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SUMMARY

Soil salinity is destroying arable land and is consid-
ered to be one of the major threats to global food se-
curity in the 21st century. Therefore, the ability of
naturally salt-tolerant halophyte plants to sequester
large quantities of salt in external structures, such
as epidermal bladder cells (EBCs), is of great inter-
est. Using Chenopodium quinoa, a pseudo-cereal
halophyte of great economic potential, we have
shown previously that, upon removal of salt blad-
ders, quinoa becomes salt sensitive. In this work,
we analyzed the molecular mechanism underlying
the unique salt dumping capabilities of bladder cells
in quinoa. The transporters differentially expressed
in the EBC transcriptome and functional electrophys-
iological testing of key EBC transporters in Xenopus
oocytes revealed that loading of Na+ and Cl� into
EBCs is mediated by a set of tailored plasma and
vacuole membrane-based sodium-selective channel
and chloride-permeable transporter.

INTRODUCTION

Soil salinity is one of the major environmental factors causing

crop loss worldwide. To sustain the world’s food supply, salt

tolerance is becoming an increasingly important agronomic

trait to advance crop production on saline soils. Salinity stress
Current
of crops is associated with an increase in Na+ and Cl� ions in

the plant body. However, there are plants known as halophytes

that can tolerate salinity. Among them are members of the

Amaranthaceae, including quinoa (Chenopodium quinoa), that

tolerates saline soils and episodes of soil drying [1]. To utilize

the genetic resources for next-generation breeding of quinoa

to improve performance and production under stressful envi-

ronments, the genome of this species was sequenced very

recently [2–4]. These genomic resources offer a valuable tool

for answering questions about the molecular basis of salt toler-

ance in quinoa. When quinoa was compared to its chenopod

relatives sugar beet and spinach, an expansion of genes

involved in ion and nutrient transport was detected as well as

a morphological difference, namely the ability of quinoa to

develop epidermal bladder cells (EBCs). When quinoa is grown

in saline soils, the halophyte takes up sodium and chloride ions

to osmotically adapt to a decrease in water potential. To pre-

vent young, growing leaves from salt stress disorders, Na+

and Cl� are stored in the EBCs. These spherical leaf-external

structures are 200 to 1,000 times larger in volume than com-

mon leaf cells, thus well suited to serve as salt dumpers. In

some species, such as the classical CAM (crassulacean acid

metabolism) model Mesembryanthemum [5–7], salt bladders

can store up to 1 M NaCl, within a giant vacuole. To reach

the final destination in the EBC vacuole, salt has to travel

from root to leaf. At the level of the bladders, Na+ and Cl�

need to cross the plasma membrane (PM), pass the cyto-

plasm, and finally get loaded in the vacuole lumen of the salt

dumper. We have recently shown that loss of EBCs results in

a salt-sensitive phenotype under saline conditions [8], which
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Figure 1. Lower Photosynthetic Activity in

EBCs Could Be Affiliated to a Lower Density

of Chloroplasts

(A) Image of a young quinoa leaf grown under control

conditions.

(B) Image of a single EBC on the leaf surface and of a

mesophyll protoplast (inset) under transmitted light

conditions.

(C) The corresponding chlorophyll fluorescence of

the single EBC and the mesophyll protoplast are

shown in (C) and inset of (C), respectively.

See also Figure S1, Table S2, and Data S1.
could be associated with major leaf ionic and metabolic

rearrangements.

Here, we investigated the molecular mechanisms that enable

EBCs to handle high salt doses. EBCs are common to several

halophytic plants, enabling the salinity-tolerant plants to deposit

sodium and chloride into external leaf stores. Although these

structures are of primary importance for bladder-growing halo-

phytes, the molecular mechanism of how salt is directed into

EBCs has remained entirely unknown. To answer this question,

we analyzed high-depth transcriptome data from EBCs obtained

from quinoa grown in the presence and absence of soil salinity

and functionally analyzed bladder-expressed transporters.

RESULTS

Transcript profiling by RNA sequencing (RNA-seq), microarray

analysis, or real-time qPCR is a well-established tool to deter-

mine the cell-type-specific expression of genes of interest and

was already used for either single cell types, such as trichomes

and guard cells of Nicotiana tabacum and Arabidopsis [9–12],

or tissues containing several types of cells, like the glands of

the Venus flytrap [13]. In this research, we focused on two

RNA profiling approaches (RNA-seq and qPCR) to investigate

the bladder specification and function in the context of salt

stress.

Salt Bladders Are Heterotrophic in Nature
Clustering analyses showed that bladders exhibit a unique tran-

scriptome profile consistent with EBCs being specialized for

osmoregulation and salt sequestration [4]. Consistent with this

specialized role of EBCs, we detected many differentially ex-

pressed genes between RNA-seq data from the two tissue

types. After filtering for lowly expressed genes, we observed

expression for 40,907 out of the 54,682 total genes (74.8%) pre-

sent in the quinoa genome. Of these, 16,809 (41.1%) were differ-
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entially expressed at a false discovery rate

(FDR) % 0.05 and 6,469 (15.8%) by a fold

change R 2 for the B/L comparison

(Table S1). In response to salt, we identified

1,659 differentially expressed transcripts in

non-brushed leaves (comparison: L+/L)

and 1,702 in EBCs (comparison: B+/B;

Table S1).

These genes work in numerous biolog-

ical processes, but there are clear patterns
in several housekeeping pathways affecting carbon fixation and

the generation and consumption of energy with the heterotro-

phic bladder. Chloroplasts of EBCs appear randomly distributed

along the cell, whereas mesophyll cell chloroplasts are densely

packed (Figures 1A–1C). Although both cell types show an equal

number of chloroplasts, the difference in cell type size resulted in

an EBC chloroplast density of 2.7 104 per mm3, and mesophyll

cells harbor 49.8 104 chloroplasts per mm3, which is 18-fold

higher (Table S2). Interestingly, and in contrast to mesophyll

chloroplasts, bladder chloroplasts lack grana (Figures S1A and

S1B), the most prominent location of Photosystem II (PSII) [14].

It thus did not come expected that genes of the light harvesting

complex and PSII were found not or just weakly expressed (Data

S1A). Together, these features of bladder chloroplasts pointed to

a reduced gross photosynthetic activity in EBCs (Data S1A). It is

tempting to speculate that bladder chloroplasts operate cyclic

electron transport and, together with the mitochondria, produce

ATP to energize salt transport.

To feed the mitochondria and thus the major energy demands

of the heterotrophic EBCs, sugar import into bladders is indis-

pensable. We found the level of more than 20 out of 86 sugar

transporter transcripts higher in bladders than leaves (Data

S2A). In line with a minor role of bladders in carbon fixation,

most genes of the pentose phosphate cycle were upregulated

in leaves (Data S1B). Vice versa, energy (ATP)-producing cata-

bolic pathways were emphasized in bladders. Genes of the cit-

rate cycle were generally expressed at higher levels in bladders

compared to leaves (Data S1C). A major source of the required

acetyl-coenzyme A (CoA) likely originates from the b-oxidization

of fatty acids: all genes involved in the degradation of fatty acids

were expressed at significantly higher levels in EBCs (Data S1D).

Testing the Salt Sequestration Model
Using the tool SubaCon, we identified 586 PM and vacuole

transporter genes in total (Data S2B). We found 316 PM and



Figure 2. Quinoa HKT1-like Channels:

Different Localizations Require Distinct Elec-

trophysiological Properties

(A) qPCR of two quinoa HKT1-like channels.

CqHKT1.1 is only expressed in roots and is not

affected by salt. CqHKT1.2 remarkably has

expression levels lower than CqHKT1.1 but 4 times

higher in bladders and leaves compared to roots

(mean ± SE; n R 7).

(B) ISS in LiCl, NaCl, and KCl (100 mM each; pH 5.6)

illustrate the sodium selectivity of both HKT1

channels (mean ± SD; n R 4).

(C) Sodium-induced inward currents could be re-

corded in CqHKT1.1- and CqHKT1.2-expressing

oocytes compared to control cells, when 100 mM

NaCl was applied. The dotted line represents zero

current.

(D) Whole-cell current responses to voltage pulses

ranging from +40 mV to �160 mV in 40-mV decre-

ments and 100 mM NaCl. Instantaneous outward

and inward currents could be recorded for

CqHKT1.1, whereas CqHKT1.2 exclusively re-

vealed inward currents.

(E) CqHKT1.2-mediated sodium currents in 10 or

100 mM NaCl. The current-voltage relation of

CqHKT1.2 shows inward-directed sodium currents,

which increased with higher external Na+ concen-

trations (mean ± SD; n = 6).

