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Abstract

Key message The loss-of-function mutants of the
Arabidopsis orthologue of the wheat LRK10 gene shows
ABA-insensitive and drought stress-sensitive pheno-
types, suggesting that LRK10L1.2 is positively involved
in ABA signaling.

Abstract A subset of receptor-like kinases (RLKSs) super-
family proteins play a key role in sensing internal and external
signals. A gene encoding Arabidopsis thaliana Leaf rust 10
disease-resistance locus receptor-like protein kinase 1 (At-
LRK10L1), most closely related to wheat LRK10, expresses
two different transcripts, LRKI0L1.1 and LRKI0L1.2, using
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alternative promoters. The T-DNA insertion mutant, [rk10l1-
2, that specifically shuts down LRKI0LI.2 transcription dis-
played an abscisic acid (ABA)-insensitive phenotype in seed
germination and seedling growth. However, the Irki011.2
mutant exhibited reduced tolerance to drought stress, com-
pared with wild type, which is accompanied by alteration of
stomatal apertures. The transgenic plants overexpressing full-
length LRK10L1.2, which localizes to the plasma membrane
(PM) complemented the phenotypes of Ilrkl0l1-2 mutant
background, while those expressing LRK10L1.2 Nul, which
switched its localization to the endoplasmic reticulum (ER)
by skipping of a mini-exon, showed even higher ABA
insensitivity and drought sensitivity than its mutant back-
ground. Our results suggest that ABA signaling involves the
PM-localized LRK10L1.2.

Keywords LRKI10LI1.2 protein kinase - Drought -
Stomatal closure - Plasma membrane - ABA signaling

Abbreviations

ABA Abscisic acid

AS Alternative splicing

ER Endoplasmic reticulum

VS Intervening sequence

LRKI10L Leaf rust 10 disease-resistance locus receptor-
like protein kinase-like

PM Plasma membrane

WT Wild type

YFP Yellow fluorescent protein

Introduction

Belonging to a monophyletic group of RLK/Pelle serine/
threonine protein kinase superfamily, receptor-like protein
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kinases (RLKSs) represent 615 members out of 1,041 total
protein kinases in Arabidopsis (Shiu and Bleecker 2001).
RLKSs are defined by consisting of an N-terminal extra-
cellular and the C-terminal protein kinase domains with a
transmembrane (TM) patch between them. These proteins
respond to a variety of internal and external stimuli
through the N-terminal extracellular domain, and thus
RLKs are subdivided into 23 subfamilies according to the
presence and the arrangement of motifs or subdomains
present in this domain involved in ligand-binding (Shiu
and Bleecker 2003). A prominent characteristic of RLKs
is that they resemble receptor tyrosine kinases in mam-
malian cells, so that most plant RLKs are anchored on the
plasma membrane (PM) through the TM patch, and per-
ceive internal and external ligands by the N-terminal
extracellular domain and activate downstream signaling
through phosphorylation by cytosolic serine/threonine
protein kinase domain (Gish and Clark 2011).

The most well-known subclass of RLK superfamily
proteins is leucine-rich repeat (LRR) containing RLKSs
encompassing 200 members in Arabidopsis. Because of the
number and arrangements being diversified, LRR-RLK
proteins are linked to a variety of molecular functions
involving stem cell differentiation, patterning of the
embryo, brassinosteroid signaling and pathogen recognition
(Clark et al. 1997; Nodine et al. 2007; Kwak et al. 2005;
Searle et al. 2003; Gomez—Gomez and Boller 2000). Other
RLKs of known functions are those containing epidermal
growth factor-like repeats, C-type lectin-like and extension-
like motifs involved in biogenesis of cell wall (He et al.
1999; Ringli 2010; Nakhamchik et al. 2004), tumor necrosis
factor-like motifs in epidermal development (Becraft et al.
1996), lysine motifs (LysM) in Nod factor perception
(Limpens et al. 2003), self-incompatibility (S) domains in
pollen recognition (Stein et al. 1991), and thaumatin-like
motifs in pathogen recognition (Wang et al. 1996).

