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Salinity (NaCl) stress impairs plant growth and inflicts severe crop losses. In roots, increasing extracellular NaCl causes Ca**

influx to elevate cytosolic free Ca** ([Ca2+]C .) as a second messenger for adaptive signaling. Amplification of the signal involves
plasma membrane reduced nicotinamide adenine dinucleotide phosphate oxidase activation, with the resultant reactive oxygen
species triggering Ca®" influx. The genetic identities of the Ca**-permeable channels involved in generating the [Ca®']_,, signal
are unknown. Potential candrdates in the model plant Arabidopsis (Arabidopsis thaliana) include annexinl (AtANNT). Here,
luminescent detect1on of [Ca® ]yt showed that AtANN1 responds to high extracellular NaCl by mediating reactive oxygen
species-activated Ca®" influx across the plasma membrane of root epidermal protoplasts. Electrophysiological analysis revealed
that root epidermal plasma membrane Ca®* influx currents activated by NaCl are absent from the Atann1 loss-of-function mutant.
Both adaptive signaling and salt-responsive production of secondary roots are impaired in the loss-of-function mutant, thus

identifying AtANN1 as a key component of root cell adaptation to salinity.

Soil salinity is an increasing threat to global crop
productivity, with up to one-third of agricultural land
affected (Munns and Tester, 2008; Kronzucker and
Britto, 2011). Salinity (NaCl) stress impairs plant growth
and inflicts severe crop losses (Munns and Tester, 2008).
Raised concentrations in soil solution or irrigation water
perturb osmotic relations, making it difficult for roots to
take up water. Uptake of Na" deleteriously affects the
cellular K":Na® ratio and may lead to cell death. In
roots, high extracellular NaCl causes Ca*" influx to el-
evate cytosolic free Ca*" ([Ca? "l as a second mes-
senger for adaptive signaling (Lynch et al., 1989; Kiegle
et al., 2000; Shi et al., 2000; Tracy et al., 2008). Exposure
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to salinity activates the Salt Overly Sensitive (SOS)
pathway, leading to Ca** dependent increased activity
of SOS1, a plasma membrane Na™-H" antiporter that
enables adaptation through Na" efflux (Shi et al., 2000;
Chung et al., 2008). Salinity also increases SOST expres-
sion in Arabidopsis (Arabidopsis thaliana), and this re-
quires activation of the AtSOS3/calcineurin B-like4 Ca*
sensor (Shi et al., 2000). Reactive oxygen species (ROS),
sourced from plasrna membrane NADPH oxidase ac-
tivity, help stabilize AtSOS1 transcripts (Chung et al.,
2008). Growth of better-adapted secondary roots is im-
paired in Atsos1 (Huh et al., 2002) and involves super-
oxide anion production, possibly by NADPH oxidases
(Roach and Kranner, 2011). These enzymes are now
known to play a role in xylem loading of Na* (Jiang
et al., 2012).

The channels involved in transiently elevating
[Ca®], oyt N TEsponse to increasing extracellular NaCl
have not been identified at the genetic level. Manipu-
lation of membrane Voltagze by varying external con-
centrations of K" and Ca™ has indicated that both
hyperpolanzatlon— and depolarization-activated plasma
membrane Ca**-permeable channels can operate in gen-
erating a NaCl-induced [Ca ]C . increase (Tracy et al.,
2008). The Arabidopsis genorne contains two families
of channel subunit genes that may contribute to NaCl-
induced signaling, the Cyclic Nucleotide-Gated Chan-
nels (CNGC) and the Glu Receptors (Dodd et al., 2010)
Members of both groups have been shown to be
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competent in plasma membrane Ca** flux (Al et al.,
2007; Vincill et al., 2012), but none have been shown to
function in NaCl-induced [Ca +]C . elevation.

Plant annexins have been shown to form Ca2*
permeable channels in planar lipid bilayers (Laohav1s1t
et al., 2009, 2010, 2012). These soluble proteins are ca-
pable of membrane binding and insertion (for review,
see Laohavisit and Davies, 2011). The most abundant
annexin in Arabidopsis, AtANN1, can exist as a plasma
membrane protein (Lee et al., 2004) and is respons1—
ble for the root epidermal plasma membrane Ca**- and
K*-permeable conductance that is activated by extra-
cellular hydroxyl radicals (OH"), the most reactive of the
ROS (Laohavisit et al., 2012). In this study, we have
tested for the 1nvolvement of AtANNT in the generahon
of root and root epidermal NaCl-induced [Ca**]. oyt €le-
vation. In most cases, high concentrations of NaCI were
tested, as these are known to promote extracellular OH"
formation (Demidchik et al., 2010), cause accumulation
of AtANN1 in membranes (Lee et al., 2004), and pro-
mote secondary root formation (Huh et al., 2002). Re-
sults show that AtANN1 does not Contnbute to root
Na" uptake but is a component of the [Ca? I oyt signal,
particularly that generated at the extracellular [Ca**]
of saline soﬂs and by production of ROS. The impair-
ment in [Ca® "]yt signaling is reflected in the poor abil-
ity of Atannl Toots to up-regulate NaCl-responsive
transcripts and generate secondary roots when grown
in saline conditions.

