar level as observed in cbl2 cbl3 (Fig. 4b,c), further supporting
the conclusion that these four CIPKs redundantly act downstream
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of the two tonoplast Ca*" sensors in regulating vacuole-to-cytosol
K* transport.

Reconstitution of the vacuolar K* efflux by the TPK-type channel
coupled with tonoplast CBL-CIPK modules. Electrophysiological
recordings of channel activities in the tonoplast have identified
fast vacuolar (FV) and slow vacuolar (SV) channels, as well as
vacuolar K*-selective (VK) cation channels, which may synergisti-
cally mediate vacuolar K* release”. We thus reasoned that some of
these channels might be directly regulated by the tonoplast CBL-
CIPK modules involved in vacuolar K* remobilization. To test this
hypothesis, we attempted to reconstitute the vacuolar K* release
pathway in a plant cell system. While the molecular nature of the
FV components remains elusive and the SV channel TPC1 is multi-
functional®, VK currents encoded by two-pore K*s (TPKs) appear
to play a more specific role in plant K* homeostasis and nutri-
tion’". We thus tested the possible link between TPK-type channels
and CBL-CIPK signalling modules. After transiently expressing
Arabidopsis TPK channels with or without CBL-CIPK modules
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Fig. 4 | Reduced vacuolar K* inward current in various cbl and cipk mutants. a, Whole-vacuole K* current density traces of a representative vacuole

from the wild type (Col-0), cbl2 cbl3 mutant and multiple cipk mutants as indicated. The scale of current density and elapsed time as well as the recording
protocol are depicted in the bottom right panel. All the experiments were repeated at least three times. b, Standardized current-voltage curves of
stationary current densities recorded in wild type, cbl2 cbl3 and multiple cipk mutants. Symbols and error bars denote mean and standard error;

n represents independent biological samples. ¢, Quantification of the K* current density across the tonoplast from different plant materials at the
imposed voltage of —100 mV. Statistically significant differences between groups were analysed by one-way ANOVA followed by a Tukey's multiple
comparison test. Different letters indicate significant differences at P<0.05. Bars and error bars denote mean and standard error; n represents

independent biological samples.

