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SUMMARY

The latest major group of plants to evolve were the
grasses. These became important in the mid-
Paleogene about 40 million years ago. During evolu-
tion, leaf CO2 uptake and transpirational water loss
were optimized by the acquisition of grass-specific
stomatal complexes. In contrast to the kidney-
shaped guard cells (GCs) typical of the dicots such
as Arabidopsis, in the grasses and agronomically
important cereals, the GCs are dumbbell shaped and
are associated with morphologically distinct subsidi-
ary cells (SCs). We studied the molecular basis of GC
action in the major cereal crop barley. Upon feeding
ABA to xylem sap of an intact barley leaf, stomata
closed in a nitrate-dependent manner. This process
was initiated by activation of GC SLAC-type anion
channel currents. HvSLAC1 expressed in Xenopus
oocytes gave rise to S-type anion currents that
increased several-fold upon stimulation with >3 mM
nitrate. We identified a tandem amino acid residue
motif that within the SLAC1 channels differs funda-
mentally between monocots and dicots. When the
motif of nitrate-insensitive dicot Arabidopsis SLAC1
was replaced by the monocot signature, AtSLAC1
converted into a grass-type like nitrate-sensitive
channel. Our work reveals a fundamental difference
between monocot and dicot GCs and prompts ques-
tions into the selective pressures during evolution
that resulted in fundamental changes in the regulation
of SLAC1 function.

INTRODUCTION

Guard cell pairs that drive stomatal movement control leaf CO2

uptake and concomitant transpirational water loss. To survive
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episodes of drought and excessive heat, stomata have to sense

sudden changes in environmental conditions and adjust stomatal

aperture accordingly. Based largely on work in the model dicot

Arabidopsis much is known about the molecular details that un-

derlie stomatal function [1–3]. By way of contrast, in the grasses

that are by far the world’s most important sources of food, it is

surprising that our molecular knowledge concerning guard cell

function is still very limited [4–8] (and references therein).

In contrast to the kidney-shaped guard cells typical of the di-

cots, grass stomata come as pairs of dumbbell-shaped guard

cells (GCs) in physical contact with a lateral pair of subsidiary

cells (SCs) [4]. In terms of function there, Raschke and Fellows

(1971 [9]) found that during stomatal opening in maize K+ and an-

ions are shuttled fromSCs toGCs andwhen closing theymove in

the opposite direction. GCs of dicots and monocots respond to

the plant hormone ABA that binds to its cytosolic PYR/PYL/

RCAR-type receptor [10, 11]. The ABA receptor forms a complex

with the PP2C phosphatase ABI1 and SnRK2 kinase OST1 [12].

Binding of ABA to the receptor ABA causes inactivation of ABI1

and release of OST1 from inhibition of the PP2C phosphatase

[13]. In turn, the OST1 kinase phosphorylates theGC anion chan-

nel SLAC1, causing it to open [14, 15]. The resulting release of

anions depolarizes the plasma membrane, and the change in

voltage activates the GORK1 channel resulting in K+ efflux,

which is followed by the loss of water and resulting stomatal

closure [1, 16].

Potassium and chloride represent the dominant ions in dicot

and monocot GCs. In the dicot model plant Arabidopsis, the

SLAC1 channel is permeable to chloride. When expressed in

the heterologous expression system of Xenopus oocytes,

Arabidopsis SLAC1 is active in chloride-based media [14]. In

contrast to SLAC1, its homologs SLAH2 and 3 require nitrate

at the external mouth of the anion channel to gate open in oocyte

and GC systems [17, 18]. In order to gain insights into how cereal

GCs function, we analyzed the transcript profile of barley GCs

and SCs. We identified HvSLAC1 together with the major com-

ponents of GC ABA signaling. Strikingly, in barley SLAC1 and

inmarked contrast toArabidopsisSLAC1, we identified a distinct

tandem amino acid motif, responsible for nitrate activation.
d.
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Figure 1. ABA-Induced Stomatal Closure Requires NO3
–

Barley stomatal movement measured by infrared gas exchange. Barley stomata were opened in the light (400 mE) at ambient CO2 (400 ppm).

(A) Excised leaves were supplied with water and ABA via the transpiration stream. Note, stomatal closure in the presence of ABAwas remarkably slow and largely

incomplete.

(B) Leaves were pre-incubated with 5mMnitrate. Under this condition, leaves started to close their stomata 5min after ABA application. This process was largely

completed within 10 min and finished in less than 15 min. Data were normalized to their open value 10 min before the application of ABA (indicated by the arrow).

n R 5 means ± SE.

(C) EDX analysis of barley stomatal complexes. The respective changes in K (left) and Cl contents (right) are shown after the transition from open to closed stomata

in guard cells (GC) and subsidiary cells (SC). During stomatal opening, potassium and chloride ions shuttle from SCs to GCs, while ions move in the opposite

direction when stomata close. n = 11, means ± SE.
RESULTS

ABA-Dependent Stomatal Closure in Barley Requires
Extracellular Nitrate
Surprisingly, studies aimed at understanding themolecular basis

of stomatal movements in barley, a major cereal grass crop, are

somewhat limited [4, 5]. To address this issue, we first investi-

gated stomatal function in the intact barley leaf using infrared

gas analyzer (IRGA)-based measurements of stomatal conduc-

tance. We focused on Hordeum vulgare line Barke, because

genome information is available, and it represents one of the

most popular brewing barley varieties worldwide.

From work in Arabidopsis, it is known that ABA triggers stoma-

tal closure following binding to cytosolic receptors of the PYR/

PYL family and the subsequent induction of a signaling pathway

that ultimately activates SLAC/SLAH anion channels [14, 15, 17,

19, 20]. To investigate the response of barley stomata to ABA,

we fed 25 mM ABA (a concentration sufficient to close barley

stomata [5]) via the leaf petiole. When the petiole was supplied

with ABA in water, stomatal closure was delayed and incomplete

(Figure 1A). This is in marked contrast to the prompt closure

observed in the dicot Arabidopsis [21] but is similar to the

response observed in the monocot date palm [21]. However,

the most striking result to emerge from this experiment was that

timely and significant ABA-induced stomatal closure could be

elicited by the addition of nitrate (5mMKNO3
–) to the feedingme-

dium (Figure 1B). This results clearly shows that in barley the full

stomatal response to ABA requires the presence of nitrate.

Stomatal Closure in Barley Involves Inverse Fluxes of K+

and Cl– between Guard and SCs
Having identified a requirement for nitrate in ABA-induced

closure we next investigated the requirement for K+ and Cl–.

Given that early studies in maize provided initial evidence for

K+ and chloride shuttling between GCs and SCs [9, 22], we

used Energy dispersive X-ray (EDX) analysis to determine the

content of these elements in guard and SCs. Figure 1C shows
that GCs from closed stomata contained less K and Cl than

open ones. SCs, however, exhibited the inverse relationship

with relatively higher levels of K and Cl associated with closed

stomata (Figure 1C). These data confirm older work in maize

[9, 22] but leave open the question of why there is a requirement

for nitrate for the closure of barley stomata. In summary, in barley

just as in Arabidopsis, K+ and Cl– represent major ionic compo-

nents of the GC osmotic motor that drives stomatal movement.

The fact that the changes in K+ are larger than those of Cl– indi-

cate that, besides Cl–, additional anions such as nitrate or malate

must be involved. In this context, it should be mentioned that in

barley epidermal cells Cl– and NO3
– might provide the total nega-

tive solute charge [23].