RESULTS

AtANNT1 Restricts Root Epidermal Net Na* Influx and

Mediates NaCl-Induced [Ca2+]Cyt Elevation

Na" entry into root cells is mediated by plasma mem-
brane nonselective cation channels (Demidchik and
Tester, 2002; Gobert et al., 2006; Guo et al., 2008;
Kronzucker and Britto, 2011). As AtANN1 was found
previously to have plasma membrane cation transport
activity (Laohavisit et al., 2012), we first tested for
AtANNT’s possible participation in Na* entry by mea-
suring net fluxes at root epidermal cells using a vi-
brating ion-selective microelectrode (Shabala et al.,
2006) Wild-type cells sustained a max1mum mean net
Na* influx of 2,023 * (sE) 732 nmol m™? s when
challenged with 50 mm NaCl (1 mm extracellular Ca2+),
followed by a recovery phase (Fig. 1A; n = 4). Maximum
mean net Na® influx for the Atannl loss-of-function
mutant (Lee et al.,, 2004; Laohavisit et al., 2012) was
s1gn1f1cantly hlgher than the wild type (12,538 + 3,032
nmol m2 s, P = 0.02, Student’s t test; n = 5; Fig. 1A).

High extracellular salinity increases net K* efflux
from roots (Shabala et al., 2006). Net K" efflux from
Atannl (n = 5) was also significantly (2-fold) higher
than the wild type (n = 4; P = 0.04; Fig. 1B), commen-
surate with the mutant’s greater net Na" influx. Iso-
osmotic controls using D-sorbitol showed that responses
were due to NaCl rather than osmotic stress (n = 5;
Fig. 1, A and B). Resolving net Na" fluxes at higher NaCl
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Figure 1. NaCl causes greater net Na* influx and K efflux at root
epidermal cells of AtannT than of the wild type (WT). Net fluxes in
response to 50 mm NaCl were measured using a vibrating ion-selective
microelectrode; bathing solution was 1 mm CaCl,, 0.1 mm KCI, and
2 mm MES/Tris, pH 6. Measurements in the first 60 s after test addition
were discarded to allow for establishment of diffusion gradients. The
sign convention is “influx positive.” A, Mean = st net Na* fluxes of the
wild type (circle) and Atann1 (triangle) in response to addition of NaCl
(black symbol) or the p-sorbitol osmotic equivalent (white symbol) as
indicated by the arrow (n = 4-7 roots). B, Net K* fluxes in response to
NaCl or the p-sorbitol osmotic equivalent (n = 4-7 roots).

concentrations was not possible due to methodological
limitations, but increasing NaCl stress to 220 mm also
caused significantly greater net K* release from Atannl
compared with the w1ld type (wild-type peak efflux,
737 = 108 nmol m*s™, n = 4; Atann1,-1,270 + 22 m”s,
n =7, P =0.003). These results show that AtANNl 1s
effectively a negative regulator of net Na* influx. As
AtANNI is a plasma membrane cation channel that
can mediate K" efflux (Gorecka et al., 2007; Laohavisit
et al., 2012), we anticipated that Atannl should have
lower Na*-induced K" loss than the wild type. That K*
efflux was greater in the mutant was not consistent
with simply a loss of K efflux function.

We reasoned that greater epidermal Na® influx could
elicit a larger [Ca®*]_ w signal in Atannl than the wild
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type. To investigate this, root epidermal protoplasts
were isolated from plants cytosolically expressing ae-
quorin as a [Ca*]_,, 1nd1cator (Laohavisit et al., 2012).
With extracellular Ca®* at 1 mm (as in flux experi-
ments), NaCl (220 mm) evoked a rapid, monophasic, and
transient [Ca®"]_,, increase (Fig. 2A) that was significantly
lower in Atann] than the wild type, both in terms of
initial increment (P = 0.023; n = 4 for Atannl and 8 for
the wild type) and total [Ca? +]C . mobilized (P = 0.025);
no significant differences between genotypes were ob-
served for the osmotic control (Fig. 2B; initial increment,
P = 0.30; total [Ca® +] mobilized, P = 0.185, n = 4 for
Atann1 and 8 for the wild type). There was no signifi-
cant difference between NaCl- and osmotically induced
[Ca*"].,, elevation by the wild type, but these data show
that AtANNT i is requ1red for a s1gmf1cant NaCl-specific
increase in [Ca’ eye at 1 mm Ca*

AtANN1 Mediates NaCl-Induced Ca** Influx at the High
Extracellular Ca?* Found in Saline Soils

Extracellular Ca** was increased to 10 mm to mimic
saline soils (Kronzucker and Britto, 2011). Under these
conditions, there were no statistically significant dif-
ferences in the “touch” control responses between the
wild type and Atannl (Supplemental Fig. S1A). Elevation
of extracellular Ca** to 10 mm significantly increased the