(F) The relative open probability of CqHKT1.2-ex-

pressing oocytes at the indicated Na+ concentra-

tions was plotted against the applied test voltages.

Note the prominent negative shift of the half-

maximal activation potential from �13 mV at

100 mM Na+ to �80 mV at 10 mM Na+ (mean ± SD;

n = 5).

See also Figures S2 and S3 and Data S2.
vacuole transporter transcripts differentially expressed between

brushed leaves and EBCs already under control conditions. The

observed changes in the transcriptome are consistent with the

role of EBCs in salt sequestration (see below).

Sodium and chloride uphill transport across the plasma and

vacuole membrane of EBCs require a coupling to the electro-

chemical potential. Next, we performed a detailed analysis first

of the expression and function of sodium and chloride trans-

porters and second of the balancing of compatible osmolytes.

Plasma Membrane Transport

There is ample evidence that SOS1 and HKT1 systems are major

players in plant Na+ transport across the PM [15, 16]. SOS1 (salt

overly sensitive 1) represents a Na+/H+-antiporter that uses the

proton-motive-force (PMF) to move Na+ out of the cell [17–19],

thereby preventing the cytoplasm from reaching toxic levels of

sodium. Interestingly, when compared to leaf, SOS1 transcripts

were found at quite low levels in bladders (Data S2C). We could

confirm these findings by examining expression levels of a SOS1

homolog by qPCR (Data S2D), which is consistent with bladder

function in Na+ accumulation rather than export. However, we

found constitutively high expression of the sodium-permeable

ion channel HKT1 in bladders (Data S2C).
Vacuole Membrane Transport

We found a similar high constitutive bladder expression for NHX1

and ClC-c quinoa orthologs, which are well known as vacuolar

proton-coupled Na+ and anion exchangers (Data S2C). Besides

the two H+-coupled solute transporters, the transcripts of vacu-

olar proton pumps were also present at a higher level in the

bladder than the leaf (Data S2E). The latter finding supports the

notion that the PMF would drive Na+ and Cl� movement into

the bladder vacuole against a progressively increasing concen-

tration gradient (of up to 1 M) [7, 20]. We then selected the PM

sodium channel CqHKT1 and the vacuolar anion transporter

CqClC-c for testing EBC specific functions in detail.

Bladder Sodium Channel Possesses Unique Voltage-
Dependent Properties
HKT-type channels were identified in genetic screens for salt-

tolerant crops [21–23] and found to mediate Na+-selective or a

combined K+/Na+ transport across the PM [16, 23]. We identified

two co-orthologs of AtHKT1 in quinoa; CqHKT1.1 is predomi-

nately expressed in roots (Figure 2A), and CqHKT1.2 transcripts

are found in leaves and, most importantly, in EBCs (Figure 2A).

We analyzed the phylogenetic relationship between CqHKTs
Current Biology 28, 3075–3085, October 8, 2018 3077



and HKTs from different plant species and classified them as

membersof theHKTsubclass 1 (FigureS2A). In linewith this clas-

sification, bothCqHKTscarrya serine residue in thefirst pore loop

rather than the glycine of class II members (Figure S2B) [23, 24].

When CqHKT:mOrange constructs were each transiently ex-

pressed in Arabidopsis protoplasts, the fluorophore was local-

ized at the PM (Figures S3A and S3B). For functional analysis,

both CqHKTs were expressed in Xenopus oocytes. The

bladder-expressed CqHKT1.2 shares 40.91% identity at the

amino acid level and shares strict sodium selectivity with

CqHKT1.1 (Figure 2B). Upon membrane hyperpolarization and

the presence of sodium, CqHKT1.2 mediated inward Na+ cur-

rents (Figure 2C). When the extracellular NaCl concentration

was increased stepwise to 100 mM, the reversal potential (Vrev)

shifted to positive voltages following the Nernst potential of

Na+ for both CqHKTs (Figure S3C). The CqHKT1.2-mediated so-

dium currents proceed in a linear manner under increasing

external NaCl conditions and did not show saturation kinetics

(c.f. CqHKT1.1; Figure S3D). Furthermore, CqHKT1.1- and 1.2-

mediated currents did not change in a pH-dependent manner.

This behavior shows that both CqHKTs operate as Na+ channels

rather than proton-driven transporters. Interestingly, in contrast

to CqHKT1.1, the bladder CqHKT1.2 exhibited the hallmark fea-

tures of a voltage-dependent, plant inward-rectifying potassium

channel of the KAT type (Figure 2D). In the presence of extracel-

lular 10 mM Na+, CqHKT1.2 currents were activated negative

to�60 mV. Upon a shift to 100 mM Na+, the threshold of voltage

activation shifted to �10 mV (Figure 2E). Also, ion flux measure-

ments under voltage-clamp conditions documented the charac-

teristic hyperpolarization activation of CqHKT1.2. As expected

from the current-voltage curves at +60 mV, CqHKT1.1 mediated

Na+ efflux but CqHKT1.2 did not (Figure S3E). In line with the

latter HKT1 isoform operating as an inward rectifier, Na+ influx

appeared at negative potentials only (Figure S3E). The activation

kinetics of CqHKT1.2 could be fitted by a double exponential,

revealing a fast activation constant of 2–4 ms. This activation is

roughly 50 times faster than the activation that is described for

the plant K+ Shaker channel KAT1 [25].

To test whether Na+ via CqHKT1.2 could leak out of the cell

upon membrane depolarization, we analyzed channel activation

as a function of voltage and Na+ concentration (Figure 2F). Under

lowexternal sodiumconcentrations,CqHKT1.2 activatedatmore

negative voltages. This behavior indicates that CqHKT1.2 pre-

vents sodium leakage from the EBCs even under low external so-

dium concentration, resulting in steep outward-directed sodium

gradients. Interestingly, the bladders from the halophytic CAM

plant Mesembryanthemum crystallinum express a CqHKT1.1-

and CqHKT1.2-type moiety [23]. The McHKT1.2 (AAK52962.1)

also mediates a voltage-dependent sodium influx (Figures S3F

andS3G) and therefore shows the same rectifying characteristics

as CqHKT1.2. Together, the features of both bladder HKTs docu-

ment that, in the presence of Na+ and under physiological mem-

brane potentials, the voltage-dependent sodium channel is

responsible for loading the alkali ion into the EBCs.

Bladder ClC Transporters Mediate Chloride
Sequestration into Vacuoles
We predict that the cytosolic Na+ and Cl� level is about 10 mM in

the cytoplasm of epidermal cells (ECs) and about 1 M in EBC
3078 Current Biology 28, 3075–3085, October 8, 2018
vacuoles [26]. To accomplish a 100-fold accumulation of salt, a

transmembrane pH gradient of at least 2 and an uphill Na+ and

Cl� transport coupled to the PMF of downhill (lumen to cytosol)

movement of protons is required. We tested this prediction for

the bladder-expressed CqClC-c-mediated transport of chloride

into the vacuole.

Archetypical ClC-type transport systems either operate as

chloride channels or Cl�/H+-antiporters [27, 28]. In plants, how-

ever, ClCs use the PMF to accumulate nitrate in the vacuole [29].

We found 23 ClC homologs, 13 of which were differentially ex-

pressed in EBCs (7 transcripts) and leaves (6 transcripts; Data

S2C). The quinoa ClC-c ortholog was analyzed via qPCR, and

the resulting expression pattern confirmed the RNA-seq obser-

vation. CqClC-c shows a higher transcript level in bladders

compared to leaves (Figure S4A). To validate the vacuole local-

ization of CqClC-c in planta, we transiently expressed a

GFP:CqClC-c construct in mesophyll protoplasts isolated from

Arabidopsis thaliana clca-2mutant plants [29]. Confocal imaging

of released vacuoles revealed CqClC-c localization at the tono-

plast (Figure 3A). Because salt sequestration into EBC vacuoles

requires a transport system for chloride, we investigated the ion

selectivity of CqClC-c and compared it to NO3
�/H+-exchanger

AtClC-a [29]. To study the function of CqClC-c, the transporter

was expressed in mesophyll protoplasts from an Arabidopsis

mutant lacking ClC-type vacuole anion current [29]. The ClC

mutant was transiently transformed with GFP:AtClC-a or

GFP:CqClC-c, and anion currents were studied in the whole-va-

cuolar patch clamp. In symmetric chloride conditions, depolariz-

ing and hyperpolarizing voltage pulses elicited typical ClC-type

inward and outward currents (Figures 3B, 3C, and S3C, red), re-

sulting in a vacuolar current density (ID) of�80 pA/pF (Figures 3D

and S3B). This documents that CqClC-c can complement the

mutant lacking the major Arabidopsis vacuole ClC. Changing

cytosolic chloride to gluconate (impermeable to ClCs) abolished

the negative (anion efflux from cytosol), but not the positive

(anion influx into the cytosol), current components for AtClC-a-

expressing vacuoles [30]. For CqClC-c also, the positive currents

decreased, which indicates that cytosolic Cl� is required for

CqClC-c transport function (Figures 3B, 3C, and S3C, gray).