Using Transcriptomics to Investigate ABA-Induced
Stomatal Closure in Barley
To investigate the molecular machinery responsible for bringing

about stomatal closure in barley and in particular the ion

fluxes between guard and SCs, we employed a transcriptomic

approach.We isolated three experimental preparations: (1) intact

leaves (L), (2) lower epidermis with intact stomatal complexes

(GCSCs), and (3) leaves without upper and lower epidermis

and thus without GC complexes (LwoGC). We employed a bio-

informatic approach to identify differentially expressed genes

(DEG) in GC complexes (for full DEG list, see Table S1). Because

GCs, in contrast to mesophyll cells, contain a reduced number of

chloroplasts and epidermal pavement cells have no chloro-

plasts, we initially compared photosynthesis (PS)-related

transcripts. As expected, we found genes associated with PS

electron transport and CO2 fixation underrepresented in the

GCSC samples (Table S1, filtered by MapMan category 1).

When analyzing RNA sequencing (RNA-seq) data, it did not

come as a surprise that we found DEGs related to GC function

and ABA signaling.

We next investigated genes involved in ion transport. In the ion

channel fraction GC-specific anion channels of the SLAC/SLAH

type and Shaker-like potassium channels of the KAT and
Current Biology 28, 1370–1379, May 7, 2018 1371



GORK/SKOR type were identified (Table S2). This expression

pattern underpins the notion that the grass-type stomata from

barley harbor the GC major H+, K+, and Cl– transporting entities

represented by AHA1 and KAT1 for stomatal opening [24] and

SLAC1 and GORK for closure ([1] for review). Among the ABA-

dependent transcripts, pronounced GC expression of orthologs

to the PYR/PYL ABA receptor family, PP2C phosphatases ABI1

and 2, and SnRK2 kinases of the OST1 type were found. Based

on 5 HvOST1-like sequences, we generated a phylogenetic tree

and identified HvOST1.1, 1.2, and 1.3 most closely related to

the Arabidopsis OST1 (Figure S1A).

To validate expression of the GC ion channels and compo-

nents of the ABA signaling pathway suggested by the RNA-

seq data, we performed qPCR analysis. We sampled leaves (L)

and epidermal peels containing both GCs and SCs (GCSCs)

and preparations in which the SCswere selectively disrupted us-

ing the blender method [25]. The latter preparation represented a

fraction highly enriched in GCs (Figure S1B). As in Arabidopsis

GC databases obtained using a related experimental approach

[25], we found transcripts of ABI1, SLAC1, and OST1.1 ex-

pressed in an almost GC-specific manner. In contrast, OST1.3

expression was found distributed equally among samples.

Among the GC-expressed SnRK2 genes, HvOST1.1 shows the

closest phylogenetic relationship to the Arabidopsis OST1 ki-

nase with 80.5% identical residues (Figure S1A). The HvOST1.1

sequence harbors all known functional domains of OST1-like,

ABA-dependent SnRK2 kinases, including the DI domain/

SnRK2 box and the DII domain/ABA-Box [12, 26–28]. On these

grounds, HvOST1.1 very likely represents the SLAC1 activating

ABA kinase in barley. In Arabidopsis GCs SLAH3 operates a ni-

trate-activated anion channel conducting nitrate and chloride

[17]. In barley, however, SLAH3.1 was found expressed in

leaves, but not in the GCSC and GC samples (Figure S1B).

Barley HvSLAC1 Is under the Control of Nitrate and
OST1 /ABI1 Pair
McAdam et al., 2016 [29] and Lind et al., 2015 [30] showed that

SnRK2 kinases (OST1s) are strictly conserved during evolution.

All OST1 kinases derived from different evolutionary distinct

plant species so far tested are capable of activating Arabidopsis

SLAC1. In addition, AtOST1 is capable of activating SLAC1

isoforms from other monocot species, such as PdSLAC1 from

date palm [21] or OsSLAC1 from rice [8]. Thus, to understand

the molecular basis of nitrate dependency of stomatal closure

in barley, we expressed HvSLAC1 alone and together with

AtOST1 in Xenopus oocytes and studied its anion channel prop-

erties. In the absence of the SnRK2 kinase, no currents were

recorded and, even in the presence of the ABA-induced kinase

AtOST1 and 30 mM chloride-based extracellular media, macro-

scopic S-type anion currents could be recorded only at strongly

depolarized membrane potentials (Figure 2A). Upon addition of

30 mM nitrate, however, pronounced S-type anion currents

were observed (Figure 2A). While the Arabidopsis OST1 wild-

type (WT) kinase was capable of activating HvSLAC1 in nitrate-

based solutions, the kinase dead mutant AtOST1 D140A could

not perform this function (Figures 2B and 2C). This indicates

that phosphorylation of HvSLAC1 is strictly required for anion

channel activation (cf. [14].). Besides the calcium-independent

SLAC1 kinase OST1, calcium-dependent kinases of the CPK
1372 Current Biology 28, 1370–1379, May 7, 2018
and CIPK/CBL type can phosphorylate and gate open AtSLAC1

([31]). As a representative of the latter kinases category, we

selected CPK6 for oocyte co-expression experiments with

HvSLAC1. As with OST1, CKP6 activated the barely S-type

channel to the same extent as AtSLAC1 (Figures 2A and S2A

[19, 32]).

In contrast to the grass SLAC1, Arabidopsis SLAC1 does

not require the presence of extracellular nitrate for activation

(Figure S2A, cf. [18]). Interestingly, the ABA phosphatase ABI1

in Arabidopsis GC inhibits the response to nitrate [33] and nega-

tively regulates AtOST1 and AtSLAC1 activity [14, 15, 19, 31].

Upon co-expression of HvSLAC1 and AtOST1 with ABI1, we

found that HvSLAC1-mediated anion currents were strongly

reduced (Figures 2B and 2C). These findings indicate that fast

ABA signaling is conserved betweenGCsof the dicotArabidopsis

and monocot grass Hordeum vulgare.

TheArabidopsisAtSLAC1 does not require extracellular nitrate

for activation (Figure S2A) but has a strong permeably preference

for nitrate over chloride [14]. The HvSLAC1 PNO3/PCl calculated

permeability ratio of 6.4 ± 0.8 indicates that the dicot and mono-

cot GC anion channel would preferentially conduct nitrate when

present in GCs at osmotically relevant quantities (Figure S2B). Is

the nitrate sensitivity a unique feature of HvSLAC1 or is it found in

other cereals, too? To answer this question, we expressed rice

SLAC1 (OsSLAC1) in oocytes (cf. [8].). The results in Figures

S2A and S2C show that the rice S-type anion channel shared

its selectivity and nitrate-dependent features with the Hordeum

SLAC1 anion channel. In this context, it should be noted that

we recently showed, in the monocot Phoenix dactylifera (date

palm), that PdSLAC1 is also nitrate activated [21]. Besides

nitrate, other physiological relevant anions such as phosphate,

sulfate, malate, or chloride were not capable of activating

HvSLAC1-derived anion currents (Figure S2D) or to shift its

relative PO to negative (physiological) membrane potentials

(Figure S2E).

To find out whether nitrate activation is a property of monocot

SLAC1, we compared the Brassicaceaen AtSLAC1 with a dicot

ortholog from tomato and tobacco—two Solanaceae crop

species. These dicot SLAC1s behavemore similarly to the nitrate

insensitive AtSLAC1 than to nitrate-activated monocot SLAC1s

(Figure 2D).