total [Ca2+]Cyt mobilized by wild-type root epidermal
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protoplasts in response to 220 mm NaCl (Fig. 2C; P =
0.001, n = 8), and the response was not s1gmf1cantly
different from the osmotic control. Elevations of [Ca® ]Cyt
in the wild type were significantly inhibited by the
Ca** channel blocker Gd**, which also blocks AtANN1
channel act1v1ty (Laohav1s1t et al., 2012), demonstrating
reliance on Ca?* influx (Supplemental Fig. S1B; total
[Ca*'] oyt mobilized, P =0.0003, n = 3). Inthe same test on
the Atann1 mutant, an irregular [Ca**]. yt Tesponse to
NaCl was observed, indicating residual Gd**sensitive
and -insensitive components, but overall no significant
differences were found (Supplemental Fig. S1C; n = 3).
Atannl protoplasts were unresponsive to increased
extracellular Ca** under both NaCl (Fig. 2D; P = 0.86, 1 =
8) and 1soosmot1c challenge (Supplemental Fig. S1D;
total [Ca +] mobilized, P = 0.877; although kinetics
appear altered there was no significant difference in
time taken to reach peak response, P = 0.87; n = 8).
The [Ca®], oyt Tesponses to 150 mm NaCl were also sig-
nificantly lower in Atannl compared with the wild type
at 10 mm extracellular Ca”™" (Supplemental Fig. S1E;
initial [Ca® ]Cyt increment, P = 0.038; total [Ca™],,
mobilized, P = 0.001, n = 6). At whole-root level
(Supplemental Fig. S2, A—- D), there were no statistically
significant differences in total [Ca*'],, increase be-
tween Atannl and the wild type challenged with 50 to
250 mm NaCl or its osmotic equivalent (Supplemental
Fig. S2E; n = 3). This is perhaps to be expected, given
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Figure 2. [Ca2+]cy‘ signaling is impaired in AtannT root epidermal protoplasts. A, Mean = st [Ca“]cyt response of wild-type (WT;
black circle) and Atann1 (white circle) protoplasts (70 per uL; 0.1 mm KCI and 2 mm Tris/MES, pH 5.8) in response to 220 mm

NaCl added at 35 s indicated by arrow) with T mm extracellular Ca**

24]

(n=4; inset, mean = st total [Ca oyt mobilized). B, Same

as A but with isotonic p-sorbitol (n = 4). C, Increasing extracellular Ca’* from 1 mm (black circle) to 10 mm (white circle)
increased wild-type response to 220 mm NaCl (n = 8). D, AtannT response to 220 mm NaCl with 10 mm Ca** (black circle) did

not differ from that with 1 mm Ca?* (white circle; n = 4). E, At 10 mm Ca®*, DTT (1 mm; black circle) lowers wild-type [Ca®*]

cyt

response to 220 mm NaCl (n = 4). F, At 10 mm Ca®*, AtannT (white circle) without DTT phenocopies the wild-type response to
220 mm NaCl with DTT (black circle; n = 8). Asterisk denotes level of significance difference.
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that cell-specific changes in [Ca®']_,, measured with
aequorin may not manifest at the whole-organ level
(Dodd et al., 2006; Laohavisit et al., 2012). At the
highest [NaCl], secondary peak increases in [Ca2+]Cyt
were more pronounced in Atannl than in the wild
type (Supplemental Fig. S2, A and C), suggesting a
role for AtANNI in regulating the response.

AtANNT1 Is Required for ROS-Induced [Ca®']
on NaCl Exposure

oyt Elevation

On exposure to extracellular NaCl, plasma membrane
NADPH oxidases are activated to produce extracellular
superoxide anion (Yang et al., 2007; Chung et al., 2008;
Kaye et al., 2011; Xie et al.,, 2011; Jiang et al., 2012; Liu
et al., 2012; Ma et al., 2012). This drives production of
extracellular OH', with up to a 5-fold increase in [OH']
detected in NaCl-stressed Arabidopsis roots (Demidchik
et al,, 2010). AtANN1 forms the root epidermal plasma
membrane Ca”*-permeable channel conductance that is
activated by extracellular OH" (Laohavisit et al., 2012),
suggesting that it could contribute to the plasma
membrane Ca”* influx pathway acting downstream of
NADPH oxidase activity in salt stress (Chung et al.,
2008; Ma et al., 2012). Reducing conditions were im-
posed (with 1 mwm dithiothreitol [DTT]) on wild-type
root epidermal protoplasts (expressing aequorin) to
oppose ROS activation of plasma membrane Ca**
channels (Demidchik et al., 2009) in response to NaCl.
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There was no significant effect of DTT on touch re-
sponses (Supplemental Fig. S1; n = 4). The initial [Ca12+]Cyt
increase of wild-type protoplasts in response to 220 mm
NaCl (in 10 mm Ca**) was not significantly lowered by
reducing conditions (Fig. 2E; P = 0.26), but the total
[CazJ']Cyt mobilized was significantly lowered (P =
0.0001, n = 4 for + DTT, n = 8 for — DTT), consistent
with NaCl stress activating a later and ROS-dependent
[CazJ']Cyt response. Atannl without DIT (n = 8) phe-
nocopied the wild type’s response to NaCl with DTT
(n = 4; Fig. 1F; no significant difference), clearly showing
that AtANN1 was responsible for the ROS-dependent
(i.e. DTT-inhibited) component of the [Ca2+]Cyt response.

We tested the ability of AtANN1 to function in this
process by assaying for Ca**, K*, and Na* permeability
of the OH'-activated AtANN1 ionic conductance.
Recombinant AtANN1 was incorporated from the
equivalent of the cytosol (cis compartment) into arti-
ficial planar lipid bilayers as mimetics of the plant
plasma membrane. Na* and Ca** gradients across the
bilayer qualitatively simulated in vivo gradients under
salinity stress and activation by OH® (at the equivalent
of the extracellular face of the plasma membrane, trans
compartment) was achieved by addition of 1 mm Cu**
and 1 mwm ascorbate, as described previously (Laohavisit
et al., 2012). An OH -activated current was evident that
was blocked by 50 um Gd>* at the trans face, indicating
that AtANN1 mediated the current across the bilayer
(Fig. 3A; Supplemental Fig. S3). Boiled AtANNT1 did not