in Nicotiana benthamiana, we recorded the K* current emanating
from the isolated vacuoles of mesophyll cells expressing the trans-
genes. To better monitor the expression of each component, TPK,
CBL and CIPK proteins were tagged with three different types of
fluorescent proteins, VENUS, CFP and mCherry, respectively,
which can be readily distinguished in a single cell’>. After extensive
trials, we achieved co-expression of all three components in a single
mesophyll cell and all of them could be colocalized to the mem-
brane of an isolated vacuole (Fig. 5a). When TPK1 was expressed
alone, a clear inward K* current across the tonoplast was recorded,
which is significantly higher than the background activity (Fig. 5b).
This observation indicates that, under our experimental conditions,
endogenous background VK current was overshadowed by the
transiently expressed TPK1 whose activity can thus be conveniently
examined in this system. Compared with TPK1 alone or TPK1
co-expressed with mCherry, co-expression of CIPK9 with TPK1
resulted in a significant elevation in the channel activity and this
CIPK9-induced activation was further augmented after coupling
the expression of CBL3 (Fig. 5b). Compared with vacuoles express-
ing TPK1 alone, the CBL3-CIPK9-TPK1 co-expression induced a
threefold larger current (Fig. 5c). On the other hand, the kinase-
dead version of CIPK9 harbouring a Lys-to-Asn mutation™ failed to
amplify TPK1 current (Fig. 5b), indicating that the kinase activity
of CIPK9 is indispensable for the channel activation. Besides, the
CBL3-CIPK9 module only marginally activated the endogenous
VK channels in the absence of TPK1 (Fig. 5b,c), validating that the
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exogenous components CBL3, CIPK9 and TPK1 constitute a linear
pathway that facilitates K* release from Arabidopsis vacuoles. To fur-
ther confirm the observed vacuolar currents were carried by K*, we
applied various concentrations of K* in the bath solution (cytosolic
side of tonoplast) and found that the TPK1 currents were highly
dependent on cytosolic K* concentration (Supplementary Fig. 15).
The reversal potentials (E,.,) were shifted to more positive values
with decreasing cytosolic K* concentrations, which correlated well
with the predicted Nernst K* equilibrium potentials (Eyy), indi-
cating that the recorded currents are mediated by K* movement. We
next conducted experiments involving two other members of TPK
family channels targeted to the tonoplast*** and found that both
TPK3 and TPKS5 could also be activated by CBL3-CIPK9 in a simi-
lar manner (Supplementary Fig. 16), implicating CBL-CIPK activa-
tion as a universal regulatory mechanism for TPK-type channels.
Furthermore, co-expression of CBL3 in combination with CIPK3,
CIPK23 or CIPK26, but not with CIPK24, enhanced TPK1-elicited
current as well (Supplementary Fig. 17), which is consistent with
the genetic redundancy of the four CIPK members. The specific-
ity of TPK1 regulation by CBL-CIPK modules was also addressed
using different CBLs. Unlike the tonoplast-localized CBL2 and
CBL3, CBL1 that resides in the plasma membrane failed to further
activate the TPK1 channel on top of CIPK9 (Supplementary Fig.
18). In addition, Ca** was required for CBL-CIPK activation of the
TPK1 channel, as adding Ca?* chelator EGTA to the bath solution
(cytoplasmic side) entirely abolished the channel activity while
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Fig. 5 | Reconstitution of the vacuolar K* efflux pathway consisting of TPK channels and CBL-CIPK modules. a, Co-expression of the TPK channel and
CBL-CIPK module in a single plant cell as well as an isolated vacuole. Confocal laser scanning microscopy images of a typical mesophyll protoplast and
an isolated vacuole transiently expressing the three components tagged with three distinct types of fluorescent proteins. The VENUS, mCherry and CFP
signals were labelled green, red and blue, respectively. Scale bars, 10 um. Images are representative from ten independent biological samples. b, Typical
K* current density traces recorded across the vacuole membrane of plant cells co-expressing indicated combinations of TPK, CBL and CIPK. Bottom right
inset illustrates the protocol and the scale of the recordings in patch-clamp experiments. All the experiments were repeated three times. ¢, Current-
voltage curves of stationary currents recorded in the experiments as shown in b. Symbols and error bars denote mean and standard error. For the group of

TPK1-CIPK9X48N-CBL3, n=8; for all the other combinations, n=10.

submillimolar levels of Ca?* maintained the activation of TPK1 by
CBL3-CIPK9 (Supplementary Fig. 19). Taken together, these results
reconstituted a vacuolar Ca**-dependent CBL-CIPK pathway mod-
ulating the activity of TPK-type K* channels that may function in
vacuolar K* release in response to K* deficiency.

Discussion

Acquisition of K* from the external environment and K* retrieval
from the internal stores provide two important routes for K*
homeostasis in plant cells'”. As the plant vacuole serves as a
major organelle for accumulation and storage of K*, massive K*
retrieval from vacuoles may occur in plants to respond to diverse
environmental changes and developmental cues. One critical cir-
cumstance is when plants encounter K+ deficiency in the soil, which
would promote K* mobilization from the vacuolar pool to support
the metabolic processes in the cytoplasm. A previous study indi-
cates that, under varying extracellular K* status, vacuolar K* levels
change rapidly whereas cytosolic K* is maintained at a more con-
stant level, supporting a model that plant cells maintain steady cyto-
plasmic K* levels at the expense of altering the vacuolar K* pool™.
Despite the importance of this vacuole-to-cytoplasm pathway for
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K* homeostasis, molecular components constituting the vacuolar
K* release and its regulation remain largely unknown. In this study,
we demonstrated that the K* remobilization process is activated by
a Ca’*-dependent CBL-CIPK signalling network, which serves as a
critical mechanism for plants to cope with low-K stress. During K*
starvation, tonoplast-localized Ca** sensors CBL2 and CBL3 physi-
cally and functionally interact with a quartet of CIPK-type kinases,
which in turn activate K* efflux from the vacuoles, delivering the K*
nutrient to the cytoplasm.