Extracellular Nitrate Primes HvSLAC1 to Release
Chloride
To study the biophysical properties of nitrate-activated

HvSLAC1 in more detail, we co-expressed the anion channel

with AtCPK6 [2, 19, 32] and determined current densities and

the relative open probability as a function of the external nitrate

concentration (Figures 3A and 3B). When exposed to increasing

external nitrate concentrations, the peak efflux currents and the

relative open probability shifted toward negative membrane

potentials and thereby increased the plasma membrane anion

conductance (Figures 3A and 3B). In contrast, similar experi-

ments with increasing external chloride applications revealed

that in the physiological membrane potential range (negative

from �100 mV), anion release currents are absent irrespective

of the external Cl– concentration (Figures 3C and 3D). While

100 mM nitrate shifted the HvSLAC1 half-maximal open proba-

bility (V1/2) to �120 mV (Figure 3B), V1/2 in 100 mM chloride
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Figure 2. Nitrate-Dependent Activation of HvSLAC1

(A) Whole-oocyte currents of Xenopus oocytes expressing HvSLAC1 alone or co-expressing either AtOST1 or AtCPK6 were measured in response to the

standard voltage protocol. Currents were recorded in standard buffers containing either 3 mM chloride, 30 mM chloride, or 30mM nitrate. Representative cells of

2 independent experiments with n = 3 oocytes are shown.

(B) Whole-oocyte currents of oocytes expressing HvSLAC1 equipped with the C-terminal half of YFP (HvSLAC1:YC) either expressed alone or together with WT

OST1, OST1 D140A, orWTOST1 and ABI1. Both OST1 versions were fused to the N-terminal half of YFP (OST1:YN, OST1 D140A:YN). Currents were recorded in

nitrate-based buffers (30 mM). Representative cells are shown. Co-expression of HvSLAC1 and OST1 or OST1 D140A was confirmed by detection of YFP

fluorescence. Quarter of representative oocytes of 2 independent experiments with n = 4 oocytes are shown.

(C) Statistical analysis of the steady-state currents at �100 mV derived from the experiment described in (B) (n = 4 experiments, mean ± SD).

(D) Chord conductance recorded at amembrane potential of�120mV of oocytes co-expressing AtOST1 with SLAC1 from different plant species indicated in the

figure. Chord conductance was calculated from instantaneous currents recorded in chloride- or nitrate-based buffers (100 mM). Chord conductance in nitrate

was set to 1 (n R 4 from 2 independent experiments, mean ± SD).

See also Figure S2.
remained at depolarized membrane potentials of �20 mV (Fig-

ure 3D). When plotting V1/2 as a function of the external nitrate

concentration, the resulting saturation curve could be described

with a Michaelis-Menten equation (Figure 3E) resulting in a K0.5

value of 10.9 ± 3.8 mM nitrate. Thus, physiological [NO3
�] con-

centration of 10–70 mM found in the xylem sap of barley leaves

[34, 35] will activate HvSLAC1 anion channel. This set of exper-

iments shows not only that HvSLAC1 conducts nitrate (Figures

3A, 3B, and S2B), but also that nitrate is required to gate the

barley GC channel open.
Nitrate-dependent gating is a known feature of SLAH2 and

SLAH3 branch of the Arabidopsis SLAC/SLAH anion channel

family, but not of its founding member AtSLAC1 (see above

and cf. [17, 18]; Figure S2A). While AtSLAH2 is strictly nitrate

selective, AtSLAH3 also conducts chloride when primed with

extracellular nitrate [17, 18]. To further examine the nature of

the nitrate dependency of HvSLAC1 and to substantiate that

HvSLAC1 conducts chloride in the presence of its gating ligand

nitrate, the anion channel was challenged by different chloride to

nitrate ratios. Anion currents recorded in the presence of 3 mM
Current Biology 28, 1370–1379, May 7, 2018 1373



C D

E

G

0.8

0.6

0.4

0.2

-150 -100 -50 50V (mV)

rel. PO

10

5

-5

-10

-150 -100 -50 50

-     3 Cl
-   10 Cl
-   30 Cl
- 100 Cl

-   30 NO3

[mM]

V (mV)

I  (μA)SS

-100

-50

0

50

10080604020
nitrate [mM] 

V (mV)1/2 

 

-K  (NO ) = 10.9 ± 3.8 mM0.5 3

F

8

6

4

2

-2

-4

-200 -150 -100 -50 50

 0
 1
 3
 10
 30
 100

  nitrate [mM]

V (mV)

I  (μA)SS

0.8

0.6

0.4

0.2

-200 -150 -100 -50 50

 0 
 1
 3
 10
 30
 100

  nitrate [mM]

V (mV)

rel. PO

A B

8

6

4

2

-2

-4

-150 -100 -50 50

I  (μA)SS

V (mV)

[mM]

-     Cl -  NO3
     3 30
 100  3

 3  3
 3  0

0.8

0.6

0.4

0.2

-150 -100 -50 50

rel. PO

V (mV)

[mM]

-     Cl -  NO3
     3 30
 100  3

 3  3
 3  0

-     3 Cl
-   10 Cl
-   30 Cl
- 100 Cl

-   30 NO3

[mM]

Figure 3. Nitrate Activates HvSLAC1 by Shifting Its Relative Open

Probability to Hyperpolarized Voltages

(A) Nitrate dependence of steady-state currents (ISS) of oocytes co-expressing

HvSLAC1 and AtCPK6 are plotted as a function of the applied membrane

potential (n = 4 from 2 independent experiments, mean ± SD).

(B) The relative open probability (relative PO) measured in different

NO3
– concentrations of HvSLAC1/AtCPK6-expressing oocytes was plotted

against the membrane potential. Data points were fitted with a single

Boltzmann equation (solid lines, n = 4 from 2 independent experiments,

mean ± SD).

(C) Steady-state currents (ISS) of oocytes co-expressing HvSLAC1 and

AtCPK6 recorded in the presence of different external chloride concentrations

or 30 mM nitrate (n = 4 from 2 independent experiments, mean ± SD).

(D) The relative open probability (relative PO) of HvSLAC1 in the presence of

different Cl– concentrations or 30mMNO3
– was plotted against the membrane

potential. Data points were fitted with a single Boltzmann equation (solid lines,

n = 4 from 2 independent experiments, mean ± SD).

(E) The half-maximal PO (V1/2) calculated from the data in (B) was plotted

against the nitrate concentration. A Michaelis-Menten equation was used to

calculate a K0.5 of 10.9 mM NO3
– (n = 4, mean ± SD).
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extracellular chloride were very weak and reversed at +50 mV

(Figure 3F). In contrast, addition of 3 mM nitrate enhanced the

steady-state currents and shifted the reversal potential to 0 mV

(Figure 3F). When the chloride concentration was further

increased to 100 mM in the presence of 3 mM nitrate, the

reversal potential of HvSLAC1-mediated anion currents shifted

to more negative membrane potentials without anion release

currents and relative open probability being influenced by chlo-

ride (Figures 3F and 3G). To further investigate the chloride

conductance of HvSLAC1when primedwith extracellular nitrate,

we monitored the reversal potential of HvSLAC1 AtCPK6-

expressing oocytes. Upon addition of 3 mM nitrate to a 3-mM-

chloride-containing bath solution, the reversal potential dropped

by 56 mV and shifted to even more negative membrane

potentials when the chloride concentration was increased to

100 mM (Figures S2F and S2G). This behavior and those to

varying Cl– to NO3
– rations (Figures 3F and 3G) indicate that

HvSLAC1, when pre-activated by nitrate, conducts both nitrate

and chloride. In contrast to the nitrate sensitive monocot S-

type anion channels, AtSLAC1 reversal potential shifts appeared

less nitrate but more chloride sensitive (Figures S2F and S2G). In

contrast to AtSLAC1, OsSLAC1, and HvSLAC1, the reversal

potential of the nitrate-selective AtSLAH2was sensitive to nitrate

only but not to chloride (Figures S2F and S2G). Taken together,

the electrical properties of the monocot anion channels are remi-

niscent of the nitrate-gated, chloride, and nitrate-permeable

AtSLAH3 anion channel rather than of the nitrate-independent

dicot AtSLAC1.