+ OH* + Gd*

Figure 3. Recombinant AtANNT forms an OH®-activated Ca**-permeable conductance that is weakly permeable to Na*.
AtANNT (3 ug) was incorporated from the cis chamber into a planar lipid bilayer and exposed to OH® generated at the opposite
(trans) membrane face. A, Macroscopic currents recorded from a representative trial in response to voltage steps of 20-mV
increments from —200 to +200 mV, applied from a 0-mV baseline with cis 200 mm CaCl, and 200 mm NaCl (pH 6), and trans
1 mm CaCl, and 1 mm NaCl (pH 6). The pH was set with 10 mm Tris/Bis-Tris propane. Left, control; middle, maximum current in
response to trans OH®; and right, with trans OH® and Gd**. Magnified traces of control and OH®-activated currents are shown in
Supplemental Figure S3. B, Mean =* st current-voltage relationships from six individual trials using conditions described in A;
OH®-activated conductance (black circles) and OH®-activated conductance blocked by Gd** (white circles). Equilibrium po-
tentials (E) are marked by arrows. Current flowing below the v axis is cation flow from trans to cis or anion flow from cis to trans.
C, Mean = s current-voltage relationships of the OH®-activated conductance (black circles) with cis 200 mm KCI and 50 mm
NaCl (pH 6) and trans 50 mm KCl and 200 mm NaCl (pH 6); mean = st E,, was —10.7 = 2.4 mV (n = 4).
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generate a conductance (Supplemental Fig. S3; n = 3).
The AtANN1-mediated OH"-activated conductance was
Ca®" permeable, with the reversal voltage ([E,..], at
which net current is 0; +10 = 6 mV; n = 6) lying close
to the equilibrium potential for Ca** rather than Na*
(Fig. 3B). E,,, of the AtANN1-mediated currents were
used to estimate permeabilities. A Na'-to-CI” permea-
bility ratio of 3 was estimated (Supplemental Fig. S3;
n = 6). The Ca**-to-Na" permeability ratio was 11 (n =
6; Fig. 3B), two orders of magnitude higher than the
previously determined Ca**-to-K* permeability ratio of
0.64 under identical recording conditions (Laohavisit
et al., 2012), thus showing that AtANN1 would be
competent to amplify the [Caz+]Cyt signal while resist-
ing further Na" ingress. Na" permeated poorly relative
to K" with a permeability ratio of 18 (Fig. 3C; n = 6).

AtANNT1 Is Required for NaCl-Induced Ca** Influx
Currents across Root Epidermal Plasma Membrane

Patch clamp electrophysiology experiments on wild-
type Arabidopsis root protoplasts have shown that 50 mm
NaCl causes a plasma membrane hyperpolarization-
activated Ca®* influx current to form after 15 min and
that this relies on NADPH oxidase activity to generate
ROS (Ma et al., 2012). Here, in patch clamp trials on root
epidermal protoplasts (no aequorin), 50 mm NaCl
evoked a significant increase in wild-type plasma
membrane hyperpolarization-activated Ca®* influx
current after 20 min exposure (Fig. 4; n = 6; P < 0.05),
while Atannl did not respond (Fig. 4; n = 6). The efflux
currents evoked in the wild type at depolarized volt-
ages (carrying Ca®* and K*) were also absent from
Atannl. Both influx and efflux currents were restored by
complementation of the Atannl mutant (Fig. 4; n = 6).
The presence of DTT in the bath and pipette solutions
prevented current activation by NaCl in the wild type
(Fig. 4; n = 6), demonstrating the need for ROS pro-
duction. This phenocopying of the Atannl mutant
(without DTT) supports AtANN1’s mediating a ROS-
activated conductance. Higher concentrations of NaCl
were not tested, as they destabilize the seal between the
membrane and patch clamp electrode (Shabala et al,,
2006). Overall, the aequorin and electrophysiology data
show that oxidation shapes the [Ca**]_, response to
NaCl at high extracellular Ca**, with AtANN1 medi-
ating an oxidation-activated Ca** influx component.

NaCl-Induced Transcription and Adaptive Root Growth
Are Impaired in Atannl

Transcripts of the salinity and osmotic stress-responsive
genes Responsive to Dessication29A (AtRD29A), Dehydration-
Responsive Element Binding2A (AtDREB2A), and AtDREB2B
(Dinneny et al., 2008; Nakashima et al., 2009; Kaye et al.,
2011) were all significantly up-regulated in the wild
type and Atannl roots at 24 h of NaCl exposure, with
extracellular Ca®" at 1.5 mm (Supplemental Fig. S4).
Up-regulation of AtRD29A was significantly lower in
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Figure 4. NaCl-activated root epidermal plasma membrane currents
require AtANNT. Currents from A, the wild type; B, Atanni;
C, AtANNT/AtannT; and D, the wild type with Tmm DTT (in bath and
pipette solutions) were sampled using the patch clamp “whole-cell”
mode under control conditions (white circle) and after exposure to
50 mm NaCl (black circles). There were no significant differences in
control currents between genotypes. Data are mean = sg, and maximal
NaCl-activated currents are shown (n = 6). Current flowing below the
voltage axis is net positive charge entering the protoplast. Ca** influx
occurs in the physiological voltage range. At voltages more negative
than the equilibrium potential for K* (<156 mV), K" influx is a possible
component of the inward current. Bathing solution for epidermal
protoplasts comprised 20 mm CaCl,, 0.1 mm KCl, 20 um NaCl, and
5 mm MES-Tris, pH 5.6, adjusted to 270 mOsm with p-sorbitol. Pipette
solution comprised 40 mm K-gluconate, 10 mm KCl, 0.4 mm CaCl,,
T mm bis(2—aminophenoxy)ethane—N//\l,N/, N -tetraacetic acid, and 2 mm
MES-Tris, pH 7.2, adjusted to 270 mOsm with p-sorbitol.