Interestingly, differences in the current amplitude and Vrev could

be observed in presence of either cytosolic NO3
� or Cl� condi-

tions between the Arabidopsis and the quinoa protein (Figures

3B, 3C, and S3C, blue and red; Table 1). This difference in the

Vrev (measure for transporter selectivity) for AtClC-a and

CqClC-c indicates a strong chloride selectivity for the quinoa

transporter. The anion preference of ClC-type transporters is

correlated to the presence of a serine or proline in the selectivity

filter. The amino acid sequence of AtClC-a contains a proline at

position 160, a critical residue for determining nitrate or chloride

selectivity [31]. CqClC-c carries a serine residue (S172) at the

corresponding position, whichmost likely results in a higher con-

ductivity for Cl� compared to NO3
�. This altered selectivity al-

lows CqClC-c to fulfill its function in the chloride sequestration

into the vacuole of EBCs.

Potassium and Proline Import Keeps the Bladder
Cytoplasm Osmotically Balanced
Given that under saline conditions, up to 1 M NaCl is found in

EBCs, a pronounced salt gradient must exist between the



Figure 3. Quinoa ClC-c Targets to the Tono-

plast and Displays a Different Anion Selec-

tivity Than AtClC-a

(A) Confocal images of a GFP-positive vacuole

showing expression of CqClC-c on the tonoplast.

Top left: green fluorescence of GFP:CqClC-c at

the tonoplast; top right: red chlorophyll auto-

fluorescence of isolated chloroplasts; bottom left:

bright field; bottom right: overlay.

(B and C) Average steady-state currents (normalized

to membrane capacitance) of Arabidopsis vacuoles

transiently expressing GFP-AtClC-a (B) or GFP-

CqClC-c (C) in cytosolic gluconate (gluc), chloride,

and nitrate.

(D) Summary plot of current densities recorded

at �60 mV in untransformed (control) and GFP-

tagged vacuoles (CqClC-c; mean ± SEM; n = 5;

***p < 0.001).

See also Figure S4.
bladder apoplast and cytoplasm on one side and cytoplasm and

vacuole on the other [26]. To maintain the membrane potential,

cytoplasmic homeostasis, and cell turgor, plants under salt

stress need to take up K+ as well [32–35]. Such salt-induced

increases in K+ concentration have also been observed with

bladders [8].

Apart from voltage-gated Shaker-type potassium channels

[36], plants use high-affinity K+ transporters for K+ acquisition

[37]. The latter transporter type energizes high-affinity K+ uptake

by coupling uphill transport of potassium to the downhill flux of

protons [38]. Pumping H+ out of the EBC (for H+ ATPases expres-

sion, see Data S2E) generates an inward-directed 2-fold

pH gradient and hyperpolarizes the PM potential to approxi-

mately �120 mV [26]. Together, this driving force is used to po-

wer bladder PM solute transport. Potassium transporters from

the HAK/KUP/KT family take advantage of this PMF to energize

their K+ transport when activated by the calcium sensor-kinase

complex CBL1/9-CIPK23 [38, 39]. In quinoa, four proteins of

the HAK/KUP/KT family could be found, which share a homology

ofR48% to each other. Among them, two were differentially ex-

pressed in EBCs when compared to roots (Data S2C; Figure 4A).

WhenCqHAK (Data S2C) carrying amOrange tagwas transiently

transformed into Arabidopsis protoplasts, fluorescence was

found to be associated with the PM (Figure S5A). To study the

function of the quinoa transporter, we expressed CqHAK

together with CIPK23-CBL1 in oocytes and characterized elec-

trical properties of the PM protein using the two-electrode

voltage-clamp technique (Figure 4B). Macroscopic inward
Current Bi
currents were only observed when the

transport protein was co-expressed with

the calcium sensor-kinase complex (Fig-

ure 4B). When the external media was buff-

ered to pH 7 or pH 5.5 and the PM clamped

to �120 mV (a potential that reflects the

resting potential of EBCs), no or only

very small inward currents were observed

in CqHAK/CIPK23/CBL1-expressing oo-

cytes compared to control cells (Figure 4C,

left). A proton-gradient-dependent activa-
tion of CqHAK was observed by decreasing the external pH

to 4. In the presence of 2 mM KCl at pH 4 in the bath solution,

changes in membrane potential were followed by either a

decrease or an increase in K+ influx (Figures S5B and S5C).

Increasing external K+ concentration caused the inward currents

to rise in a fashion that could be fitted by a Michaelis-Menten

equation, resulting in a high-affinity Km value of �50 mM for K+

(Figure 4D). After replacement of 2 mM K+ by Na+ of the same

concentration, inward currents ceased, indicating that Na+

does not provide a substrate for transporters of the HAK/KUP/

KT family (Figure 4C, right).

In addition to K+, the movement of salt across the cytoplasmic

layer of the EBC into the huge vacuole is very likely buffered by

the production or uptake of compatible osmolytes. These osmo-

protectants shield the cytoplasmic metabolism from the toxic ef-

fects of salt traveling through [20].

Plant osmoprotectants are classified by their chemical com-

pound classes into three major groups: amino acids; polyol

and/or sugars (Data S2F); and quaternary amines [8, 40]. Meta-

bolic profiling identified proline as a major bladder osmolyte

[8]. Proline in the chloroplast is made from glutamate. EBCs

and mesophyll cells contain an equal number of chloroplasts in

comparison (Table S2). However, considering an �27 times

larger volume of a single EBC compared to a mesophyll cell

(with a cytosolic volume of 18% for EBCs and 31% for mesophyll

cells), one can suggest a relatively low biosynthetic activity in

bladders (Data S1A). Pyrroline-carboxylate synthase transcript

(P5CS2) in EBCs is much lower than in leaves, suggesting
ology 28, 3075–3085, October 8, 2018 3079



Table 1. Vrev of Vacuolar ClC-c Currents in Various Anion

Conditions

Arabidopsis AtClC-a Quinoa CqClC-c

Gluconate �30 ± 5 (3) �40 ± 10 (5)

Chloride 13 ± 1 (3) 12 ± 1 (5)

Nitrate 39 ± 1 (3) 0.3 ± 1.1 (5)

Vrev of AtClC-a or CqClC-c-expressing vacuoles in different anion solu-

tions applied on the cytosolic side, whereas chloride on the vacuolar

side was constant. Vrev (in mV) was calculated from current-voltage (IV)

relationships (mean ± SEM). In parentheses are the numbers of investi-

gated vacuoles.
increased proline synthesis occurs in response to salt in leaves

(Figures S6A and S6B; Data S2F). Searching for proline trans-

porters [41, 42], we found four ProT homologs in quinoa that

are upregulated in leaves at the transcript level but did not alter

their expression by salt (Data S2F). Together, this suggests that

the rate-limiting step of proline accumulation in EBCs is not

transport but salt-dependent synthesis in leaves.

Given that quinoa leaves act as proline factories, we were

interested in the proline transport into EBCs mediated by

CqProT-type transporters. We identified and cloned a quinoa

ProT, for which qPCR analysis revealed 18-fold higher tran-

script levels in bladder compared to leaves (Figure 5A). When

mOrange:CqProT constructs were transiently expressed in Ara-

bidopsis protoplasts, fluorescence was emitted from the PM

(Figure S6C). To characterize the proline-associated functional

properties of the putative compatible osmolyte transporter, we

expressed CqProT in Xenopus oocytes. When ProT-expressing

oocytes were placed in media with pH 7 and exposed to pro-

line, no induction of an electrical activity was observed

compared to control oocytes. However, proline application at

pH 5.5, and even more at pH 4, elicited inward currents of

�30 nA and �200 nA, respectively (Figure 5B). At the same

time, under acidic external conditions, the membrane potential

was depolarized, indicating that CqProT utilizes the PMF to

drive proline accumulation in EBCs (Figure 5C) [41, 43, 44]. Re-

placing proline by the stress-related metabolite g-aminobutyric

acid (GABA) indicated that GABA is transported by CqProT too

(Figure 5D).