SLAC1Grass-type TandemAmino AcidMotif on TMD3 Is
Key for Nitrate Priming
3D homology modeling of AtSLAC1 and AtSLAH2 to the crystal

structure obtained with the bacterial homolog HiTehA in combi-

nation with site-directed mutagenesis showed associated resi-

dues of Trans-Membrane Domain TMD3 as part of the pore

forming entity [18, 36]. To find the nitrate site in barley SLAC1,

we compared TMD3 of monocot and dicot SLAC1-type chan-

nels (Figures 4A and S3). Monocot and dicot SLAC1s could be

well distinguished by two residues close to Val272 and Val273

of AtSLAC1. We found dicot SLAC1s to either carry two valine

residues such as AtSLAC1 (V272 and V273) or an IV pair in Sol-

anaceaen species. Monocots including barley HvSLAC1 and

date palm PdSLAC1 at the related positions harbor an isoleucine

and alanine side chain (Figures 4A and S3) similar to the nitrate-

activated SLAH2/3 anion channels that possess either the IA or

an IS motif (Figure S3). Given that the amino acid sequence on

TMD3 clearly distinguishes monocot from dicot SLACs, these

residues seem to represent a specific signature. Thus, we tested

whether this TMD3 tandem motif between both monocot and

dicot representative SLACs is essential for nitrate dependency.

Therefore, we replaced just the VV motif in AtSLAC1 by IA and
(F) Steady-state currents of HvSLAC1 and AtCPK6 co-expressing oocytes in

the presence of different Cl–/NO3
–-ratios were plotted against the applied

voltage (n = 4 from 2 independent experiments, mean ± SD).

(G) The relative open probability (relative PO) of HvSLAC1 in different Cl–/NO3
–-

ratios was plotted against the membrane potential.

Data points were fitted with a single Boltzmann equation (solid lines, n = 4

experiments, mean ± SD). See also Figure S2.
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Figure 4. IA-Motif on TMD3 Coevolved with Residues on TMD1 and 2 to Provide Monocot SLAC1 Anion Channels with a Nitrate-Depending

Gating Mechanism

(A) Frequency logos of transmembrane three (TMD3) from SLAC1 anion channels of different monocot or dicot species. The respective sequence alignment is

shown in Figure S3. The most prominent difference (IA motif in monocots versus VV/IV motif in dicots) is marked with a red box.

(B) Chord conductance at �120 mV of AtSLAC1 WT and AtSLACa1 V272I V273A compared to HvSLAC1 WT and HvSLAC1 I286V A287V or PdSLAC1 WT and

PdSLAC1 I285V A286V. All channels and mutants thereof were co-expressed with CPK6. Currents were recorded in nitrate- or chloride-based buffers. (n = 4 from 2

independent experiments,mean±SD).Note, thephenotypesofHvSLAC1andAtSLAC1anionchannelswere highly reproducible showingnitrate-independentgating

properties of AtSLAC1 and nitrate-dependent gating of HvSLAC1 expressing oocytes. In contrast, with themutant AtSLAC1 V272I V273Awe observed a conditional

phenotype strongly dependent on the investigated oocyte batch. In 30% of the tested oocyte batches, the mutations in the selectivity signature converted AtSLAC1

into aHvSLAC1-type nitrate-dependent anion channel (these data are shown in this study), whereas the remaining oocyte batches revealed a AtSLAC1WTbehavior.

(C) Evolutionary coupling analysis. The top 50 amino acid residues (see also Table S3) that showed evolutionary coupling to AtSLAC1-V272 and V273 (purple

spheres) were highlighted in red on previously generated homology models [18, 36] using VMD [37]. Note, some of the highlighted residues co-evolved with both

V272 and V273. The sphere size of co-evolved residues does not relate to the evolutionary coupling strength but reflects the side chain size. TMD1 is depicted in

light gray, TMD2 in green, and TMD3 in dark gray. The remaining TMDs are shown in transparent orange.

(D) Chord conductance of oocytes co-expressing AtCPK6 with AtSLAC1, HvSLAC1, or one of the indicated chimeras. Currents were recorded in nitrate or

chloride-based buffers. Chord conductance for nitrate was set to 1 (n = 4 from 2 independent experiments, mean ± SD). See also Figure S4B.

(E and F) Relative open probability (relative PO) of (E) AtSLAC1 and the chimera AtSLAC1(HvTMD1–3) or (F) HvSLAC1 andHvSLAC1(AtTMD1–3) in the presence of

30 mM chloride or nitrate (n = 4 from 2 independent experiments, mean ± SD).

See also Figures S3 and S4 as well as Tables S3 and S4.
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the IA motif in Hv/PdSLAC1 by the dicot VV motif. The resulting

Arabidopsis mutant AtSLAC1 V272I V273A displayed nitrate-

induced anion currents just like HvSLAC1 and PdSLAC1 WT

(Figure 4B). Note, this behavior appeared only in 30% of the

tested oocyte batches (this conditional phenotype is shown in

Figure 4B), whereas the remaining oocyte batches revealed a

AtSLAC1 WT behavior. Thus, the introduction of the monocot

IAmotif in TMD3 of AtSLAC1 is essential and sufficient to provide

for the nitrate dependency. However, when the monocot SLACs

were equipped with the dicot VV signature, the resulting mutants

with barley (HvSLAC1 I286V A287V) and date palm anion chan-

nel (PdSLAC1 I285V A286V) appeared severely impaired even in

nitrate-based buffers (Figure 4B) indicating that in monocots

additional structural moieties shape the permeation pathway.

The fact that the HvSLAC1 I286V A287V and the PdSLAC1

I285V A286V mutant did not carry macroscopic anion currents

and that AtSLAC1 V272I V273A displayed a conditional pheno-

type only indicates that we have identified a critical position

within the selectivity filter in the anion channels’ pore that might

result in a meta-stable structure in the mutant AtSLAC1 V272I

V273A. Thus, it is tempting to speculate that for proper anion

discrimination additional residues are involved.

To find a molecular explanation to this discrepancy in mono-

cot-dicot pore residue exchange, we thus asked which channel

sites co-evolved with the TMD3 signature. Using a bioinformat-

ics co-evolution pipeline (http://evfold.org/evfold-web/evfold.

do), we identified residues in AtSLAC1 that co-evolved with

the signature motif. Interestingly, the 50 highest scoring hits of

co-evolved residues were found exclusively on TMD1–3 but

not on other parts of the SLAC1 protein (Figure 4C; Table S3).

To test whether TMD1–3 including the remarkable difference

in TMD3 between monocot and dicot SLAC1 representatives

is essential and sufficient to provide for the monocot nitrate

dependency and dicot nitrate independency, we exchanged

either only TMD1 and 2 or TMD1, 2, and 3 between AtSLAC1

and HvSLAC1. The resulting chimeras were named

AtSLAC1(HvTMD1–2) where AtSLAC1 carries TMD1 and 2

from HvSLAC1, AtSLAC1(HvTMD1–3) where AtSLAC1 carries

TMD1–3 from HvSLAC1 and vice versa. When comparing WT

SLAC1 channels with the chimeras where only TMD1 and 2

was replaced, we could not document any change in their

chord conductance (Figure 4D). Only when TMDs 1–3 were

exchanged, the nitrate dependency of HvSLAC1 could be

transferred to AtSLAC1, while HvSLAC1 lost its nitrate depen-

dency when equipped with TMD1–3 of AtSLAC1 (Figure 4D).