Abiotic stress responses also involve RLKs. For example,
ABA signaling involves a LRR-RLK designated receptor-
like kinase 1 (RPK1; Osakabe et al. 2005), proline-rich
extension-like receptor kinase 4 (PERK4; Bai et al. 2009),
guard cell hydrogen peroxide-resistant 1 (GHR1; Hua et al.
2012) and cysteine-rich receptor-like kinase 45 (CRK45;
Zhang et al. 2013), while ABA signaling is negatively reg-
ulated by CRK36 (Tanaka et al. 2012). However, physio-
logical and molecular functions of the LRK10-like
N-terminal domains are as yet largely unknown. The gene
encoding LRK10 was first identified from wheat (TaLRK10)
by homology-based cloning from the basis of TaLrI0 dis-
ease-resistance locus (Feuillet et al. 1997). LRK10LI1, the
most closely related Arabidopsis homolog of TaLRKI10,
produces two transcripts, At7LRKIOLI.1 and AtLRKIOLI.2,
using alternative promoters (Accompanying paper). We
have shown that all wheat and Arabidopsis LRKI0OL genes
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contain mini-exons of varying sizes and sequences. By
expressing alternatively spliced variants of Af/LRKIOLI.2,
we showed that the 45 nt mini-exon 2 is required for tar-
getting of the protein to the plasma membrane (Accompa-
nying paper). Here we report that the LRK10L1.2 protein
produced from the latter transcript is involved in ABA sig-
naling and drought resistance in Arabidopsis and requires to
be targetted to the plasma membrane.

Materials and methods
Plant materials and Arabidopsis transformation

Arabidopsis thaliana T-DNA insertion lines GK_270F11
(Irk1011-1), SALK_144810 (Irk10l1-2) and SALK_150401
(Irk1011-3) were obtained from The European Arabidopsis
Stock Centre (uUNASC). The homozygous T; lines were
screened by PCR using the primers shown in Table S1, and
used for further analyses. Col and Col-0 WT backgrounds, and
the above T-DNA mutants were grown in soil, stratified at
4 °C for 3 days and grown under long-day condition in a
conditioned chamber [16 h light (120 pumol photons
m~2 s71): 8 hdark]. A. tumefaciens strain GV3101 containing
binary plant expression vector containing LRK10LI.2 No4 or
LRKIOLI.2 Nul fused to YFP under CaMV 35S promoter
(Accompanying paper) was used for transformation of
Irk1011-2 by the flower-dipping method (Clough and Bent
1998). Seeds were screened on MS media containing 50 pg/
ml basta (Duchefa, Haarlem, The Netherlands).

ABA treatments

Arabidopsis seeds were stratified at 4 °C for 3 days and
sown on plates containing 0.5x MS agar plates supple-
mented with either 0.5 or 2.0 uM ABA. After 3 days, the
germinated seeds were quantified. For measurement of root
growth, Arabidopsis seeds were germinated on 0.5x MS
agar media containing 0.5 uM ABA, and plates were
placed vertically on shelves. The seedlings were grown
with a day/night cycle of 16/8 h at 22 °C and in a light

intensity of 130 pmol photons m™> s .

Assays of drought tolerance

One-week-old seedlings were randomly planted in a tray
containing soil mix (peat moss, perlite, and vermiculite,
9:1:1). Dehydration stress was imposed to plants by with-
holding watering. To determine the drought tolerance in a
quantitative manner, leaves were detached from each plant
and placed in petri dishes. The dishes were kept in a growth
chamber with 40 % relative humidity, and the loss of fresh
weight was determined at the indicated times.
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For stomatal aperture bioassays, four rosette leaves from
4-week-old plants were detached and floated in stomatal
opening solution (SOS: 50 mM KCI and 10 mM MES-
KOH, pH 6.15, 10 mM CaCl,) in the light as described by
Lee et al. (2009). After 2.5 h, SOS was replaced with SOS
containing ABA of various concentrations. After 2.5 h
further incubation, 80 stomata from each individual leaf
sample were measured, and each experiment was per-
formed in triplicate.

RT-PCR analysis

Twenty-one-day-old plants were used for RNA extraction.
For drought treatments, whole rosette leaves were removed
and incubated in a 22 °C chamber described above for the
indicated time. For ABA treatments, plants were sprayed
with 50 pM ABA and incubated for the indicated time.
Reverse-transcriptase polymerase chain reactions were
done by the method described previously (Kim et al. 2009).
For real-time PCR, the resulting cDNA was amplified in a
CFX96 Touch™ Real-Time PCR detection system (Bio-
Rad, Hercules, CA, USA) with iQ™SYBR Green Super-
mix. Reactions were performed in triplicate and with the
following cycling conditions: 95 °C for 5 min, 45 cycles at
95 °C for 20 s and 60 °C for 20 s, and then 72 °C for 20 s.
The relative expression value for each gene was calculated
using the AACt method (Livak and Schmittgen 2001).
Relative levels of the transcripts were normalized to the
expression levels of genes used as internal controls, which
included Actin2, Actin8, and EFlo. Semi-quantitative and
quantitative RT-PCR analysis was performed with at least
two biological and three technical replicates. Primers used
for PCR are listed in Table S1.