Atannl compared with the wild type (two-way ANOVA;
P = 0.05; Supplemental Fig. S4). AtSOS1 was up-
regulated in wild-type roots to levels comparable with
a previous study on chronic salinity stress (Dinneny
et al.,, 2008) but was not up-regulated in Atannl, con-
sistent with AtANN1’s operation in [Ca2+]cyt—driven
signaling (Fig. 5A; P < 0.05, n = 3). Impaired [CazJ']Cyt
signaling under salinity stress should be deleterious to
adaptive root growth. Secondary root production under
salinity stress at an extracellular [Ca®"] of 1.5 mMm was
significantly impaired in Atannl, confirming this an-
nexin’s involvement in adaptive root fgrowth (Fig. 5, B
and C; n = 4). When extracellular [Ca”*] was increased
to 10 mm, wild-type secondary root production was
not changed; it was still impaired in Atannl, but this
was not significantly different to the wild type (300 mm
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Figure 5. Root adaptation to salinity requires A
AtANNT. A, AtSOST transcript abundance in- ©
creases under chronic salinity exposure (150 mm 2 1.0
NaCl, 24 h) of wild-type (black bar) but not %
Atann1 (white bar) roots. The isoosmotic control _§ 0.8
was 275 mm sorbitol. Mean = se transcript ©
abundance (assayed by quantitative PCR) from % 06
three trials with 40 roots per genotype and test. x
B, Atannl development of secondary roots in _E 0.41
response to growth on 250 NaCl or isoosmotic 2 02
sorbitol was impaired. Plants are shown 9 d after T
transfer to control or test plates. Black, horizontal E 0.0
lines demarcate the junction between control 2
medium (top) and test (bottom). C, Mean * sg
secondary roots, 9 d after transfer to control or
test plates. Data are from four trials using 36 to c J
40 plants per genotype per treatment with seed o 3.0
from two separate harvests. Black bar, the wild °
type and white bar, Atannl. Significance was 2
tested with the Student’s t test or Mann-Whitney % 2.0 e 0410
U rank sum test, if data were not normally = e
distributed. 5]

o 1.04

w

0.0

Control

P=0.088

NaCl Sorbitol

£=0008 P=0.080

P=0.011

Control 250 mM 430 mM 300 mM 510 mM
NaCl  Sorbitol NaCl  Sorbitol

NaCl, mean * sg: wild type, 2 = 0.7; Atannl, 1.6 = 0.2,
n = 3).

DISCUSSION
AtANNT1 Restricts Na* Influx

Root epidermal cells are initial sensing points of soil
conditions and are where root expression of At{ANNI
is highest (Dinneny et al., 2008). The low permeability
of AtANNI to Na" and the greater net epidermal Na*
influx of the Atannl mutant suggest that this annexin
does not contribute to Na* uptake. Rather, it suggests
that AtANNT1 is a negative regulator of Na" influx that
may be influencing activity of Na* uptake routes such
as AtCNGC3 and AtCNGC10 (Gobert et al., 2006; Guo
et al., 2008), posttranslationally or even at transcrip-
tional level. It was found previously that the mutant’s
root epidermal plasma membrane voltage was not
significantly different to the wild type (Laohavisit
et al., 2012), indicating that greater Na" influx is not
simply the effect of a more negative voltage. The
greater NaCl-induced K" efflux from the mutant could
simply be the consequence of greater Na" influx but
could be indicative of a greater driving force for K*
efflux, given the loss of AtANN1 as a plasma mem-
brane K" efflux pathway and hence potential accu-
mulation of K* as a consequence. NaCl-induced K*
efflux from roots is mediated in part by extracellular
OH’ activating the plasma membrane K" channel
Guard Cell Outwardly Rectifying K (GORK; Demidchik
et al., 2010). GORK responds normally to extracel-
lular OH’ in Atann1 (Laohavisit et al., 2012) and should
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be functional in the studies here. AtANNI has perox-
idase activity (Konopka-Postupolska et al., 2009) and
can be extracellular (Laohavisit and Davies, 2011).
Therefore, the NaCl-stressed Atannl mutant may have
greater capacity for extracellular OH" production
(resulting from increased hydrogen peroxide concen-
tration), leading to greater GORK activation and K*
efflux. However, AtANN1 peroxidase activity is very
weak, and because it is a copper-binding protein that
could catalyze OH" production (Kung et al., 2006), its
absence could just as readily lead to less GORK acti-
vation. The mechanisms underlying the perturbed Na*
and K" fluxes now require elucidation.