The comparison of relative open probabilities between

AtSLAC1 WT and AtSLAC1(HvTMD1–3) demonstrates that the

activation of the chimera is based on a nitrate-dependent

shift of its relative PO to negative membrane potentials just

like with monocot HvSLAC1 WT (Figures 4E and 4F). On the

contrary, the chimera HvSLAC1(AtTMD1–3) appeared open

even in the absence of nitrate, just like dicot AtSLAC1 WT (Fig-

ures 4E and 4F). Thus, the TMD3 IA signature from monocots

is required and sufficient to convert the dicot SLAC1 from

Arabidopsis into a nitrate-gated monocot grass SLAC1 anion

channel (Figure 4B). In contrast, monocot SLAC1s require the

VV motif and in addition backbone residues situated on TMD1

and 2 to be converted in a nitrate-insensitive anion channel

(Figures 4D–4F).
1376 Current Biology 28, 1370–1379, May 7, 2018
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One of the most striking results to emerge from the experiments

described in this paper is that the rates of stomatal opening and

closure in barley are much faster than in Arabidopsis (cf. [38].). In

the absence of other compensatory factors, this is likely to confer

a selective advantage on barely in comparison with Arabidopsis.

The ability to rapidly adjust stomatal aperture to suit the prevail-

ing environmental conditions is likely to allow barley enhanced

control over transpiration, xylem-based nutrient delivery, and

PS that will likely play out in terms of increased competitiveness

([4, 39] and references therein).

In seeking a mechanistic explanation for the ability of barley

stomata to open and close rapidly, we focused first on the flux

of the major osmotically active cations and anions. Our results

suggest that barley has evolved a stomatal system in which

the guard and SCs behave as a functional unit [4, 38]. For

example, during closure, while there is loss of K+, Cl– (Figure 1C),

and very likely NO3
– too from the GC, it accumulates in the SCs.

In this sense, the SCs have evolved to play a role as reservoirs or

cisterns of osmotically active ions. In grasses stomata move

faster than those of dicots because GCs and SCs actively regu-

late turgor and volume in an inverse manner [4, 9]. This way SCs

operate as a source of osmotica that is used by GCs when they

swell, and the stomatal pore opens (Figure 1C).

A comparative transcriptomic approach of ABA signaling in

the cells of the barley stomatal complex revealed the presence

of components that were well known from investigations of

Arabidopsis GCs (Table S2). These data suggested that, in addi-

tion to the evolution of functionally linked and morphologically

distinct guard and SCs, we should look for augmentation of

known players in addition to novel elements to explain the rapid

movements in barley stomata.

A Tandem Amino Acid Signature in Monocot SLAC1
Anion Channels Provides for Nitrate-Dependent Gating
Here, we focused on the barley SLAC1 anion channel. The regu-

lation of this channel by ABI1 and OST1 appeared to be highly

conserved between Arabidopsis and barley (Figures 2B and 2C

[14, 15]). The most striking feature to emerge was that gating

of the barley GC anion channel is controlled by ABA signaling

and nitrate (Figures 2 and 3). Using a structural biology approach

coupled with site-directed mutagenesis, we identified the key

residues located in TMD3 that are responsible for nitrate

gating (Figure 4). Interestingly, structure-function investigations

with AtSLAH2 also identified serine 228 (equivalent to V273 in

AtSLAC1) in TMD3 as the key residue for the strict nitrate selec-

tivity of the root anion channel [18]. Monocot SLACs could only

be converted to nitrate-independent dicot-like anion channels

when TMD3 together with TMD1 and 2 were exchanged (Figures

4D–4F). This indicates that, during SLAC1 evolution in mono-

cots, residues on TMD1 and 2 coevolved together with the IA

motif in TMD3 to form the nitrate gating site (Figure 4C; Table

S3). Whether and how the intrinsic nitrate sensor in monocot

SLAC1 anion channels contribute to the evolutionary success

of cereals remain to be shown. However, it is tempting to spec-

ulate that SLAC1 anion channels harboring an intrinsic nitrate

sensor might allow the plant to integrate leaf nitrate levels and

the velocity/degree of stomatal closure.

http://evfold.org/evfold-web/evfold.do
http://evfold.org/evfold-web/evfold.do


Evolution of the SLAC1 Pore Properties
We and others showed that SLAC1 channels in dicots are

permeable to chloride and nitrate and do not require nitrate as

gating modifier (this study and [14, 15, 17, 40]). In contrast,

monocot SLAC1 channels, such as HvSLAC1, PdSLAC1, and

OsSLAC1, require nitrate at the extracellular face of the anion

channel pore to gate open, which is reminiscent of the nitrate-

dependent gating of AtSLAH3 and PttSLAH3 anion channels

[17, 31, 41, 42]. Sequence comparisons identified a VV signature

in dicot and an IA signature in monocot SLACs that clearly differ

between these two evolutionary distinct plant lineages (Figures

S3 and S4A). Interestingly, similar to monocot SLAC1s, nitrate-

activated SLAH2/3 anion channels also possess either an IA or

an IS motif on TMD3 (Figure S3).

SLAC1-type anion channels are found in the most basal land

plants such as green algae Klebsormidium nitens as well as in

the liverwort Marchantia polymorpha [30]. With the emergence

of stomata in mosses such as Physcomitrella patens, SLAC1

anion channels co-opted the fast ABA-signaling cascade and

became OST1 sensitive [30]. Figures S3 and S4A show that

the IA motif appeared in moss first and remained largely

conserved until the emergence of Arecales (date palm) and

Poales lineages that include important grass crops such as

rice, maize, and barley. In the latter monocots, nitrate-depen-

dent gating is fully functional (this study and [21]). This raises

the question of when in evolution SLAC1-type anion channels

carrying an IA motive evolved nitrate-dependent gating?

To answer this question, we analyzed the chord conductance

of a set of SLAC1 anion channels derived from evolutionary

distinct basal plant lineages including the moss Physcomitrella

patens, the lycophyte Selaginella moellendorffii, the fern

Ceratopteris richardii, and the seagrass Zostera marina. Apart

from the moss PpSLAC1, all tested basal SLAC1 anion channels

appeared equally nitrate insensitive as the dicot SLAC1 anion

channels from Arabidopsis, tobacco, and tomato (Figures S4B

and 2D). This may indicate that nitrate-dependent gating evolved

as recently as the emergence of monocot species, although the

IA motif on TMD3 is already established in a majority of SLAC-

type anion channels of basal plant lineages (Figures S3 and

S4A). In contrast, following the split between dicots and

monocots, the SLAC1s from dicot species lost the IA signature

and did not develop a nitrate-dependent gating mechanism

(Figure S4A).

To further support that nitrate-dependent gating in monocot

species evolved after the split between monocots and dicots,

we employed a probabilistic approach [43], to infer the most

probable core SLAC1 sequence (TMD1–10) of the common

ancestor from which all extant dicot and monocot SLAC1s

evolved (Figure S4A). This inferred core sequence was synthe-

sized, equipped with the N- and C terminus of AtSLAC1 and

named Ancestral Slow Anion Channel 1 (AncSLAC1, sequence

can be found in Table S4). Interestingly, AncSLAC1 carried the

IA motif on TMD3 just like monocot and basal SLAC1s.