Several types of K*-permeable channels in the tonoplast are
known to facilitate K* release from the vacuole?”, but it remains
unknown how these channels fine-tune their activity in response
to the cellular K* status. The vacuolar CBL-CIPK network identi-
fied in this study provides a molecular link between channel activ-
ity and cytosolic K* level to adjust channel activities depending
on cellular K* status. To identify the effector proteins subjected to
direct regulation by the CBL-CIPK modules in the tonoplast, we
reconstituted the vacuolar CBL-CIPK-TPK pathway that generates
a robust and well-defined inward K* current mediating K* efflux
from the vacuolar lumen. This is consistent with the proposed func-
tion of TPK channels in plant K* nutrition®'. We speculate that other
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Fig. 6 | A working model depicting dual CBL-CIPK pathways in plant
low-K response. Under low-K stress conditions, unidentified Ca?* channels
mediate Ca?* influx, triggering a Ca?* elevation. A pair of Ca?* sensors, CBL1
and CBL9, interacts with CIPK23 and recruits CBL1/9-CIPK23 complexes
to the plasma membrane where they phosphorylate and activate AKT1
and HAKS to boost K* uptake. In parallel, the tonoplast-localized CBL2
and CBL3 interact with four CIPKs that, in turn, propel K* remobilization
from the vacuole store through activating TPK-type K* channels. The two
pathways work synergistically to ensure increased K+ availability in the
cytoplasm when external K+ becomes limited. Red spheres denote Ca?*;
green spheres denote K*; purple asterisks indicate protein phosphorylation.
Arrows point in the direction of K* flows.

tonoplast K* transporters in addition to TPKs may also serve as the
targets of vacuolar CBL-CIPK complexes and function synergisti-
cally with TPKs in facilitating the overall K* efflux from vacuoles.
This hypothesis resembles the scenario at the plasma membrane
where CBL1/9-CIPK23 simultaneously activates two distinct types
of K* transport proteins to enhance K* uptake under low-K condi-
tions'***. Indeed, a more recent study showed that the SV channel
TPC1 and TPK1/TPK3 channels in the tonoplast act in concert to
confer electrical excitability of plant vacuoles*. As TPC1 is perme-
able to monovalent cations including K* (ref. *°), it may also play a
role in the vacuolar K* remobilization process, and hence may pos-
sibly serve as an alternative target for the vacuolar CBL-CIPK mod-
ules. As vacuolar CBL-CIPK modules and tonoplast K* channels
are evolutionarily conserved from moss to higher plants**, Ca**-
signalling-mediated vacuolar K* remobilization may be a universal
mechanism for land plants to respond and adapt to low-K environ-
ments. Given the pivotal roles of K* transport in plant cell physiol-
ogy, this Ca’*-dependent vacuolar K* remobilization pathway may
govern a number of diverse cellular processes, such as stomatal
movement and polarized cell growth during root hair and pollen
tube elongation, which warrant future studies. The dual CBL-CIPK
pathways in low-K responses may preferentially function in differ-
ent plant tissues depending on their expression pattern and target
transporters. The plasma membrane CBL-CIPK pathway directly
phosphorylates AKT1 and HAKS that are mainly expressed in roots
for K* uptake. The vacuolar CBL-CIPK modules may be more
important in shoot tissues since large amounts of K* are stored
in the vacuoles of mesophyll cells and serve as a major K* source
for remobilization. This is consistent with the expression pattern
of CIPK members in the two pathways: for example, CIPK23 is
highly expressed in root hairs and cortex cells** whereas CIPK9 is
predominantly expressed in the shoot tissues®. It is also interest-
ing to point out that CIPK9 may function exclusively in vacuolar
K* remobilization whereas CIPK23 appears to play a dual role in
both pathways. This further validates a general theme in versatility
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of CIPK functions: one CIPK may interact with multiple CBLs that
recruit it either to the plasma membrane or to the tonoplast where
the distinct CBL-CIPK complexes regulate specific target proteins
and biological processes. Another example of such versatility is pro-
vided by CIPK24/SOS2 that is recruited to the plasma membrane
and tonoplast, respectively, by CBL4 and CBL10 to regulate sodium
(Na*) exclusion or sequestration in plant salt responses®*’.