DISCUSSION

Until now, most studies on salt bladders have been conducted

using the inducible CAM plantMesembryanthemum crystallinum

[6, 45, 46]. However, the genome of this CAM plant is unknown

and thus genetics rather limited. From both physiological and

biochemical points of view,M. crystallinum is unusual, harboring

unique features that are rarely found in any crop, such as pro-

nounced succulence and a transition from C3 to CAM meta-

bolism under salt stress [5]. In contrast, quinoa offers an ideal

alternative model for studying plant salt tolerance mechanisms,

as quinoa is sequenced already, considered as a pseudo-cereal

crop [47], and closely related to several other important Amaran-

thaceae crops (e.g., spinach, sugar beet, and chard), facilitating

translational research.

In this study, we have identified genes encoding membrane

transporters that are differentially expressed in quinoa EBCs.
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For salt to enter and accumulate in the vacuole of the salt

dumpers, the Na+ and Cl� need to pass through membranes

and travel to the bladder cytoplasm. To gain elements relevant

for a working model, we considered differentially expressed

genes (DEGs), including transporters in general and those that

have been shown associated with salt management inArabidop-

sis in particular. Based on the membrane localization of well-

known transport protein orthologs, thermodynamics consider-

ations, and functional properties of the bladder membrane, the

associated elements for a polar salt transport scheme were

drawn (Figures 6A and 6B).

Bladder Transport Modules Come Hard Wired
RNA-seq analysis of leaf and bladder samples (i.e., L+/L–B+/B

comparison) revealed only a small number (83) of genes showing

responses to salt. Because of the relatively small number of sig-

nificant changes in transcript levels under salt for most trans-

porter genes, one could suggest that bladder cells are ‘‘constitu-

tively active’’ in salt sequestration and that the transcript level

responses of transporters only play a minor role under salt

stress. However, this lack of transcript level salt stress regulation

may not mean a constitutive function of proteins because many

transporters are regulated and activated at a posttranslational

level. The finding that the calcium sensor-kinase complex of

CBL/CIPK type is differentially expressed and required to acti-

vate CqHAK (Figure 4) in EBCs might indicate that salt dumpers

are under control of the salt-stress-induced calcium signaling

pathway.

Voltage-Dependent and Strictly Na+-Selective HKT1.2: a
One-Way Sodium Path into the Bladder
Quinoa has twoHKT1 genes: CqHKT1.1 (expressed in roots) and

CqHKT1.2 (in leaves and EBCs). Unlike the root CqHKT1.1, the

bladder-expressed CqHKT1.2 represents an inward-rectifying

sodium channel (Figures 2 and S3). Bladders from the ice plant

Mesembryanthemum crystallinum also express a CqHKT1.2 or-

tholog [23], which mediates voltage-dependent sodium influx

(Figure S3; c.f. a rice HKT1) [48, 49]. For quinoa, the consistency

in the bladder location and specific function supports the notion

that CqHKT1.2 allows Na+ to pass into the salt dumpers (Fig-

ure 6A).When large quantities of the positively chargedNa+ enter

the cell, the NHX-type transporter cannot move Na+ toward the

lumen of the central storage organ at sufficient speed, and so-

dium would accumulate and reach cytotoxic levels. When the

membrane depolarizes, the CqHKT1.2 channel’s gate closes,

preventing Na+ influx but more important also efflux at the

same time. This can be seen as a safety mechanism to avoid

overloading the cytoplasm with Na+. At the same time, under

conditions when themembrane voltage drops below the electro-

chemical potential of Na+, the closed CqHKT1.2 channel pre-

vents Na+ leakage from the EBC.

All plants, including halophytes, take advantage of a salt-

sensing and SOS1 retrieval system. The EBCs, in an agreement

with their salt dumper function, do not express a SOS1-type

sodium export mechanism (Data S2C and S2D) but instead

possess CqHKT1.2, a voltage-dependent sodium channel for

predominantly one-way Na+ entry.

Considering that NaCl is the dominant salt in saline soils, the

question of how chloride is transported across the PM of EBCs



Figure 4. Quinoa HAK-like Transporters

Share the Electrophysiological Characteris-

tics of the HAK/KUP/KT Family

(A) qPCR of a HAK-like transporter, which is highly

expressed in EBC and insensitive to salt (mean ±

SE; n R 7).

(B) Whole-oocyte currents of a control and CqHAK/

AtCIPK23/AtCBL1-expressing oocyte. Addition of

K+ resulted in macroscopic inward currents only in

CqHAK/AtCIPK23/AtCBL1-expressing oocytes.

The dotted line represents zero current.

(C) Current recordings of control or CqHAK/

AtCIPK23/AtCBL1-injected oocytes. Left: ISS in

response to different pH conditions and 2 mM K+.

Compared with control oocytes, K+ currents

increased at pH 4 (mean ± SD; n = 5). Right: only the

application of K+ resulted in macroscopic inward

currents, whereas in Li+ or Na+, no current response

was induced (2 mM each; mean ± SD; n = 4).

(D) Dose-response curve of CqHAK/AtCIPK23/

AtCBL1-expressing oocytes. The Michaelis-

Menten fit revealed a Km(K
+
) value of 47.90 mM

(mean ± SD; n = 6).

See also Figure S5 and Data S2.
arises. One possibility that should be addressed in future ap-

proaches is that members of the NPF transporter super-family

may be involved. NPF proteins in general are described to trans-

port a huge variety of substrates, including anions [50]. One

member, NPF2.4, was recently found to be permeable for chlo-

ride. Although NPF2.4 seems to be involved in the Cl� xylem

loading in roots [51], it is tempting to speculate that further mem-

bers of the family could be permeable for Cl� in preference to

NO3
�. With this assumption, NPFs could still be candidates to

transport Cl� across the PM, maybe also with a one-way path

for chloride.

A ClC-type Transporter Facilitates Chloride Movement
into the EBC Vacuole
ClC-type proteins are ubiquitously found in eukaryotes and pro-

karyotes, and plant members are described as either anion

channels or anion/H+ antiporters [27, 28]. The best described

plant ClC (AtClC-a) is involved in nitrate homeostasis due to

the translocation of nitrate into the vacuole, whereas AtClC-c

mutant plants exhibit a role of this transporter in the chloride

movement under salt stress conditions [52]. The quinoa RNA-

seq data showed an ortholog of AtClC-c that is expressed at

higher levels in bladders than leaves. The expression pattern,

the localization at the tonoplast, and the chloride-mediated

transport activity (Figures 3 and S4) together indicate a function

for CqClC-c in chloride accumulation in EBC vacuoles. To pro-
Current Bi
vide consistent transport of chloride into

the vacuole, we predict a Cl�/H+-mediated

antiport activity for CqClC-c. The PMF at

the tonoplast, which is generated by

ATP- and PPi-fuelled vacuolar pumps,

would allow chloride accumulation under

dramatically increasing chloride concen-

trations in the vacuole. Evidence for

function of CqClC-c as an antiporter could
be found in the amino acid sequence. The crystal structure

of the bacterial CLC-ec1 protein shows two conserved

glutamates (E148 and E203) [53], which are key residues for

ion transport. E203 is conserved in all ClC-type antiporters,

whereas ClC-type channels exhibit a valine at the corresponding

position [54]. The CqClC-c sequence shows two glutamates

at corresponding positions, E215 and E282. This leads us to

the suggestion that CqClC-c acts as a Cl�/H+ antiporter and uti-

lizes the PMF to sequester chloride into the EBC vacuole

(Figure 6A).

Salt Sequestration Needs to be Balanced by Osmolytes
Potassium is the major cationic osmolyte in the cytoplasm. For

bladders to grow and develop, they, like any plant cell from

non-halophytes, need to take up K+. The bladders express a

HAK-type high-affinity K+ transporter (Figure 4). In non-halo-

phytes, such as Arabidopsis, HAK5 is expressed under K+ star-

vation and saline conditions [55, 56]. If plants are exposed to high

extracellular Na+ concentration and simultaneously have limited

access to K+, a member of the HAK/KUP/KT family takes action.

The bladder-expressed HAK-like protein transports K+, but not

Na+, by coupling the uphill flux of K+ to the downhill flux of pro-

tons (Figure 6B).

Furthermore, under salt stress, compatible osmolytes play an

important role to protect the cytosolic metabolism from the toxic

effect of NaCl. Recentmetabolomics data showed an increase of
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Figure 5. The Proline Transporter CqProT

Mediates Compatible Solute Transport into

EBCs

(A) CqProT is high expressed in EBCs compared

to leaf and root and independent of salt (mean ± SE;

n R 7).

(B) Compared to control oocytes, CqProT-ex-

pressing oocytes exhibit substrate-induced inward

currents in 20 mM L-proline that increased with an

external acidification (mean ± SD; n = 4).