Following co-expression with CPK6 in Xenopus leavis oocytes,

AncSLAC1 displayed typical S-type anion currents that slowly

deactivated at hyperpolarized membrane potentials (Fig-

ure S4C). In line with SLAC1s from dicots but in contrast to ni-

trate-activatedmonocot SLAC1 channels, AncSLAC1mediated

macroscopic anion currents in both chloride and nitrate-based
media (Figures S4B and S4C) and showed no nitrate-dependent

gating behavior (Figure S4D). Thus, both the predicted common

ancestor of dicot and monocot SLAC1 channels AncSLAC1 as

well as SLAC1 channels from basal plant lineages were

equipped with the IA motif on TMD3 but displayed a largely

nitrate-independent gating behavior, suggesting that monocots

have evolved the nitrate-dependent gating mechanism after

the split from the dicot species. Future studies will address

the question, which backbone sites had to emerge in TMD1

and/or 2 together with the IA motif to form a nitrate-sensitive

SLAC1 gate in monocots?
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

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

Biological Samples

Hordeum vulgare cultivar Barke Saatzucht J. Breun GmbH & Co. KG,

Herzogenaurach, Germany

N/A

Chemicals, Peptides, and Recombinant Proteins

(±)-Abscisic acid (ABA) Sigma-Aldrich, Merck Catalog #A1049

Gentamicin sulfate salt Sigma-Aldrich, Merck Catalog #G1264

Standard chemicals such as salts and buffers for

oocyte recordings or for molecular biology

Sigma-Aldrich, Merck N/A

USER-Enzyme for advanced uracil-excision-based

cloning and USER fusion technique [44, 45],

New England Biolabs Catalog #M5505

Critical Commercial Assays

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

TruSeq RNA Library Prep Kit v2 Illumina, San Diego, CA, USA Catalog #RS-122-2001

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

Deposited Data

Raw RNA-seq sequence reads This paper, Hordeum vulgare cultivar Barke European Nucleotide

Archive with accession

number ArrayExpress

accession E-MTAB-5877

HvSLAC1 sequence Hordeum vulgare cultivar Barke; this paper Accession#: MF197384

Crystal Structure of Plant SLAC1 homolog TehA [36] PDP: 3M71

Experimental Models: Organisms/Strains

Hordeum vulgare cultivar Barke Saatzucht J. Breun GmbH & Co. KG,

Herzogenaurach, Germany

N/A

Oligonucleotides

For qPCR primers see Table S5 synthesized by TIB Molbiol Berlin, Germany This paper

Recombinant DNA

Oocyte expression vector [46] pNB1u

Oocyte expression vector for C-terminal fusions to

the C-terminal part of YFP for use in BiFC

[46] pNB1uYC

Oocyte expression vector for C-terminal fusions to

the N-terminal part of YFP for use in BiFC

[46] pNB1uYN

Coding sequences of XySLAC/SLAH anion channels

and mutants/chimera thereof were cloned into pNB1u

or pNB1uYC for electrophysiological analysis or

BiFC-based interaction studies in X. leavis oocytes.

Xy represent the identifiers of the respective species

where the SLAC1 anion channel originates from.

This study [14, 40] N/A

Coding sequences of AtCPK6, AtOST1, AtABI1 and

mutants thereof were cloned into pNB1u or pNB1uYN

for electrophysiological analysis or BiFC-based

interaction studies in X. leavis oocytes.

This study [14, 40] N/A

Software and Algorithms

FASTQC v0.10.1 Babraham Bioinformatics, Simon Andrews http://www.bioinformatics.

babraham.ac.uk/projects/fastqc/

Hisat2 (hisat2-2.0.3-beta) https://ccb.jhu.edu/software/hisat2/index.shtml [47]

(Continued on next page)

e1 Current Biology 28, 1370–1379.e1–e5, May 7, 2018

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://ccb.jhu.edu/software/hisat2/index.shtml


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Subread software package (Subread-1.4.6) https://sourceforge.net/projects/

subread/?source=navbar

[48]

EVfold/EVcouplings http://evfold.org/evfold-web/evfold.do [49, 50]

VMD http://www.ks.uiuc.edu/Research/vmd/ [37]

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

Blast.cgi?PAGE=Proteins

[51]

MUSCLE http://www.drive5.com/muscle/ [52]

Weblogo http://weblogo.berkeley.edu/logo.cgi [53]

Chimera http://www.cgl.ucsf.edu/chimera/index.html [54]

Jalview http://www.jalview.org/ [55]

MrBayes 3.2.6 http://mrbayes.sourceforge.net/download.php [56]

Prottest v3.4.2 https://github.com/ddarriba/prottest3 [57]

RAxML 8.2.9 https://github.com/stamatak/standard-RAxML [58]

figtree http://tree.bio.ed.ac.uk/software/figtree/ N/A

FastML http://fastml.tau.ac.il/source.html [43]
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, Dietmar

Geiger (geiger@botanik.uni-wuerzburg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and growth conditions
Barley (Hordeum vulgare cv. Barke) seeds were provided by a commercial supplier (Saatzucht J. Breun GmbH & Co. KG)

and cultivated at 22/16�C and 50 ± 5% RH at a 12/12h day/night cycle and a photon flux density of 500 mmol m-2 s-1 white light

(Philips Master T Green Powers, 400 W).

Xenopus oocyte preparation
Investigations on SLAC1 anion channels 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 (healthy, non-immunized and not involved in any previous procedures) were kept at 20�C at a

12/12h 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 GmbH, 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 h. Subsequently, oocytes were washed with Ca2+-free

ND96 buffer and kept at 16�C in ND96 solution (10mMHEPES pH 7.4, 96mMNaCl, 2mMKCl, 1mMMgCl2, 1mMCaCl2) containing

50mg/l gentamycin. For oocyte BiFC and electrophysiological experiments 10 ng of each cRNAwas injected into selected oocytes.

Oocytes were incubated for 2 days at 16�C in ND96 solution containing gentamycin.

METHODS DETAILS

RNA sequencing
Epidermal peels were collected from the abaxial side of 8 to 10-day-old leaves. To prepare isolated epidermal peels [5], leaves were

cut from the plant and bent over the forefinger with the adaxial surface facing upward. A shallow cut was made with a sharp razor

blade horizontally across the leaf and a flap of leaf tissue lifted with a razor, leaving the lower epidermis intact. The leaf tissue

was removed from the epidermis with forceps. RNA was extracted from a total of 20 epidermal peels per sample using the

NucleoSpin� RNA Plant Kit (Macherey-Nagel,Drueren, Germany). RNA isolation from whole leaves was performed similarly.

The extracted RNA was treated with RNase-free DNase (New England Biolabs, Ipswich, MA, USA). Quality control measurements

were performed on a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and the concentration was determined using a Nanodrop

ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Following RNA isolation, we sequenced RNA of

one sample, each to get a first overview of genes in barley GC complexes that are known to be involved in stomatal movements.
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In addition, we were thus able to obtain the sequence information for cloning selected transporters and channels. Libraries were

prepared with the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA, USA) using 1 mg of RNA and sequenced on a HiSeq

3000 (Illumina) resulting in a sequence depth of 35 million paired-end reads (2x 150bp).