It is important to note that mutants lacking the vacuolar CBL-
CIPK pathway, such as cbl2 cbl3 and cipk3/9/23/26, displayed severe
growth defects in a broad range of external K* regimes. In contrast,
mutants lacking the plasma membrane CBL-CIPK pathway consis-
tently show much weaker growth phenotype under the same condi-
tions (Supplementary Fig. 14). These data indicate that the vacuolar
CBL2/3-CIPK pathway for K* remobilization may serve as a pri-
mary mechanism for plants to respond and adapt to K* deficiency,
which appears to be more critical than the plasma membrane
CBL1/9-CIPK23 pathway functioning in K* uptake. Beside the fact
that the vacuolar pool provides a readily available K* source, vacu-
olar membrane potential (around +30 mV)* may constantly adjust
K* gradient between the vacuolar lumen and the cytosol, provid-
ing a more effective mechanism to deal with the K* shortage in
the cytosol, particularly in response to a short-term K* deficiency.
Nevertheless, maintaining K* homeostasis under K* deficiency not
only involves K* fluxes at the cellular level but also requires long-
distance transport at the whole-plant level**. Effective transloca-
tion of K* from source to sink tissues relies on cooperative actions
of both plasma membrane and tonoplast K* transport systems in
different cell types, which should be highly coordinated, and the
dual CBL-CIPK networks provide such a regulatory mechanism to
orchestrate K* transport along the path (Fig. 6).

Ca’* is an evolutionarily conserved and functionally versatile
signalling agent in many regulatory pathways. In Arabidopsis roots,
it has been shown that K* starvation triggers two successive and
distinct Ca®* signals®. It is possible that these Ca®* spikes lead to
distinct downstream responses in different cell types*. Intriguingly,
two Ca?*-dependent CBL-CIPK pathways also operate at differ-
ent subcellular locations during plant K* deficiency. Although it is
unknown whether these two CBL-CIPK pathways are activated by
distinct Ca®* signals, they certainly target specific ion channels and
regulate different K* transport processes in the plasma membrane
and vacuolar membrane, respectively. A critical feature of the CBL-
CIPK signalling machinery concerns the pivotal role of Ca**. In the
plasma membrane pathway, efficient activation of the K* channel
AKT1 by CBL1-CIPK23 is tightly regulated by Ca?* (refs. '**). In
this study, activation of vacuolar K* efflux channels by CBL-CIPK
modules is Ca?*-dependent as well. It is noteworthy that TPK-type
channels contain putative EF-hands in their C-terminal regions and
require Ca?* for their channel activity’>*>**. Our work here indicates
that Ca?* alone, without CBL-CIPK components, was not sufficient
to activate TPKs beyond the basal level. It is thus possible that the
resting Ca?* levels in the plant cell may be a prerequisite for the basal
activity and a robust Ca*" burst induced by nutrient deficiency may
be required for the further activation by the CBL-CIPK signalling
pathway. A future challenge is to identify the elusive Ca®* channels
and molecular regulators responsible for generating the Ca** signa-
tures in plant responses to K* deficiency and other nutrient signals,
as exemplified by recent studies**.