AtANN1-Dependent Mobilization of Ca** Depends on
Extracellular Ca®* and ROS

The ionic component of NaCl stress might be
expected to cause a greater [Caz+]Cyt elevation than
the hyperosmotic component, but intriguingly, there
were no significant differences between the wild type’s
[Ca?"].,, elevation in response to NaCl and isoosmotic
sorbitol. This does not, however, preclude subtle dif-
ferences that could not be resolved by aequorin or
differences in the mechanisms of [Ca2+]m elevation.
Results here show AtANNI’s involvement in mobi-
lizing Ca** under salinity exposure, with its effect on
epidermal [Ca** oyt dependent on the concentration of
extracellular Ca”""and the production of ROS. At 1 mm
extracellular Ca%*, AtANNT1 contributes to the initial
[Ca2+]Cyt increase and total [Caz+]Cyt mobilized in response
to a NaCl-specific component of the response to salinity.
How AtANN1 works at this extracellular [Ca®] now
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needs to be determined. As Arabidopsis roots produce
extracellular OH" in response to NaCl even at 0.1 mm
Ca®* (Demidchik et al., 2010), it remams feasible that
AtANN1 medlates OH"-activated Ca®* influx at 1 mm
extracellular Ca**. Clearly, other transport pathways are
operating at the hyperpolarizing voltage favored by the
low [K'] assay solution (representing typical soil solution
K"), and these now need to be identified.

In the presence of 220 mm NaCl, AtANNl is re-
quired for the additional epldermal [Ca™].., mcrease
caused by raising external Ca** to the 10 mv Ca?*
found in saline soils. With the degree of resolution
afforded by aequorin, this does not appear to be NaCl
specific but an osmotic response. At this external Ca**
concentration, AtANN1 accounts for the ROS-sensitive
component of salinity-induced [Ca%]Cyt generation.
This is consistent with our finding (using patch clamp-
ing) that AtANN1 is a necessa ry component of the
epidermal plasma membrane Ca™ influx conductance
activated by NaCl and known from a previous study
to require NADPH oxidase activity (Ma et al., 2012).
We envisage that as NADPH oxidase activity and ex-
tracellular OH® production by roots increase under
high salinity stress (Yang et al., 2007; Demidchik et al.,
2010; Kaye et al., 2011; Xie et al., 2011; Liu et al., 2012;
Ma et al., 2012), AtANNT1 fulfills its previously defined
role of medlatmg the root epidermal plasma mem-
brane Ca®* influx conductance that is activated by
extracellular OH® (Laohavisit et al., 2012). The current-
voltage relationship of recombinant AtANNl in vitro
suggests that AtANNT1’s contribution to Ca** influx
across the plasma membrane would decline if mem-
brane voltage depolarized, for example through in-
creased soil [K']. Although the mechanism through
which AtANN1 forms a transbilayer conductance is
unclear, its ab111ty shown in this study to form an OH'-
activated Ca® —permeable conductance that can dls—
criminate against Na* agrees well with a role in Ca**
signaling during salinity stress.

AtANN1-Dependent Transcription and Root Growth

ROS levels in Arabidopsis roots are elevated for the
first 24 h of exposure to NaCl (Xie et al., 2011), and we
found significant up-regulation of salinity and osmotic
stress-responsive genes at this time point. Salt stress
induction of AtRD29A requires NADPH oxidase ac-
tivity (Kaye et al., 2011), and the failure of the Atannl
mutant to show normal induction (with NaCl but not
the osmotic equivalent) agrees with a role for AtANN1
in medlatlng a NaCl-specific ROS-dependent compo-
nent of Ca** signaling, at low (1.5 mm) external Ca™
A role for AtRD29A in production of secondary roots
during salt stress has yet to be determined, but it is
interesting that its transcription under osmotic stress
was not 31gn1f1cantly affected in Atannl (agreeing
with protoplast [Ca®*]_ 1t Tesponses), but secondary root
productlon was. This shows that AtANN1 can act
in secondary root formation induced by the osmotic
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component of salinity stress at low external Ca** in-
dependently of epidermal [Ca®']. .t signaling. NaCl-
induced secondary root productlon does involve
AtSOS1 (Huh et al., 2002). Transcriptional up-regulation
of AtSOSI in the wild type is known to be small
(Dinneny et al., 2008). In wild-type roots (at 1.5 mm
external Ca®"), NaCl caused greater AtSOS1 up-regulation
than the isoosmotic control, showing that the effect was
specific to the ionic component of the treatment. This
up-regulation failed in Atann1 (at 1.5 mm external Ca®*),
and although a causal link between epidermal signaling
and root growth cannot be made, this is in agreement
with the loss of a NaCl-specific component of salinity-
induced [Ca® "] elevation at low external Ca”". This lesion
in AtSOSI regulatlon may have contributed to the mu-
tant’s poor germination under saline conditions (Lee
et al., 2004), and it is expected that cytosolic [Na']
content of Afann1 would be higher than the wild type.
Stability of the AfSOS1 transcript specifically requires
the Respiratory Burst Oxidase Homolog C (AtRBOHC)
NAPDH oxidase and extracellular OH® production
(Chung et al., 2008). Although other NADPH oxidases,
such as AtRBOH] (Kaye et al., 2011), are involved in
adaptation to salinity, there appears to be an absolute
requirement for AtRBOHC in salt-induced AtSOS1
transcript stability (Chung et al., 2008). As AtANNl
mediates the extracellular OH'-activated Ca* influx
pathway in the epidermis (Laohavisit et al., 2012) and
it is likely that it relies on AtRBOHC for ROS genera-
tion (Foreman et al., 2003), we postulate that AtANN1
lies downstream of AtRBOHC in stabilization of AfSOS1
(Fig. 6). Ca*" influx via AtANNl could form a posi-
tive feedback, causing Ca**-dependent activation of
AtRBOHC (Takeda et al., 2008) to maintain AtSOS1
stability. Secondary root growth involves superoxide
anion production, possibly by NADPH oxidases (Roach
and Kranner, 2011). The involvement of these enzymes