RNA-seq data analysis
Sequencing adaptors were initially removed, and the overall high quality of the remaining reads was confirmed using

FastQC (FASTQC v0.10.1, Andrews: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) (average Phred quality score

of > 30 across all bases at each position in the FastQ files). Subsequently, reads were aligned to the barley reference

assembly [59] using Hisat2 (hisat2-2.0.3-beta) [47] by applying default settings for paired-end data. The featureCounts function

of the subread-1.4.6 package [48] was used to generate counts for high-confidence genes of barley [59]. Only uniquely

mapped read pairs were counted. Data normalization was performed by calculating TPM (Transcripts Per Kilobase Million)

[60] values.

Functional annotation of barley
The functional annotation of the barley genes was provided by Mascher et al. (2017 [59]). Best hits of a BLASTP [51] alignment of

barley high-confidence protein sequences against the A. thaliana protein sequences (TAIR10 [61],) were used to assign

A. thaliana genes and the corresponding MapMan categories [44] to barley genes.

Gas exchange experiments
For gas exchange measurements [21], we used detached leaves of 8 to 10-day-old Hordeum vulgare cv. Barke. The leaves were cut

under water to avoid xylem embolism and immediately placed in deionized water or 5 mM KNO3 and kept there for the whole

measurement period. The effect of ABA application with or without KNO3 on the transpirational water loss wasmeasured at a photon

flux density of 500 mmol m-2s-1. After stabilization of the transpiration ABA with a final concentration of 25 mMwas fed into the water

reservoir containing either deionized water or 5 mM KNO3. Transpirational water loss was measured under constant conditions: air

humidity of 52.5%, temperature of 20�C, and a photon flux density of 500 mmol m-2 s-1.

qPCR
Quantitative PCR (qPCR) experiments were performed with samples taken from whole leaves epidermal peels and highly GC

enriched tissue. Epidermal peels from 12-day-old Barley (cv. Barke) leaves were isolated according to [5]. Thereby only the GC

SC complex survives. For GC samples we used the ‘‘blender method’’ on epidermal peels with mature, intact GCs to mechanically

and selectively destroy the SCs while keeping GCs alive. GC were enriched within 8 minutes by successive blender cycles (45 s

each) in ice-cold deionized water with additional crushed ice and filtered through a 210-mm nylon mash. After two rounds of

blending, the remaining light green epidermal fraction was further processed. Neutral red staining indicated that at least 90%

of the viable cells in the preparations were GCs. Total RNA from at least three individual biological replicates was prepared using

the NucleoSpin� RNA Plant Kit (Macherey Nagel, Drueren, Germany) and stored for subsequent microarray hybridizations or

qPCR.

For qPCR potential DNA contamination was removed from total RNA by treatment with RNase-Free DNase I (Thermo Scientific,

Waltham MA) according to the manufacturer’s protocol. First-strand cDNA was prepared using 2.5 mg RNA with the M-MLV-RT kit

(Promega, Mannheim, Germany). First-strand cDNA samples were 20-fold diluted in water and subjected to qPCR using a

Mastercycler� ep Realplex2S (Eppendorf) with the ABsolute SYBR Capillary Mix (Thermo Scientific, Waltham MA) in 20 ml reaction

volumes. Primers used (TIB MOLBIOL, Germany) have been designed according to the sequences from the RNA-seq analyses

and validated prior to qPCR. All primers were chosen to amplify fragments not exceeding 500 base pairs. Each transcript was

quantified using individual standards. To enable detection of contaminating genomic DNA, PCR was performed with the same

RNA as template that was used for cDNA synthesis. Transcripts were each normalized to 10.000 molecules of barley actin4/1.

These barley actin fragments, used as house-keeping genes, were homologous to actins 2 and 8 constitutively expressed in

most Arabidopsis tissues (for details see [45, 62]. All kits were used according to the manufacturer’s protocols. The primers

are listed in the Key Resources Table.

Energy dispersive X-ray analysis
Leaf samples with open and closed stomata were prepared using the gas exchange setup. Cut leaves were either treated with

opening conditions (500 mmol m-2 s-1 light, 0 ppmCO2) or closing conditions (darkness, 1000 ppmCO2) until the transpirational water

loss stabilized. The samples were then immediately frozen in liquid nitrogen and lyophilized over a period of 3 days in an ice

condenser (Alpha 1-2, Christ GmbH, Germany) under vacuum (R25, Vacuubrand GmbH & CO. KG, Germany) at �55�C. After the
following freeze-drying process leaves were coated with carbon before being examined by a scanning electron microscope

(SEM, S-520Hitachi, Tokyo, Japan) equippedwith an energy dispersive X-ray device (EDX eumex Si(Li)-detector, EUMEXGV,Mainz,

Germany). Single-point measurements on GCs as well as on SCs were performed at 10 keV excitation energy, which excites a

measurement area of < 2 mm in diameter. Element concentration provided by the analysis data represents the atomic ratio of the

analyzed ions in percent.
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Cloning and cRNA synthesis
The complementary DNAs (cDNAs) of various SLAC1 anion channels, AtSLAH2, AtCPK6, AtABI1 and AtOST1 were cloned into

oocyte expression vectors or BiFC expression vectors (both are based on pGEM vectors), by an advanced uracil-excision-based

cloning technique as described by [46]. Site-directed mutations were introduced by means of a modified USER fusion method as

described by [63, 64]. In brief, the coding sequence of the respective anion channel or kinase within an oocyte expression vector

(based on pNBIu vectors, see Key Resources Table) was used as a template for USER mutagenesis. Overlapping primer pairs

(overlap covering 8 to 14 bp including the mutagenesis site, see Table S5) were designed [46]. PCR conditions were essentially

as described by Nørholm (2010 [64]) using PfuX7 polymerase. PCR products 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 minutes followed by 30 minutes at room temperature, and then constructs

were immediately transformed into chemical competent Escherichia coli cells (XL1-Blue MRF’). All mutants were verified by

sequencing [63]. The cDNA of Arabidopsis/barley chimeras was also cloned into oocyte expression vectors using a combination

of the advanced uracil-excision-based cloning technique and the USER fusion technique [46, 65]. Primers are listed in Table S5.

For functional analysis, complementary RNA (cRNA) was prepared with the AmpliCap-Max T7 High Yield Message Maker Kit

(Cellscript, Madison, WI, USA). Oocyte preparation and cRNA injection is described in Experimental Model and Subject Details.

Protein-protein interaction studies
For documentation of the oocyte protein-protein interaction study (BiFC) results, pictures were taken with a Leica SP5 confocal laser

scanningmicroscope (LeicaMicrosystems CMSGmbH,Mannheim, Germany) equipped with multiphoton laser of theMai Tai-Series

(Spectra Physics, Santa Clara, USA) and a Leica HCX IRAPO L25 3 /0.95W objective.

Oocyte recordings
In double-electrode voltage-clamp studies, oocytes were perfused with Tris/Mes-based buffers. The standard solution contained

10 mM Tris/Mes (pH 5.6), 1 mM Ca(gluconate)2, 1 mM Mg(gluconate)2, 1 mM LaCl3 and 100 mM NaCl, NaNO3 or Na(gluconate).