Results

Loss-of-function mutants of LRKI/0LI.2 do not show
phenotypic changes under normal growth conditions

To investigate the molecular function of LRKI0L1, we
obtained the insertional mutants lrk10l1-1, lrk10l1-2 and
Irk1011-3 which contain T-DNA insertions in the different
exon 1 sequences of LRKIOLI.I and LRKIOLI.2, and
202 bp upstream of LRKIOLI.2 transcription start site,
respectively (Fig. 1a). The T; homozygote lines were
analyzed for LRKIOLI.2 expression by RT-PCR using
primer sets shown in Fig. 1a. No RT-PCR products were
observed in [rkI0l-2 from reactions using primer sets
across the T-DNA insertion or downstream of the insertion
(P1 4 P2 and P2 + P3 in Fig. 1b, lane 3), suggesting that
Irk10l-2 is a knockout mutant of LRKIOLI.2. However,
weak signal was detected in Irkl0l-3 compared with WT
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Fig. 1 a The T-DNA integration sites of mutant Arabidopsis plants
used in this study are indicated. Exons are boxed; in which 5’ and 3’
UTRs and coding regions are filled in gray and black, respectively,
while introns are indicated with solid lines. The arrows indicate
relative positions of primers used for RT-PCR in b. b RT-PCR
analysis (23 cycles) of the T-DNA mutants and the complementation
lines using primer pairs described in a and listed in Fig. S1. The
arrowheads indicate up-regulation of the fully spliced LRKI0L1.2 in
Irk10l-1 (lane 1) compared to wild type background (lane 2). The
single, double and triple asterisks in lanes 9 and 10 indicate the
splicing events, intron-unspliced, IVS2-spliced and cryptic 3’ ss in
IVS2, respectively (Accompanying paper)

Col-0 background (Fig. 1b, lane 5 and 4, respectively). As
we previously showed that intron 1 of LRKIOLI.I in
LRKIOLI gene contains enough upstream sequence for the
LRKIOLI.2 transcription (Accompanying paper), this
finding indicates that at least some putative upstream ele-
ments required for full activation of LRKIOLI.2 tran-
scription may be essential and present between the T-DNA
insertion site in [rkI0l-3 and 5’ splice site (ss) of
LRKIOLI.1 IVS1. Notably, the T-DNA insertion in exon 1
of LRKIOLI.1 (IrkI0I-1) in turn produced stronger signals
compared with WT (arrowheads in Fig. 1b, lanes 1 and 2,
respectively), suggesting reciprocal negative regulation of
LRKIOL] transcription by which the amount of LRKI0LI.2
mRNA may be decreased when the LRK101.] transcription
is in progress, and vice versa.

Three different homozygous transgenic lines containing
WT coding sequence of Lrk10L1.2 (a splicing variant
designated No4; Accompanying paper) under the 35S pro-
moter overexpress fully spliced WT mRNA that localizes to
PM as expected (Fig. 1b, lanes 6-8). Transgenic lines
containing a splicing variant designated Nul, which had
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been spliced at a 5’ cryptic ss in IVS1, generated a variety of
splicing variants including transcripts with the 45 nt long
mini-exon 2 deletion (bottom bands in Fig. 1b lanes 9 and
10 indicated by an arrow). All other transcripts shown as
higher molecular weight bands (asterisks in Fig. 1b lanes 9
and 10) contain unspliced intron sequences and premature
termination codons immediately after their abnormal
splicing events (Accompanying paper), so that the tran-
scripts are unable to be translated into full-length proteins.
Therefore, the in-frame exon 2 skip variant of LRKI0L1.2
Nul produces a protein with 15 amino acids deletion by
which it is targetted to the ER instead of the PM.