(C) 20 mM L-proline triggers the depolarization of

the oocyte membrane at pH 4. The dotted line

represents 0 mV.

(D) Substrate-induced currents of control and

CqProT-expressing oocytes in 20 mM Pro, GABA,

and Ala. The presence of Pro or GABA resulted in

macroscopic inward currents (mean ± SD; n = 4).

See also Figure S6 and Data S2.
proline under salt stress conditions [8]. Given that RNA-seq data

revealed that leaves could act as proline factories, we focused

on the possible transport of proline across the PM into the

EBCs (Figure 6B). We have shown that bladders express a

ProT-type transporter, which mediates a proton-driven proline

uptake (Figure 5). Interestingly, CqProT also transports the

stress-related GABA, which is known to have effects on plant

channel activity [26, 57]. It was speculated that an increased
Figure 6. A Working Model of Bladder Transport Systems

(A) The red and yellow pathway illustrates the Na+ transport module via CqHKT

mediate a one-way Na+ transport that is directed to EBCs due to its electrophys

established by ATPases (green). The counterion chloride (blue) could be loaded

respectively.

(B) The solute transport from leaves to EBCs is required to provide energy and osm

cells are dependent on the energy import from the leaf, which could be mediat

nitrogen from the soil is metabolized in the leaf, and the resulting compatible osm

CqProT (cyan). Besides proline, potassium is also transported via the K+/H+ sym

See also Table S1 and Data S1 and S2.
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accumulation of GABA in EBCs could feed back on the rate of

salt loading in EBCs [8]. So one could suggest that CqProT not

only plays a role in providing the osmolyte proline but also

bringing the ion transport under control of GABA [57, 58] (c.f. ac-

tion of GABA in guard cells).

In summary, our characterization of the expression profiles

and functional features of genes relevant for salt management

helps to explain how salt bladders may function as salt
1.2 and CqSOS1 from the soil into the EBC. Especially CqHKT1.2 channels

iological properties. The Na+ transport by CqSOS1 requires the PMF, which is

into EBCs by the PM- and tonoplast-located transporters NPFs and CqClC-c,

otic balance in the EBCs. Due to the low photosynthetic activity of EBCs, these

ed by sugar transporters, like SUCs and SWEETs (light purple). Furthermore,

olytes (like proline) are transported to the sink tissue by the Pro/H+ symporter

porter CqHAK into EBCs for osmolyte-balancing purposes (red).



dumpers to confer salt tolerance to quinoa and other bladder-

bearing halophytes. Central to our working model is the one-

way movement of Na+ across the bladder PM mediated by

CqHKT1.2 and Cl� transport via CqClC-c. We find that CqProT

and CqHAK contribute to the accumulation of the compatible

osmolytes proline and K+, respectively, in the cytoplasm of

EBCs. A recently published paper used the quinoa draft

genome to identify the first quinoa mutant, induced by ethyl

methanesulfonate (EMS) mutagenesis [59]. This is a game-

changing resource for future research on the naturally salt-

tolerant halophyte and could be used to build on the presented

working model for bladder-based salt sequestration in future

approaches.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

XL1-Blue MRF’ E. coli Strain used for cloning Widely distributed N/A

Biological Samples

Chenopodium quinoa cultivar KVL52 University of Copenhagen [8]

Arabidopsis thaliana Col-0 Lehle Seeds USA WT-02-45-02

Arabidopsis thaliana clc-a mutant I2BC, Gif Sur Yvette [29]

Chemicals, Peptides, and Recombinant Proteins

Advantage 2 Polymerase Mix for amplification Takara Bio USA (Clontech Laboratories) Catalog #639201

Gentamicin sulfate salt Sigma-Aldrich, Merck Catalog #G1264

Standard chemicals such as salts and buffers

for electrophysiological recordings or for

molecular biology

Sigma-Aldrich, Merck N/A

USER-Enzyme for advanced uracil-excision-

based cloning and USER fusion technique [60]

New England Biolabs Catalog #M5505

Fluorescein diacetate Sigma-Aldrich, Merck Catalog # F7378

Poly(ethylene glycol) average Mn 4,000,

platelets (PEG)

Sigma-Aldrich, Merck Catalog # 81240

CELLULASE ‘‘ONOZUKA’’ R-10 Yakult Honsha, Tokyo, Japan N/A

MACEROZYME R-10 Yakult Honsha, Tokyo, Japan N/A

Critical Commercial Assays

NucleoSpin RNA Plant Kit Macherey-Nagel, Germany Catalog #740949.250

AmpliCap-Max T7 High Yield Message Maker Kit Cellscript, Madison, WI, USA Catalog #C-MSC100625

Deposited Data

RNaseq Chenopodium quinoa cultivar KVL52 BioProject number

PRJNA394652 and accession

number E-MTAB-6112

CqHAK sequence Chenopodium quinoa cultivar KVL52 Accession#: CCG024117.1/

CCG045154.1

CqClC-c sequence Chenopodium quinoa cultivar KVL52 Accession#: CCG018916.1/

CCG067813.1

CqHKT1.1 sequence Chenopodium quinoa cultivar KVL52 Accession#: CCG039537.1

CqHKT1.2 sequence Chenopodium quinoa cultivar KVL52 Accession#: CCG066375.1

CqProT sequence Chenopodium quinoa cultivar KVL52 Accession#: TRINITY_DN108018

McHKT1.2 sequence Chenopodium quinoa cultivar KVL52 Accession#: AAK52962.1

CqP5CS2 sequence Chenopodium quinoa cultivar KVL52 Accession#: CCG065773.1/

CG028027.2/CCG047200.1

Experimental Models: Organisms/Strains

Chenopodium quinoa cultivar KVL52 University of Copenhagen [8]

Arabidopsis thaliana Col-0 Lehle Seeds USA WT-02-45-02

Arabidopsis thaliana clc-a mutant I2BC, Gif Sur Yvette [29]

Oligonucleotides

For qPCR primers see Table S3 synthesized by TIB Molbiol Berlin,

Germany

This paper

For amplification of transporter and channel CDS

(coding sequence) see Table S3

synthesized by Sigma-Aldrich, Merck,

Germany

This paper
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Oocyte expression vector [60] pNB1u

Plant expression vector for N-terminal fusions to

a fluorophore for localization studies (fluorophores

were GFP and mOrange)

[31, 60] pSATGFPu, pCambia3300mOrangeu,

pMDC43

CDS of quinoa channels and transporters thereof

were cloned into pNB1u, pSAT or pCambia for

electrophysiological analysis or localization studies

This study N/A

CDS of AtCIPK23 and AtCBL1 thereof were cloned

into pNB1u for electrophysiological analysis in

X. leavis oocytes.

This study; [38] N/A

Software and Algorithms

BLAST (database search program) https://blast.ncbi.nlm.nih.gov/Blast.

cgi?CMD=Web&PAGE_TYPE=

BlastDocs&DOC_TYPE=Download,

https://blast.ncbi.nlm.nih.gov/Blast.

cgi?PAGE=Proteins

[61]

Clustal Omega https://www.ebi.ac.uk/Tools/msa/

clustalo/

[62]

Subread (read aligner) http://subread.sourceforge.net/ N/A

FeatureCounts (counting reads to genomic features) http://subread.sourceforge.net/ N/A

EdgeR (differential expression analysis) https://bioconductor.org/packages/

release/bioc/html/edgeR.html

N/A

Trinity (de novo assembler) https://github.com/trinityrnaseq/

trinityrnaseq/wiki

N/A

AHRD (annotation pipeline) https://github.com/groupschoof/AHRD N/A

Mapman (metabolic pathways and biological

processes)

https://mapman.gabipd.org/mapman-

download

N/A

SUBAcon (subcellular localization) http://suba3.plantenergy.uwa.edu.au/ N/A

Paintomics (pathway analysis) http://www.paintomics.org N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rainer

Hedrich (hedrich@botanik.uni-wuerzburg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and growth conditions
C. quinoa (cv.5020) plants were cultivated in a climate chamber (12 hr daylight, 50% RH, 20�C) using common potting soil. NaCl-

treatment was started after 4 weeks of growth. The NaCl concentration in the irrigation water was increased stepwise up to

200 mM. After 5 weeks of salt treatment plant tissue was harvested for RNA extraction. Arabidopsis thaliana Col-0 wild-type and

Arabidopsis thaliana clca-2 plants [29] were grown on soil in a growth chamber at 22�C and 8 hr light / 16 hr dark regime.