ROS <\ ~ ROS
D
cytosol

Rt jl
Na* e Ca?* CaZ

Figure 6. Schematic summary of possible events at the epidermal
plasma membrane (PM) under salinity exposure. AtANNT (A) is a
negative regulator of Na* influx and K* efflux during salinity exposure,
by unknown mechanism. AtANNT is depicted as cytosolic but could
be acting as a membrane integral or peripheral protein. K* efflux could
be mediated by the OH®-activated GORK (Demidchik et al., 2010).
NaCl or osmotic effect causes elevation of [Ca®*]., by unknown
mechanism; the participation of plasma membrane Ca**-permeable
channels is shown. Elevation of [Caz*]cy‘ results in stimulation of
NADPH oxidase (RBOH) activity (Takeda et al., 2008) and the resul-
tant production of extracellular OH® stimulates Ca®* entry through
AtANNT. At low external Ca**, AtRBOHC and AtANNT are involved
in AtSOST stabilization (not shown).
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may help explain why the Atannl mutant was compro-
mised in its ability to generate secondary roots under
salinity stress. As an ROS-activated Ca®" transport path-
way, AtANNI is expected to lie downstream of NADPH
oxidases. The impaired up-regulation of AtSOSI in the
Atannl mutant may have contributed to impaired sec-
ondary root formation (Huh et al., 2002) when external
Ca** was 1.5 mm. Although AtANNI accounted for the
high Ca*-dependent component of the NaCl-induced
[Ca2+]C . response of epidermal protoplasts, second-
ary root formation by the Atannl mutant was not
51gn1f1cantly lower than that of the wild type at high
external Ca**. The pathway from AtANNI1-mediated
and —1ndependent [Ca® "]eye increase to secondary root
production now needs to be explored in greater detail
and would be aided by single cell type studies (Kiegle
et al., 2000; Dinneny et al., 2008).

Annexin up-regulation in salt-stressed crops such as
chickpea (Cicer arietinum) and tomato (Solanum lyco-
persicum) has now been recorded (Manaa et al., 2011;
Molina et al., 2011), pointing to positive roles in ad-
aptation. Previously, AtANN1 was found to be im-
portant for drought tolerance (Konopka-Postupolska
et al., 2009; Huh et al., 2010) and germination under
sahmty stress (Lee et al., 2004). This study has revealed
AtANNTI to be a 51gn1f1cant component of [Ca’ ]Cyt
signaling and adaptive root growth under salinity
stress. The impaired ability of Atann1 to form secondary
roots under osmotic stress may help explam its drought
sensitivity. In addition to mediating [Ca® Tyt signals,
AtANNT inhibits root Na* influx and K* efﬂux point-
ing to annexins as tools to identify the underlying pro-
teins in those critical transport routes and as future
target proteins in their own right for consideration in
the generation of crops with greater resilience to sa-
linity stress.

CONCLUSION

Salinity-induced [Ca®*] oyt Increase in Arabidopsis roots
requires AtANN], especially for the component gener-
ated by oxidation. Results to date suggest that AtANN1
is acting directly as a Ca®" transport route in the epi-
dermal plasma membrane. How AtANN1 forms this
pathway requires further examination. The Atannl mu-
tant could be a useful tool in both the identification of
Na* influx pathways and the elucidation of processes
governing secondary root formation in adaptive growth.

MATERIALS AND METHODS
Plant Material and Growth Analysis

Arabidopsis (Arabidopsis thaliana ecotype Columbia), its Atannl homozy-
gous transfer DNA loss-of-function mutant (single transfer DNA insert
in the third exon of At1¢35720; GenBank accession no. AF083913), the 35S-
complemented mutant, and Atannl constitutively expressing cytosolic
apoaequorin (35S promoter) were as described previously (Lee et al., 2004;
Laohavisit et al., 2012). Plants were grown vertically on one-half-strength
Murashige and Skoog medium with 1% (w/v) Suc and 0.8% (w/v) bactogar,
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pH 5.7. After a 2-d stratification, growth was at 25°C in a 16-h day at 100 umol
m? s irradiance. In experiments on secondary roots, seedlings were trans-
ferred from control plates at 3 d to split medium plates in which the top 4 cm of
medium was always control and the remainder was control or test. The hy-
pocotyls bridged the interface between the two media so that the cotyledons
were not exposed to the lower medium. p-Sorbitol (ultrapure) was used to
generate equivalent osmolarity to NaCl tests, determined with a vapor pressure
osmometer. Secondary roots were counted after 9 d and scanned at 300 dots
per inch.

Flux Analysis

Net fluxes were measured from root epidermis of 6-d-old plants, using Na*-
and K*-selective extracellular vibrating microelectrodes as described pre-
viously but with a 4-tert-butylcalix[4]arene-tetra acetic acid tetraethyl ester
sensor for Na* (Shabala et al., 2006; Jayakannan et al., 2011). Measurements
were taken from developmentally equivalent mature epidermis, 2 to 3 mm
from the apex of immobilized root apical segments (8-10 mm). Analysis was
as described previously (Shabala et al., 2006).