Molecular functions of Arabidopsis LRK10Ls have not
been documented except for a few whole genome micro-
array data reporting that the transcript of LRK/OLI and its
homolog At5g38210 (AtLRKI0OL3) are down-regulated in
null mutants of FLOWERING LOCUS D (FLD) and LU-
MINIDEPENDENS (LD) (Veley and Michaels 2008), and
a DELLA, key regulators of flowering time, and gibberellin
and other stress responses (Cao et al. 2000), respectively.
In addition, the At5g38210 transcription level is increased
in sucrose starvation condition (Contento et al. 2004).
These findings suggest that Arabidopsis LRK10Ls may
also be involved in plant development and stress responses,
apart from disease resistance. To investigate the function of
AtLRKI10L1.2, we analyzed above transgenic plants
expressing 35S5-LrkIOL1.2 No4 and 35S-LrkIOL1.2 Nul
cDNAs in IrkI0l1-2 as well as their mutant background
Irk1011-2, and the knock-down mutant [rk/0l1-3 shown in
Fig. 1b. In normal long-day growth condition, they did not
exhibit any apparent phenotypic changes compared with
the WT, except that Irkl0li-2 flowers approximately
3 days later than WT (Fig. Sla), and the transgenic plants
overexpressing full-length LRKI0LI.2 under the 35S pro-
moter (35S-LRKI0LI.2 No4) in turn flowers much earlier
than WT (Fig. S1a). In addition, the LRKI0LI.2 transcript
level decreases in 3-week-old T-DNA insertion mutants of
LD (Fig. Slc) showing a late flowering phenotype (data
not shown). These results support previous whole genome
microarray data (Veley and Michaels 2008), and suggest
that AtLRKI10L1.2 may be at least partly involved in
flowering time regulation.

LRKI0L1.2 is involved in ABA signaling

To explore whether LRKI10L1.2 is involved in stress
response, the above plants were treated with a variety of
plant growth regulators including glucose, maltose and
salts, such as NaCl and KCl, involved in ABA signaling
(Fig. S2; Zhou et al. 1998; Rook et al. 2001; Leon and
Sheen 2003). The mutants, Irk/0l1-2 and [rk10l1-3, were
less sensitive to more than 300 mM manitol and 200 mM
NaCl than WT (Fig. S2). In these conditions, two
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independent lines of 35S-LRKIOLI1.2 No4 recovered WT
phenotypes. However, glucose, which is involved in ABA
signaling by delaying seed germination and cotyledon
greening (Zhou et al. 1998), had an effect at the higher
concentration of 6 %, in which 35S-LRKIOL1.2 No4's
showed a more sensitive phenotype compared with WT.
These findings suggest that LRK10L1.2 may be involved in
ABA signaling.
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Fig. 2 Enhanced ABA insensitivity of the mutants and the transgenic
plant 35S-LRKIOLI1.2 Nul at the germination (a) and seedling
establishment (b, c) stages. The seeds were germinated on MS agar
plates containing 2.0 (a) and 0.5 uM ABA (b, ¢) and measured for
rates of germination (a) and for green cotyledons of each line, 3
(a) and 7 days (b, ¢) after planting. Data in (a) and (b) are the
mean =+ standard deviation of three independent experiments, where
100 seeds were evaluated. ¢ The representative images in (b) were
taken
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Fig. 3 ABA-insensitive root growth of WT, mutant and transgenic
plants in early seedling growth in 0.5 puM ABA. The seedlings were
grown vertically in 0.5x MS containing 0.5 M ABA for 7 days, and
the primary root lengths of 50 seedlings of each line were measured
(a), and the representative images were taken (b)

Since ABA inhibits seed germination and controls the
responses of environmental stresses in plants, we measured
the germination rate in the seeds of WT, mutant and
overexpressing plants to see whether LRKIOLI.2 is
involved in ABA signaling (Fig. 2a). Germination was
tested under high stringency of 2.0 uM ABA. While ger-
mination rates of untreated seeds did not significantly differ
between mock and ABA-treated conditions, the mutant
seeds, Irk10l1-2 and Irk10l1-3, were less sensitive to ABA
compared to the Col-0 WT. The transgenic lines 355-
LRKIOLI1.2 No4 overexpressing PM-targeting WT protein
showed similar germination rates to WT seeds. However,
35S-LrkIOLI1.2 Nul, which produces ER-localized exon 2
skip mutant protein, did not show the WT phenotype and
was less sensitive to ABA similar to the two mutants. Also,
the growth and cotyledon greening of the WT was strongly
inhibited by 0.5 pM ABA, while Irk10l1-2 and Ilrk10lI-3
mutant plants showed more cotyledon greening and

expansion at this condition (Fig. 2b), suggesting these
mutants are insensitive to ABA. Moreover, 355-
LRKIOLI.2 Nul again was less sensitive to ABA. The
cotyledon greening rates of the mutants and 35S-
LRKIOLI.2 Nul plants during the post-germinative growth
phase were significantly higher than that in WT on ABA
containing medium, but similar on ABA-free medium
(Fig. 2c). By contrast, 35S-LRKI0L1.2 No4 lines showed
less cotyledon greening rate than the mutant plants, similar
to WT plants. These findings suggest that LRK10L1.2 is
involved in ABA signaling, and that the PM localization of
LRKI10L1.2 is essential for this process.