Methods

Plant materials and general growth conditions. All the wild-type, mutant
and transgenic Arabidopsis lines used in this study are Columbia (Col) ecotype.
Based on the germination assay described thereinafter, we initially screened

54 homozygous Arabidopsis T-DNA insertion mutants defective in putative

K* channels and transporters or potential regulators, which include the stocks
as follows: akt1 (SALK_071803)", hak5 (SALK_130604), akt1 hak5, kup1
(SALK_051343), kup3 (SALK_002622), kup4 (SALK_150351; SALK_086060),
kup5 (SALK_120707; SALK_072850), kup7 (SAIL_105_G04; GK_665A02;
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SALK_206158), kup9 (SALK_108080), kup10 (GK_692H04; GK_797C11),

kup11 (SAIL_203_C07; GK_625B10), kup12 (SALK_045392; SALK_083613;
SALK_121784), nhxI nhx2 (ref. "), nhx3 (SALK_082277), kea4 (SALK_012925;
SALK_008276), kea5 (SALK_140807; SALK_082203), kea6 (SALK_141501;
SALK_106751), kea4 kea5 kea6 (two independent alleles)”, kc1 (SALK_116451;
SALK_140579), skor (SALK_097435; GK_391G02), tpcl (SALK_145413;
GK_685C03), tpk1 (WiscDsLox385A07; SALK_146903), vha-a2 a3 (ref. »*),

avpl (GK_569C07), cbll cbl9 (ref. %), cbl2 cbl3 (ref. *%), cbl4 (SALK_113101),

cbl8 (SALK_083553), cbl10 (SALK_056042), cipk23-1 (SALK_032341)*, cipk9-1
(SAIL_252_F06), cipk9-2 (SALK_058629)*, cipk9-3 (SALK_014699), cipk6-

1 (GK_448C12), cipk6-2 (SM_3_19294), cipk25-1 (SALK_059092), cipk25-2
(SALK_079011) and cipk25-3 (SALK_029271). In the subsequent experiments, a
group of cipk mutants was employed as described in a previous study*” and suffixed
with @ in this study. Another independent set of cipk mutants harbouring T-DNA
insertions was isolated in this study as follows: cipk3-1 (SALK_064491), cipk9-1
(SAIL_252_F06), cipk23-1 (SALK_032341) and cipk26-1 (SALK_005859). These
single mutants as well as the higher-order mutants generating from them were
suffixed with ‘b. All the higher-order mutants were generated by genetic crosses
followed by identification of homozygous mutant plants from F2 or F3 progeny
using PCR-based genotyping. Arabidopsis seeds were surface-sterilized and sown
on solidified Murashige and Skoog (MS) medium®. After stratification at 4°C

for 2d, the Petri dishes were placed at 22°C for 7 d. One-week-old seedlings were
transferred into the soil for subsequent growth at 22°C in a growth chamber with a
short-day (8h light and 16 h dark) photoperiod or in the greenhouse under a long-
day (16 h light and 8 h dark) photoperiodic condition.

Phenotyping the growth of Arabidopsis seedlings under different K* regimes.
For the germination assay, seeds were surface-sterilized with 0.5% sodium
hypochlorite for 5min, washed three times with water and sown on double-
distilled water supplemented with 0.25% sucrose as well as 0.8% Phytoblend
(Caisson Laboratories) for solidification, or on the growth medium solidified with
0.8% agarose (Thomas Scientific). The recipe of the growth medium was modified
from MS medium with a reduced level of NH,* optimal for seed germination

and seedling growth under low-K conditions, which contained the following
components: 3mM Ca(NO,),, 1.25mM NH,H,PO,, 1.5mM MgSO,, 0.1 mM
FeSO4, 0.1 mM Na,-EDTA, 0.1 mM MnSO,, 0.03 mM ZnSO,, 0.1 mM H,BO,,
5uM Nal, 1 pM Na,MoO,, 0.1 pM CuSO,, 0.1 pM CoCl,, 0.01% inositol and 2%
sucrose. The pH of the medium was adjusted to 5.8 using NaOH and the final K*
concentration in the growth medium was adjusted by adding KCl as the K* source.
For the postgemmation assay, seeds were germinated on MS medium and grown
to a four-day-old seedling stage. The seedlings were then transferred onto various
agarose-solidified growth medium supplemented with different concentrations

of K* for subsequent growth under 80 pmol m=2s~! light intensity with a 12h light
and 12h dark photoperiod. For phenotypic assay in the hydroponics, seven-day-
old seedlings were transferred to the liquid solution containing 1.4 mM Ca(NO,),,
0.1 mM Ca(H,PO,),, 0.125mM MgSO,, 0.025 mM MgCl,, as well as 1/6 strength
of MS minor salts and supplemented with different concentrations of KCI. All the
hydroponic solutions for plant growth were replaced with fresh ones twice a week.
For the K* starvation assay, seedlings were first grown in the K-replete hydroponic
solution containing 10 mM KCI for 16 d and then transferred to a new hydroponic
solution containing 0.01 mM KClI for starvation for 9d.