Xenopus oocyte preparation
Investigations on quinoa channels and transporters were performed in oocytes of the African clawfrog Xenopus laevis. Permission for

keeping Xenopus exists at the Julius-von-Sachs Institute and is registered at the government of Lower Franconia (reference number

70/14). Mature female Xenopus laevis frogs were kept at 20�Cat a 12/12 hr day/night cycle in dark gray 96 l tanks (5 frogs/tank). Frogs

were fed twice a week with floating trout food (Fisch-Fit Mast 45/7 2mm, Interquell, Wehringen, Germany). Tanks are equipped with

30 cm long PVC pipes with a diameter of around 10 cm. These pipes are used as hiding places for the frogs. The water is continuously

circulated and filtered by a small aquarium pump. For oocyte isolation, mature female X. laevis frogs were anesthetized by immersion

in water containing 0.1% 3-aminobenzoic acid ethyl ester. Following partial ovariectomy, stage V or VI oocytes were treated with

0.14 mg/mL collagenase I in Ca2+-free ND96 buffer (10 mM HEPES pH 7.4, 96 mM NaCl, 2 mM KCl, 1 mM MgCl2,) for 1.5 hr. Sub-

sequently, oocytes were washed with Ca2+-free ND96 buffer and kept at 16�C in ND96 solution (10 mMHEPES pH 7.4, 96 mMNaCl,

2mMKCl, 1mMMgCl2, 1mMCaCl2) containing 50mg/L gentamycin [63]. For oocyte electrophysiological experiments 10 ng of each
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cRNA was injected, except for 25 ng of CqHAK-like cRNA, into selected oocytes. Oocytes were incubated for 2 to 5 days at 16�C in

ND96 solution containing gentamycin.

METHOD DETAILS

RNA extraction
RNAwas isolated from four biological replicates for each condition. RNA from leaves as well as leaves without bladders was isolated

using the E.Z.N.A plant RNA kit (OMEGA Bio-tek) following the manufacturer’s instructions. RNA from salt bladders was isolated

using the NucleoSpin RNA Plant Kit (Macherey-Nagel) according to the manual with some exceptions. Therefore, young leaves

with mostly intact, turgescent bladders were frozen in liquid nitrogen and bladders were brushed off with a small spatula. For

each biological replicate bladders of six young leaves from two plants were collected in 500 mL lysis buffer RA1 (containing 1:100

TCEP) and mixed strongly for 20 s to lyse the cells. The lysate was transferred to the NucleoSpin Filters and centrifuged for 1 min

at 11,000 g. The filtrate was mixed with 500 mL 70% ethanol and transferred in two steps to the NucleoSpin RNA plant Column

and centrifuged for 1 min at 11,000 g. The washing steps were performed following the manufacturer’s instructions. RNA was eluted

in 33 mL RNase free water that was incubated on themembrane twice for 1 min. Quality control measurements were performed on an

Experion automated electrophoresis station (Bio-Rad Hercules, California, U.S.A.) and the concentration was determined using a

Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, U.S.A.).

RNA-sequencing and data analysis
To investigate salt-induced changes in the expression patterns of EBCs, we harvested whole leaves from control plants grown

without (L) and with salt (L+). Bladder samples were mechanically isolated from leaves by gentle brushing (denoted as B/B+,

respectively). The remaining stripped leaves were also sampled (LS/LS+).

The mRNA-seq library was prepared using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs)

following the manufacturer’s standard protocol. Briefly the mRNA was enriched from 1 mg of total RNA using polyT magnetic beads,

fragmented by divalent ions and subjected to first strand cDNA synthesis using random primers. Second strand cDNA synthesis was

performed by replacing dTwith U in the reaction. After end repair, dA-tailing and adaptor ligation, the second strand cDNA and part of

the adaptor was removed using the USER enzyme, leaving adaptor-ligated first strand cDNA for PCR amplification. Before

sequencing, the quality of libraries was examined on a Fragment Analyzer (Advanced Analytical Technologies, Inc) and the quantity

measured using Qubit (Thermo Fisher Scientific) and qPCR. The sequencing was performed on a HiSeq2500 using the SBS v4

reagent at the Core Facility for Genomics of the Shanghai Center for Plant Stress Biology.

The reads were mapped to the quinoa reference genome [4] using the subread tool with default parameters [64]. Detection of the

readcounts was performed by the software featureCount with transcript as feature type [65]. The R package edgeR [66] was used for

filtering low expressed genes by a cutoff of 0.1 cpm in at least three replicates. The RNaseq data mapped to 40,907 of 54,682 quinoa

transcripts representing 75% of the genome. The LRT (likelihood-ratio test) and the treat methods were used to identify differentially

expressed genes (DEGs) based on a false discovery rate (FDR) of < 0.05 and of either no fold change (FC) cutoff (LRT) or a log2FC > 2

cutoff (treat) between different genotypes. The high throughput sequencing data for epidermal bladder cell transcriptome analyses

are available at the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) under the BioProject number PRJNA394652.

Analyzed comparisonswere bladder cells against leaves (B/L), bladder cells against stripped leaves (B/LS), leaves against stripped

leaves (L/LS), salt treated bladders against bladders (B+/B), salt treated leaves against leaves (L+/L), salt treated bladders against

salt treated leaves (B+/L+), salt treated bladders against salt treated stripped leaves (B+/LS+) and salt treated leaves against salt

treated stripped leaves (L+/LS+). Next to this dataset, we additionally generated high coverage RNaseq data of untreated EBC

and leaf cells to perform a de novo transcriptome assembly applying the TRINITY pipeline [67]. The de novo transcripts were anno-

tated by the AHRD pipeline (https://github.com/groupschoof/AHRD) and surveyed for selected genes and gene families of interest to

complement the current annotation release and detect missing candidates. RNaseq data have been deposited in the ArrayExpress

database at EMBL-EBI (http://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-6112.

ArabidopsisGene Identifiers (AGIs) were assigned to 35,664 quinoa transcripts by BLAST [61] search for best-hit. For downstream

analysis, AGIs were annotated withMapManBINs and description lines [68]. To identify the subcellular localization, the tool SubaCon

(a subcellular localization database for Arabidopsis proteins) (http://suba3.plantenergy.uwa.edu.au/) [69] was used. The pathway

analysis was performed by the online tool PaintOmics [70].

cDNA preparation and expression analyses
cDNA was prepared using 2 mg of total RNA after DNA contamination was removed by RNase free DNase I (Thermo Scientific,

Waltham MA) digestion in the presence of RiboLock RNase Inhibitor (Thermo Scientific, Waltham MA) following the manufacturers

specifications. RNAwas precipitated with 5MNH4Cl in isopropanol andwashedwith 70%ethanol. The RNA pellet was resuspended

in diethyl pyrocarbonate (DEPC)-treated H2O and first strand cDNA was synthesized using the M-MLV RT RNase (H-) point mutant

(Promega, Mannheim, Germany) following the manufacturers specifications. qPCR was performed using a Realplex Mastercycler

system (Thermo Scientific, WalthamMA) and ABsolute QPCR SYBR green capillary mix (Thermo Scientific, WalthamMA) with a final

volume of 20 mL containing 2 mL cDNA (1:20 diluted in HPLCwater). Gene-specific primer (TIBMOLBIOL, Germany) were designed to

amplify small fragments not exceeding 500 bp according to RNaseq sequences and validated prior to qPCR. The expression levels of
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each gene were determined by using standards of known concentrations for each primer pair (Table S3) and normalized to 10,000

transcripts of the housekeeping gene, the growth elongation factor EF1a [71].

Cloning and cRNA synthesis
To identify the coding sequence of CqProT (TRINITY_DN108018), CqHAKs (CCG024117.1, CCG045154.1), CqHKT1.1

(CCG039537.1), CqHKT1.2 (CCG066375.1) and CqClC-c (CCG018916.1/CCG067813.1) we used the analyzed RNAseq dataset.

Using gene-specific oligonucleotide primers (Table S3), which comprised the CDS (coding sequence) of CqProT, CqHAK-like trans-

porters, CqHKT1-like channels or CqClC-c, and Advantage cDNA Polymerase Mix (Takara Bio USA, Inc) revealed for each gene a

sequence identical to the expected from the RNAseq dataset. For heterologous expression in Xenopus oocytes, the generated

cDNAs of the transport proteins were cloned into oocyte expression vectors (based on pNBIu vectors, see Key Resources Table)

by an advanced uracil excision-based cloning technique described by Nour-Eldin et al. [60]. Therefore, the before mentioned

PCR products were used as template for USER PCR to attach USER-specific 5‘- and 3‘-overhangs. PCR conditions were as

described by Nørholm et al., 2010 [72] using PfuX7 polymerase. The resulting PCR products of the respective channels, transporters

and kinases were treated with the USER enzyme (New England Biolabs, Ipswich, MA, USA) to remove the uracil residues, generating

single-stranded overlapping ends. Following uracil excision, recirculation of the plasmid was performed at 37�C for 30 min followed

by 30 min at room temperature, and then constructs were immediately transformed into chemical competent Escherichia coli cells

(XL1-BlueMRF’). All constructs were verified by sequencing. For functional analysis, cRNAs were prepared using the AmpliCap-Max

T7High YieldMessageMaker Kit (Cellscript, Madison,WI, USA) by following themanufacturer’s instructions. Oocyte preparation and

cRNA injection have been described in Experimental Model and Subject Details.