[Ca®*]_,, Determination

cyt

Excised roots from 6- to 7-d-old seedlings were incubated in coelentrazine
solution (10 uMm coelentrazine [Lux Biotechnology], 10 mm CaCl,, 0.1 mm KCl,
and 2 mm Tris/MES, pH 5.8) for 4 h in the dark. Single roots (washed with
coelentrazine-free buffer) were placed into wells of a white 96-well plate
(Greiner Bio-One) with 100 uL buffer and recovered in darkness for 30 min.
Root epidermal protoplasts were prepared for luminometry, and lumines-
cence was recorded in a plate reader luminometer as described previously
(Laohavisit et al., 2012). Occasionally, resting [Ca® “]eye was higher in the mu-
tant than the wild type. Calibration to convert luminescent values to [Ca®*]
was performed as described by Knight et al. (1997).

eyt

Planar Lipid Bilayers and Patch Clamp Electrophysiology

AtANNI was expressed in Saccharomyces cerevisiae, purified by lipid af-
finity, and verified by immunoblotting as described previously (Laochavisit
et al., 2012). Experiments were performed with protein from three separate
purifications. Planar lipid bilayers were formed from 25 mg mL™! (1-palmitoyl
2-oleoyl phosphatidylethanolamine, cholesterol, and 1-palmitoyl 2-oleoyl
phosphatidyl-Ser in a 5:3:2 ratio, respectively, at room temperature [20°C-24°C]
as described by Laohavisit et al. [2012]). Annexin (3 ug) protein was added
to the cis chamber. The bilayer was held at 150 mV (cis negative) to aid in-
sertion. OH were generated in the trans by 1 mm CuCl, and ascorbate
(Laohavisit et al., 2012). GdCl; was also added to trans. For permeability es-
timates, the K'-to-Cl” permeability ratio of 53 was used, determined previ-
ously under identical recording conditions to those used here (Laohavisit
et al., 2012). Patch clamp recordings on root epidermal protoplasts were as
described by Laohavisit et al. (2012). Standard patch clamp procedures were
applied (Véry and Davies, 2000).

Transcript Analysis

Salinity stress treatment and harvest were adapted from Dinneny et al.
(2008). In each trial, a total of 35 to 40 7-d seedlings grown on solid control
medium (1.5 mm Ca?*) were transferred to untreated plates or plates con-
taining 150 mm NaCl or 275 mm p-sorbitol for 24 h. Total RNA was extracted
from excised roots using RNeasy Plant Mini Kit (Qiagen) according to man-
ufacturer’s protocol with a DNase digestion step (Qiagen). Prior to reverse
transcription, RNA integrity was assessed on a 1% (w/v) agarose MOPS gel.
RNA (500 ng) was reverse transcribed with QuantiTect Reverse Transcrip-
tion Kit (Qiagen) according to manufacturer’s instructions. Primers were as
follows: AtSOS1 (At2G01980), 5'-3" CGGAAATTCACATATCAGCAAGG and
3'-5' GAAGAAGGCGTAGAACAAATTGG; AtRD29A (At5G52310) 5'-3"
AACCACCACTCAACACACAC and 3'-5'" TCTTAGCTCTAGCCTTTACT-
TTCC; AtDREB2A (At5G05410) 5'-3' TCGAGGTAGCAGGCTTTGGCT and
3'-5'" TCAGACGCATCAGACCGAGGGA; and AtDREB2B (At3G11020) 5'-3
TCTTGTGGAACCAGGCCGGACA and 3'-5" TGGCCCCAATACTGCTGC-
TCAA. Control primers were from the geNorm Arabidopsis reference gene
kit (Primer Design; http://www.primerdesign.co.uk). This contains primer
pairs for six endogenous control genes. All six primer pairs were tested on
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complementary DNA from each treatment/genotype, encompassing a selec-
tion from each of the three biological replicates. Expression values were
calculated from the cycle threshold (Ct) values as described in the geNorm
handbook and put through the geNorm software. This determined how many
internal controls were required for accurate normalization (in this case, two)
and which primer pairs were the most stable across the treatments.

Specificity of primers was validated by sequencing amplicon and melt curve
analysis. Quantitative PCR was performed with a Rotor-Gene 3000 thermo-
cycler using Rotor-Gene SYBR Green PCR Kit (Qiagen; two technical replicates
per reaction) following manufacturer’s guidelines with 6 ng complementary
DNA and 0.50 uMm final primer concentration. Absence of genomic DNA in
RNA was confirmed with a no reverse transcription control. Six endogenous
control primers from the Arabidopsis geNorm kit were tested for stability
across all treatment groups (control, NaCl, and sorbitol) using geNorm soft-
ware (Vandesompele et al., 2002) according to manufacturer’s guidelines. The
mean reaction efficiencies (within * 5% of the median efficiency) of each
primer pair were quantified using LinReg PCR software (Ramakers et al.,
2003). Quantification of targets was calculated based on the Pfaffl model
(Pfaffl, 2001): reaction efficiency (RE) ! 8¢ normalized by the geometric mean
of RE ¢t endogencus controls  A] data are from three independent trials. Significance
was tested by two-way ANOVA (genotype and treatment as the two factors)
with Holm-Sidak post hoc analyses.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AF083913, Atannl, Atlg35720; AB007791,
AtDREB2A, At5G05410; AB016571, AtDREB2B, At3g11020; AB056455; AtRD29A,
At5g52310; AF256224, AtSOS1, and At2g01980.
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The following materials are available in the online version of this article.
Supplemental Figure S1. [Caz*]cyt responses of root epidermal protoplasts.
Supplemental Figure S2. [Ca®*]
Atannl roots.

oyt elevation is impaired in single, excised

Supplemental Figure S3. AtANNT1 forms a cation conductance in artificial
planar lipid bilayers.

Supplemental Figure S4. Root adaptation to salinity requires AtANNI.
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