K content measurement and K*-uptake assay. To determine the K content

in different tissues, plant samples were harvested separately from the root and
shoot tissues at the end of each phenotypic assay, and surface-washed with
double-distilled water for 15s. The samples were then thoroughly dried in the
oven at 80 °C. The dry matters were collected in a 15ml tube and digested with

1 ml ultrapure HNO, (Sigma-Aldrich) in the water bath at 99°C for 6h. Digested
samples were diluted to the appropriate concentrations with double-distilled water,
and the K* levels in the solutions were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES; PerkinElmer). Root K*-uptake assay was
performed using Rb* as a tracer, as described in previous studies™'2.,

RNA isolation, RT-PCR and qrt-PCR analysis. Arabidopsis seedlings grown
under different conditions were harvested and ground to fine powder in liquid
nitrogen. Total RNA was extracted using the TRIZOL reagent (Invitrogen)
following the manufacturer’s instruction. After being treated with DNase I
(Invitrogen) to remove potential DNA contamination, complementary DNA was
synthesized from RNA samples at 42 °C using SuperScript II reverse transcriptase
(Invitrogen). The resulting cDNA products were used for PCR amplification with
the gene-specific primers. Quantitative real-time PCR analysis was performed

on the DNA Engine Opticon System (M] Research) using the SYBR Green
Realtime PCR Master Mix (Bio-Rad) to monitor double-stranded DNA products.
Quantitative data were calculated based on the comparative threshold cycle
method. The relative expression of each gene was double-normalized against

the expression level of the housekeeping gene ACTINZ and the value of gene
expression measured in the wild type under K-replete conditions. All the primers
used in PCR with reverse transcription (RT-PCR) and quantitative real-time PCR
(qrtPCR) are listed in Supplementary Table 1.
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Western blot. Plant total protein was extracted from Arabidopsis seedlings by
grinding 100 mg of tissue in 0.3 ml of extraction buffer (50 mM Tris-HCI, pH

7.5, 5% SDS, 2% B-mercaptoethanol, 2mM EDTA and 0.1% PMSF) in liquid
nitrogen. A 5-pg sample of total protein was separated on 12% SDS-PAGE gel and
electroblotted onto a nitrocellulose membrane. After being incubated with 5% milk
to block non-specific binding, the membrane was probed with a rabbit anti-CBL3
polyclonal antibody or a rabbit anti-AtpA polyclonal antibody. IgG conjugated

to horseradish peroxidase was used as a secondary antibody. The blot was finally
visualized using the enhanced chemiluminescence immune-detection procedure.

Transient expression in Nicotiana benthamiana and protein subcellular
localization. The coding sequence of each gene was in-frame fused with the
indicated fluorescence protein sequence under the control of Arabidopsis ubiquitin10
gene promoter. The plant expression constructs were generated on the backbone

of pCambia 1301 and transformed into the Agrobacterium tumefaciens GV3101
strain. For plant transient expression, different combinations of Agrobacterium
strains carrying various constructs were co-infiltrated into the leaves of Nicotiana
benthamiana in the presence of p19, a viral gene silencing suppressor. Three days
after infiltration, protoplasts were isolated with the enzyme solution containing
0.4M mannitol, 20mM MES-K (pH 5.7), 10mM CaCl,, 5mM p-mercaptoethanol,
0.1% BSA, 1% cellulase R10 (Yakult Honsha, Tokyo, Japan) and 0.3% macerozyme
R10 (Yakult Honsha, Tokyo, Japan). Fluorescence in the protoplasts was imaged

with a confocal laser scanning microscope (LSM710, Carl Zeiss). For excitation and
emission of each type of fluorescence proteins, the following filter settings are used:
CFP at excitation 458 nm and emission 470-500 nm; VENUS at excitation 514nm and
emission 535-600 nm; and mCherry at excitation 561 nm and emission 580-630 nm.