For transient protoplast expression of CqClC-c, the cDNA was cloned into the plant expression vector pSAT [73] (35S promotor

and terminator) via the advanced uracil excision-based cloning technique [60]. Thereby CqClC-c was fused N-terminal to the vector-

based GFP for localization studies. mOrange:CqHAK, mOrange:CqProT, mOrange:CqHKT1.1 and mOrange:CqHKT1.2 fusion con-

structs were cloned via the USER-technique into a modified pCAMBIA3300 binary vector containing a pUBQ10 promoter [60].

Protoplast isolation and transformation
Mesophyll protoplasts were isolated from 4-6-week-old Arabidopsis thaliana Col-0 or Arabidopsis thaliana clca-2mutant plants and

8-9-week-old Chenopodium quinoa plants. The lower epidermis of leaves was gently scrubbed with sand paper before incubating

them for 3 hr in dark in the enzyme solution (1%–1.5% cellulase R10, 0.2%–0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCl,

20 mM MES, pH 5.7, 10 mM CaCl2, 5 mM, 0.1% BSA). The enzyme solution containing protoplasts was filtered with a 50 mm nylon

mesh with W5 buffer (154 mMNaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose, 2 mMMES pH 5.7) and the protoplasts were pelleted

carefully at 100 g for 2 min. After removing the supernatant, the isolated protoplasts were incubated on ice for 30 min in W5. Proto-

plasts will descend andW5 could be replaced by MMG solution (�500 protoplast per mL; 4 mMMES pH 5.7, 0.4 Mmannitol, 15 mM

MgCl2) and incubated for 15 min at RT. To 20 mg plasmid DNA 200 mL protoplast solution and 220 mL PEG solution (2 g PEG 4000,

1.5 mL H2O, 1.25 mLMannitol (0.8M), 0.5 mL CaCl2 (1 M)) were added and incubated for 15 min at RT. After adding 1,320 mL W5 the

reaction was centrifuged at 100 g for 1 min. The supernatant was removed, and the protoplasts were kept in 1.5 mLW5 buffer in the

dark and at RT for 2 days [74, 75].

For patch clamp analysis of CqClC-c and AtClC-a vacuoles were released from protoplasts by bath perfusion of VR solution [76]

containing 100 mM malic acid, 155 mM 1,3-bis(tris(hydroxymethyl)methylamino)propane (BTP), 5 mM ethylene glycol-bis(2-amino-

ethylether)-N,N,N0,N0-tetraacetic acid (EGTA), 3 mM MgCl2, pH 7.5, adjusted to 450 mOsm with D-sorbitol.

Electron microscopy
C. quinoa leaves were cut with razor blades to fit into the 3 mm diameter High Pressure Freezing (HPF) Specimen Carriers Type A

(200mm, Leica), covered with hexadecene as filler and closed with an HPF Specimen Carriers Type B (0 mm, Leica). Samples

were high pressure frozen with an EM HPM 100 (Leica) at > 2100 bar with a freezing speed > 20 000 K/s. Specimen Carrier sand-

wiches were opened in liquid nitrogen and the vitrified samples were freeze substituted in the AFS2 (Leica) and embedded according

to the published protocol [77] with modifications:
Duration Reagent Temperature/Ramp

96 hr 0.1% tannic acid, 0.5% glutaraldehyde in anhydrous acetone

(exchange with fresh solution at day 2)

�90�C

1 hr 4x washes with anhydrous acetone �90�C

28 hr 2% OsO4 in anhydrous acetone �90�C

14 hr same solution as last step �90�C to �20�C

16 hr same solution as last step �20�C

4 hr same solution as last step �20�C to 4�C

2 hr 4x washes with anhydrous acetone 4�C
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After gradually raising the temperature to room temperature within 1 hr samples were infiltrated with Epon and polymerized at 60�C
for 72 hr. 80 nm sections were cut with a Leica EM UC7, transferred on pioloform coated copper grids (Plano) and contrasted 15 min

with 2.5% uranyl acetate in ethanol, washed, again contrasted in Reynolds’ lead [78] citrate for 10min, thoroughly washed and dried.

Sections were images on a JEOL JEM-2100 at 200 kV transmission electron microscope with a TemCam F146 (Tietz Video and

Imaging Processing Systems) with the EM Menu Software (Tietz Video and Imaging Processing Systems).

Confocal microscopy
Chloroplast fluorescence

For chloroplast fluorescence detection in single bladders, young quinoa leaves were cut into small stripes (cross-sections) and

images were taken with a Leica (RM2165) equipped with a Leica HCX PL APOCS 40.0x1.10WATERUV objective. The same settings

were used for the imaging of the chloroplast fluorescence in mesophyll protoplasts. The chlorophyll fluorescence of chloroplasts

was observed at an excitation wavelength of 405 nm. Chloroplast fluorescence was detected between 580 and 720 nm. Z stack

with 20 steps and a step size of 8 mm.

For chloroplast quantification and fluorescein diacetate (FDA) fluorescence detection in EBCs and mesophyll cells, the cross-

sections were immediately floated on basal salt media (0.5 mM KCl, 0.1 mM CaCl2, pH 5.6) containing 5 mg mL-1 FDA for 15 min

(mesophyll) or 1 hr (bladders). Following incubation in FDA, all stained tissues were washed in BSM for 3 min to remove residual

dyes before measuring fluorescence intensity by confocal microscopy. All dying steps were done at room temperature and in

darkness. Confocal microscopy was performed with a Zeiss LSM 510 Meta laser scanning confocal microscope equipped with a

Plan-Apochromat 20x/0.8 Ph2 objective to visualize bladders cells or a Plan-Apochromat 63x/1.40 Oil DIC objective for mesophyll

cells. The fluorescence of FDA and chlorophyll was imaged using a 488 nm laser for excitation and emission collected between 505

and 530 nm (FDA) and 660 and 710 nm (chlorophyll autofluorescence). To capture images of an entire bladder cell, consecutive series

of confocal sections were taken in the z direction at 4 mm intervals and chloroplast counted in each section. For the mesophyll cells,

total number of chloroplasts was estimated based on chloroplasts counted from planar and longitudinal sections of the palisade

mesophyll cells. The percentage of the cell occupied by the cytosol was estimated by measuring the area stained with FDA. For

the mesophyll, the volume of the cell and vacuole was estimated based on the method in [79].

Localization studies

Measurements were performed on a Leica SP5 confocal laser scanning microscope (Leica Microsystems CMS, Mannheim,

Germany) and the water immersion objective lens Leica HCX IRAPO L253 /0.95Wwas used for imaging Arabidopsismesophyll pro-

toplasts for confocal imaging. mOrange fusion proteins were excited with a 562 nm diode laser and mOrange fluorescence emission

was detected between 560 and 620 nm. Chlorophyll autofluorescence was detected at 630 to 750 nm.

Oocyte recordings
Functional characterization of transport proteins was performed in oocytes of the African clawfrog Xenopus laevis at RT.

Two-electrode voltage-clamp

In two-electrode voltage-clamp (TEVC) studies, oocytes were perfused with citric acid/Tris-based (pH 4) or MES/Tris-based

(pH R 5.5) buffers. The standard bath solution contained 10 mM citric acid/Tris or 10 mM MES/Tris and 1 mM CaCl2, 1 mM

MgCl2 and 1 mM LaCl3. The osmolality of each solution was adjusted to 220 mOsm/kg using D-sorbitol. For the cation transport

proteins the ionic strength for measurements under varying substrate concentrations was balanced with lithium for a total

concentration of 100 mM. For current-voltage relations (IV curves), single-voltage pulses were applied in 10 mV decrements

from +60 to�200 mV starting from a holding potential of 0 mV. Deviations of this standard pulse protocol are mentioned in the figure

legends [24, 38, 80, 81]. To determine the Km value of CqHAK andCqHKT1.1 for potassium or sodium, respectively, the currents were

normalized to the highest applied cation concentration at �120 mV. The resulting dose-response curve was described by the

Michaelis-Menten Equation 1:

fðxÞ= ðImax � xÞ=ðKm + xÞ (Equation 1)

To estimate the relative open probability of CqHKT1.2 channels instantaneous currents (Iinst) were extracted immediately after the

voltage jump from the test pulses to the holding potential. For the calculation of the relative open probability the following Boltzmann

Equation 2 was used:

Po=offest + 1
��

1+ exp
�
V!=2 � Vm

� �
z
�

(Equation 2)

where V1/2 is the half maximal activation voltage, Vm is the membrane potential and z is the slope of the Boltzmann function. The

currents were normalized to the saturation value of the calculated Boltzmann distribution.