To balance the ionic strength, we compensated for changes in the nitrate or chloride concentration with Na(gluconate). Solutions

for anion selectivity measurements were composed of 50 mM malate-, sulfate2-, Cl�, NO3
� or gluconate�, 1 mM Ca(gluconate)2;

1 mM Mg(gluconate)2; and 10 mM Tris/Mes (pH 7.5). Osmolality was adjusted to 220 mosmol/kg with D-sorbitol. For recording

representative current traces, steady-state currents (ISS) and for calculating the voltage dependent relative open probability

(rel. PO) standard voltage protocol was as follows: Starting from a holding potential (VH) of 0 mV, single-voltage pulses were applied

in 20 mV decrements from +40 to �200 mV. Rel. PO was calculated from a �120 mV voltage pulse following the test pulses of

the standard voltage protocol by fitting the experimental data points with a Boltzmann Equation [31] of the form: rel. PO = offset +

1 / (1 + exp (V1/2 – Vm) / z), 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. Instantaneous

currents (Iinst) were extracted immediately after the voltage jump from the holding potential of 0 mV to 50 ms test pulses ranging

from+70 to�150mV. The reversal potentials (Vrev) used for the calculation of the rel. permeability were recorded in the current-clamp

mode [18]. For determination of Vrev for the respective anion, oocytes were preincubated in 50 mM NO3
- to gain full activity of the

channel. The relative permeability was calculated as described in [36] using the following equation:

ðPX=PNO3Þ= ð½NO�
3 �o=½X��oÞeðEX�ENO3ÞF=RT for monovalent anions and ðPX=PNO3Þ= ð½NO�

3 �o=4½X2��oÞeðEX�ENO3ÞF=RT ðe�EXF=RT + 1Þ for
anions differing in valence (divalent and monovalent). [NO3

�]o is the external concentration of the control (nitrate-based) solution

and [X�]o is the external concentration of the test anion. ENO3 is the reversal potential with nitrate and EX is the reversal potential

for the external test anion. F and R are the Faraday and gas constants, respectively, and T is the absolute temperature.

To calculate the chord conductance, the reversal potential (Vrev) was determined by fitting the instantaneous currents in chloride-

and nitrate-containing standard buffers with a linear function. Using the instantaneous currents at –120 mV, the chord conductance

could be calculated with the equation ganion = Ianion / (V - Vrev) [31].

Evolutionary coupling analysis
EVfold/EVcouplings (http://evfold.org/evfold-web/evfold.do) [49, 50], a publicly available bioinformatics server, was used to predict

evolutionary couplings of the amino acid residues V272 an V273 in AtSLAC1. We used the default transmembrane protein settings

and the DI setting as the coupling scoring function. Multiple sequence alignment was done with default settings and resulted in 468

sequenceswith a e-value cut off of�3. The top 50 amino acid residues (see Table S3) that showed evolutionary coupling to AtSLAC1-

V272 and V273 were highlighted on previously generated homology models [36] using VMD [37].

Frequency logos of TMD1 to 3
Selected SLAC1 homologs were identified by BLASTP (Sequences can be found in Table S4). Sequences were aligned using

MUSCLE [52] with a gap open penalty of �2.9, gap extend of 0 and hydrophobicity multiplier of 5. Transmembrane helix 1, 2 and

3 were identified in the homology model of AtSLAC1 [18] using chimera [54]. Frequency logos were created based on alignments

of transmembrane helix 1, 2 and 3 using the weblogo program [53]. Jalview [55] was used to visualize transmembrane helix 1, 2

and 3 alignments.
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Alignment

Selected SLAC1 homologs were identified by BLASTP. Sequenceswere aligned usingMUSCLE [52] with a gap open penalty of�2.9,

gap extend of 0 and hydrophobicity multiplier of 5. Gaps introduced by parts of the sequence supported by 4 or less genes were

trimmed.

Phylogenetic analysis

MrBayes 3.2.6 [56] was used to infer the Bayesian phylogenetic tree as previously described [66]. Briefly, Prottest v3.4.2 [57]

identified the appropriate LG based phylogenetic model as LG+I+G that use a general amino acid replacement matrix [67] with a

proportion of invariable sites (+I) [68] that use a gamma distribution for modeling the rate heterogeneity (+G) [69]. Bayesian inference

trees were calculated until convergence was reached (‘‘average standard deviation of split frequencies’’ < 0.01). The temperature

heating parameter was set to 0.05 (temp = 0.05) to increase the chain swap acceptance rates, this reduce the chance of Markov

chains getting stuck at local high-probability peaks. Burn-in was set to 25% (burninfrac = 0.25) and the number of Markov chains

was set to 8 (nchains = 8).

RAxML

The maximum likelihood phylogenetic tree was inferred using RAxML 8.2.9 as previously described [66]. Briefly, Prottest v3.4.2 [57]

identified LG+I+G as the best phylogenetic model. 1000 bootstrap replicate searches were performed, and the bootstrap values

were portrayed on the MrBayes generated consensus tree when MrBayes values were below 0.95. SLAC1 from MP was used as

the out-group. All analyses were run in MPI via the CIPRES SCIENCE GATEWAY [70] at the San Diego Supercomputer Center

(SDSC). Trees were visualized in figtree (http://tree.bio.ed.ac.uk/software/figtree/) and annotated with Adobe Illustrator.

Inference of ancestral sequence

The topology of the phylogenetic tree inferred by MrBayes and RAxML were identical and we used this multiple sequence alignment

and the phylogenetic tree as input for inference of the ancestral sequence of the last common ancestor of monocots and dicots.

Probabilities for the ancestral sequence at the split between monocots and dicots (Figure S4A) was calculated using the LG model

of substitution by FastML [43]. The top 100most likely sequences showed a log likelihood difference of only 0.19 which suggests that

sequence #1 and #100 are almost as likely to be true. The N- and C terminus of SLAC1 has activating/regulatory roles and thus we,

respectively, substituted the residues 1-182 and 514-556 from the AncSLAC1 N- and C-terminal residues with the corresponding

residues from AtSLAC1 (for sequence information see Table S4). We resurrected AncSLAC1 by GeneStrand synthesis (Eurofins

Medigenomix GmbH, Campus Ebersberg, Germany).

QUANTIFICATION AND STATISTICAL ANALYSES

All experiment was performed at least two times (independent experiments). Sample size, n, and statistical details (mean ± standard

error, SE or standard deviation, SD) for each experiment are given in the figure legends. Statistical significances based on one-way

ANOVA. For statistical analysis the software Igor Pro7 (waveMetrics, Inc., Lake Oswego, Oregon, USA), Excel (Microsoft Corp.

Redmond, Washington, USA) was used.

DATA AND SOFTWARE AVAILABILITY

The accession number for the raw RNA-seq sequence reads reported in this paper is ArrayExpress: E-MTAB-5877.

Accession numbers
HvSLAC1 (Hordeum vulgare cultivar Barke); AtSLAC1 (Arabidopsis thaliana Col-0) At1g12480; OsSLAC1 (Oryza sativa Japonica

Group) XP_015636891; SlSLAC1 (Solanum lycopersicum) XP_004245686; NtSLAC1 (Nicotiana tabacum) XP_016515379;

ZomSLAC1 (Zostera marina) KMZ58505; PdSLAC1 (Phoenix dactylifera) XP_008780343.1; PpSLAC1 (Physcomitrella patens)

PNR63146.1; CrSLAC1a (Ceratopteris richardii) KT238910; SmSLAC1b (Selaginella moellendorffii) KU556809; AtOST1 (Arabidopsis

thaliana Col-0) At4g33950; AtCPK6 (Arabidopsis thaliana Col-0) At2g17290; AtABI1 (Arabidopsis thaliana Col-0) At4g26080.

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, Inc., Lake Oswego, Oregon, USA), Excel (Microsoft Corp. Redmond, Washington,

USA), Adobe Illustrator (Adobe Systems Incorporated, San Jose, California, USA) and CorelDRAW (Corel Corporation, Ottawa,

Ontario, Canada) was used.
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