Patch-clamp procedure with mesophyll vacuoles. Patch-clamp experiments were
performed as described in a previous study, with some modifications™. For patch-
clamp recording in Nicotiana benthamiana, vacuoles were released from isolated
protoplast by mechanically rupturing the plasma membrane of selected protoplasts.
More specifically, upon clamping a protoplast by the patch-microelectrode, we first
applied a suction pulse to the electrode filled with bath solution. After the cell was
tightly sealed, the patch-electrode was withdrawn quickly from the plasma membrane,
breaking the protoplast and releasing the vacuole. A new patch-pipette was replaced
to form a gigaseal contact with the vacuolar membrane, followed by electrical current
recording. For patch-clamp recording in Arabidopsis, young rosette leaves from four-
week-old Arabidopsis plants were used for vacuole isolation. After being peeled for
the lower epidermis, the leaves were incubated in the enzyme solution containing 1%
(w/v) cellulase R10 (Yakult Honsha), 0.5% (w/v) macerozyme R10 (Yakult Honsha),
0.2% (w/v) bovine serum albumin (Sigma-Aldrich), 1 mM CaCl,, 10mM HEPES/Tris
(pH 7.1) with an osmolarity adjusted to 500 mOsm with sorbitol. After incubation of
2h at room temperature with gentle shaking, the protoplast suspension was filtered
through a 50-pm nylon mesh, followed by centrifugation at 100g for 5min. The
pelleted protoplasts were then resuspended in 400 mM sorbitol and 1 mM CaCl,,

and vacuoles were released by applying a suction pulse to a selected protoplast with a
patch-microelectrode. Whole-vacuole K* currents were recorded using the standard
patch-clamp procedure with the Axon Multiclamp 700B Amplifier (Molecular
Devices). Patch pipettes were prepared from borosilicate glass capillaries (Sutter
Instrument) with a P-97 puller and fire-polished to a final tip resistance of 5M€. The
bath solution (cytosolic side) contained: (1) 99 mM potassium glutamate, 1 mM KCI,
1 mM MgCl, and 5mM HEPES (pH 7.0), and for all the experiments in Nicotiana
benthamiana CaCl, was added to 1 mM, unless otherwise specified; (2) 99 mM
potassium glutamate, 1 mM KCl, 6.7 mM EGTA-5.864mM CaCl, (free Ca** was set
to 2uM), 1 mM MgCl, and 5mM HEPES (pH 7.0), for patch-clamp recording on
vacuoles from Arabidopsis materials. The pipette solution (vacuolar side) contained:
99 mM potassium glutamate, 1 mM KCl, 1 mM CaCl,, 1 mM MgCl, and 5mM MES,
adjusted to pH 5.8 with glutamic acid. The osmolarity of the bath and pipette solution
was adjusted to 500 mOsm and 560 mOsm, respectively, by addition of D-sorbitol.

To equilibrate the vacuolar lumen with the pipette solution, recordings were initiated
15min after break-in. Digital low-pass filtering of currents was performed at a
cut-off frequency of 2.9kHz. According to the convention of electrical recording

of ionic fluxes across an endomembrane, negative currents correspond to cations
moving from the vacuolar lumen into the cytoplasmic side. Steady-state currents
were calculated by averaging the last 100 ms of each current trace. Raw currents were
normalized into current densities (pA pF!) to offset the variations in the tonoplast
capacitance of each vacuole. Current-voltage (I-V) relationships were obtained by
plotting current densities against the applied test voltages.

Reporting Summary. Further information on the research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

All the data supporting the findings of this study are available within the article
and its Supplementary Information files or from the corresponding author upon
reasonable request.
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