Ion flux measurements

Ion flux measurements were performed additionally on TEVC voltage-clamped oocytes. The ion fluxes over the oocyte plasma

membrane (PM) were monitored using non-invasive ion-selective scanning microelectrodes. To avoid artificial flux measurements

e. g. caused by a PM-rupture at the impalement site of the TEVC electrodes, both techniques were performed at opposite sides

of the oocyte. The standard bath solution for combined TEVC and ion flux measurements contained 2 mM KCl and 0.2 mM citric

acid/Tris (pH 4) for CqHAK5 measurements and 10 mM NaCl and 0.2 mM MES/Tris (pH 5.6) for CqHKT1.1 and 1.2 measurements.
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Osmolality of each solution was adjusted to 220 mOsm/kg using myo-Inositol. The ion-selective electrodes were pulled from boro-

silicate glass capillaries w/o filament (Ø 1.0 mm, Science Products) with a vertical puller (Narishige Scientific Instrument Lab). They

were baked over night at 220�C and silanized with N, N-Dimethyltrimethylsilylamine (Sigma-Aldrich) for 1 hr. K+-and Na+-selective

electrodes were backfilled with 100 mM of the respective ion and the tip was filled with potassium ionophore I cocktail A or sodium

ionophore I cocktail A (Sigma-Aldrich). Calibration of selective electrodes was performed at 0.2, 2 and 20 mM KCl and 0.5, 5 and

50 mM NaCl, respectively. Only electrodes that recorded a shift in voltage of around 59 mV per 10x change in K+/Na+ concentration

were used. The ion-selective electrodes were positioned with a SM-17 Micromanipulator (Narishige Scientific Instrument Lab) at ap-

prox. 5 mmdistance to the oocyte equator using an uprightmicroscope (Axioskop, Carl Zeiss AG). The electrodeswere connected via

Ag/AgCl half-cells to head stages (Applicable Electronics, USA) of an Ion/ Polarographic Amplifier (Applicable Electronics, USA).

Electrodes scanned the oocyte at 10 s intervals between two positionswith a distance of 100 mm, using amicro-steppingmotor driver

(US Digital, USA). Raw data were acquired with a NI USB 6259 interface (National Instruments), using custom-built Labview-based

software ‘‘Ion Flux Monitor.’’ Raw voltage data were converted offline into ion flux data, as described previously [82, 83]. In brief,

mean values of the voltages measured with ion-selective electrodes at both positions were calculated and the voltage difference

dV between both positions was computed and inserted in Equation 3. The Flux J was calculated using equation:

J= cuFð58=Nernst slopeÞðdV=dxÞ (Equation 3)

With the following parameters; the ion concentration c (mol m-3), the mobility of the ion u (m2 s�1 volt�1), the Nernst slope originating

from the calibration, the voltage difference dV (volt) between both positions, and the distance between both positions dx (m). In case

of the spherical oocyte the distance was corrected using:

dx = r2½1=ðr + xÞ � 1=ðr + x +dx1Þ� (Equation 4)

With r being the radius of the oocyte, x theminimumdistance to the oocyte and dx1 as the distance between both positions (100 mm in

our case).

Patch-clamp recordings
Patch-clamp experiments on GFP-positive vacuoles were performed in the whole-vacuole configuration at RT, as described else-

where [84], using an EPC-7 patch clamp amplifier (HEKA Elektronik, Lambrecht, Germany). Patch pipettes were pulled from thin-

walled borosilicate glass (Clark Electrochemical Instruments, Pangbourne, Reading, UK), with a tip resistance of 3 - 3.5 MOhm.

The pipette solution contained (in mM): 100 KCl, 3 MgCl2, 20 MES, adjusted to pH 5.5 (with KOH) and 480 mOsm (with D-sorbitol).

Bath solutions contained (in mM): 100 K-x, 2 EGTA, 3 MgSO4, 10 HEPES, adjusted to pH 7.2 (with KOH) and 480 mOsm (with

D-sorbitol), where x was either gluconate, chloride or nitrate.

High-resistancemembrane seals were generally formed in VR solution. After the establishment of thewhole-vacuole configuration,

the bath solution was exchanged, andmembrane currents were allowed to stabilize for 10-15min. Bath solutions were exchanged by

means of a gravity-driven perfusion system coupled to a peristaltic pump.

Membrane currents were elicited by 1 s voltage steps ranging from +80 to –80mV in 20mV decrements, followed a 500ms voltage

step to +50 mV. The holding potential was set to 0 mV.

Positive currents correspond to anions flowing from the lumen of the vacuole to the cytoplasmic side or to cations moving in the

opposite direction.

Alignment and phylogenetic analysis of CqHKTs
Selected HKT orthologs were identified by BLASTP and the corresponding accession numbers are listed in Data and Software

Availability section. The amino acid sequences were aligned with Clustal Omega [62]. The phylogenetic relation between HKT

proteins was performed with the software Geneious R9 [85] using the Neighbor-Joining method.

QUANTIFICATION AND STATISTICAL ANALYSIS

All results were gained fromR two independent experiments. Results are given as mean ± standard deviation (SD) or standard error

(SE) as indicated in the figure legend. For statistical analysis and graph preparations the software Igor Pro7 (WaveMetrics, Lake

Oswego, Oregon, USA) and Excel (Microsoft, Redmond, Washington, USA) was used.

DATA AND SOFTWARE AVAILABILITY

The high throughput sequencing data for epidermal bladder cell transcriptome analyses are available at the Sequence Read Archive

(https://www.ncbi.nlm.nih.gov/sra) under the BioProject number PRJNA394652 [4]. RNaseq data of untreated EBC and leaf cells for

a de novo transcriptome have been deposited in the ArrayExpress database at EMBL-EBI (http://www.ebi.ac.uk/arrayexpress) under

accession number E-MTAB-6112.
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The identifiers of the characterized proteins of quinoa are: CqHAK (CCG024117.1/CCG045154.1), CqClC-c (CCG018916.1/

CCG067813.1), CqHKT1.1 (CCG039537.1), CqHKT1.2 (CCG066375.1), CqProT (TRINITY_DN108018), CqP5CS2 (CG028027.2/

CCG047200.1). Furthermore, the identifiers are mentioned in Method Details and Key Resources Table. The accession number

and plant species, which were used for phylogenetic relation analyses of HKT transport proteins, are listed below:

Oryza sativa: OsHKT1;1 (CAD37183.1), OsHKT1;3 (CAD37185.1), OsHKT1;4 (CAD37197.1), OsHKT1;5 (BAB93392.1),

OsHKT2;1 (BAB61789.1), OsHKT2;2 (BAB61791.1), OsHKT2;3 (CAD37187.1), OsHKT2;4 (CAD37199.1). Triticum aestivum:

TaHKT2;1 (AAA52749.1). Hordeum vulgare: HvHKT2;1 (CAJ01326.1). Phragmites australis: PaHKT2;1 (BAE44385.1). Suaeda

salsa: SmHKT1;1 (AAS20529.2). Eucalyptus camaldulensis: EcHKT1;1 (AAF97728.1), EcHKT1;2 (AAD53890.1). Mesembryan-

themum crystallinum: McHKT1.1 (AAO73474.1), McHKT1.2 (AAK52962.1). Arabidopsis thaliana: AtHKT1;1 (AAF68393.1).

Dionaea muscipula: DmHKT1 (ALO61068.1). Eutrema salsugineum: TsHKT1;2 (AFJ23835.1). Beta vulgaris: BvHKT1;1

(XP_010690257.1), BvHKT1;2 (XP_010690256.1), BvHKT1;3 (XP_010688439.1).

Software and algorithms used in this study are listed in the Key Resources Table. In addition, for graph preparations and statistical

analysis the software Igor Pro7 (WaveMetrics, Lake Oswego, Oregon, USA), Excel (Microsoft, Redmond, Washington, USA), and

CorelDRAW (Corel Corporation, Ottawa, Ontario, Canada) and for electron microscopy the EM Menu Software (Tietz Video and

Imaging Processing Systems) was used.
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