We further examined the ABA responses of WT,
mutants, and over-expression lines at the seedling stage
(Fig. 3). While treatment of seedlings with 0.5 uM ABA
did not significantly affect seed germination rates, it
inhibited root growth of WT and 35S-LRKIOLI.2 No4
plants—the root lengths of WT seedlings were 40-60 %
shorter than those of mutant and 35S-LRKIOLI.2 Nul,
while those between WT and 35S-LRKI0L1.2 No4 plants
were similar (Fig. 3a, b). Together with cotyledon
greening, these results suggest that response to ABA
during seedling stage requires AtLRKI1OL1.2, and that
AtLRK10L1.2 Nul, which has a defect in the PM
localization, cannot support either ABA sensing or
signaling.

LRK10L1.2 is involved in resistance to drought stress

Since ABA response is critical in directing stomatal closure
in response to shortage of water, we examined whether
adult stages of the above plants respond differentially to
drought conditions (Fig. 4). When grown in a well-watered
conditions, both WT and mutant plants did not show any
significant differences in phenotype. However, upon
drought treatment by withholding watering, 35S-
LRKIOLI.2 Nul as well as the mutants, [rkI0l1-2 and
Irk1011-3, exhibited hypersensitivity to drought compared
with WT plants (Fig. 4ai, ii). However, there were no
significant differences between WT and 35S-LRKIOLI.2
No4 transgenic plants upon drought treatment (Fig. 4aii).
In detail, approximately 85 % of WT and 35S-LRKIOLI.2
No4 plants survived, while mutant plants [rk/0l1-2 and
Irk10l1-3, and 35S-LRKI10LI.2 Nul had much lower sur-
vival rates ranging from O to approximately 18 %, where
0 % 1is observed from 35S-LRKIOL-1.2 Nul (Fig. 4aii),
indicating that resistance to drought stress is correlated
with ABA sensitivity observed in Figs. 2 and 3, and that
35S-LRKI0L1.2 Nul may work in a dominant negative
way.

To see whether hypersensitivity to drought stress in
Irk10l1-2 and Ilrk10l1-3 mutants and 35S-LRK10L1.2 Nul
transgenic  plants are directly correlated  with
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Fig. 4 Response of [rk10l1.2 mutants and the transgenic plants to
drought stress. a Representative images for “Watered” seedlings
were taken before dehydration. Dehydration stress was given to WT
and mutants, lrk/0l1-2 and Irk1011-3 (i), and WT and transgenic lines
(if) by withholding water for 7 days. The plants were then dehydrated
for 2 days before they were photographed for “Drought”. b Transpi-
ration rates of the WT, mutants and transgenic plants. Leaves were
weighed at various time points after detaching. Data are the
means + standard errors (n = 10). ¢ Stomatal aperture in leaves of
WT, mutants and transgenic plants upon ABA treatment. Stomatal
apertures were measured under the microscope after treatment with
10 pM ABA for 2 h 30 min as described in “Materials and methods”.
Data are the means =+ standard errors (n = 80)

malfunctioning in stomatal closure, we determined the
transpiration rates by measuring water loss from detached
rosette leaves (Fig. 4b). Loss of fresh weight was greater in
lrkIOLI-2 and IrkIOLI-2 mutants and 35S-LRKIOL-1.2
Nul transgenic plants compared with those in WT and the
35S8-LRKI0LI.2 No4 transgenic plants, suggesting that the
increased tolerance to drought is due, at least partly, to
altered leaf transpiration (Fig. 4b).
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Because the [rkI0lI-2 and Irkl0l1-3 exhibit altered
transpiration rates, we presumed that the stomatal move-
ment of these mutants may be altered. To determine
whether LRK10L1.2 affects the responsiveness of guard
cells to ABA, we measured stomatal apertures of leaves
with or without ABA treatment (Fig. 4c). In the absence of
ABA, there were no obvious differences in stomatal aper-
ture among WT, mutants and transgenic plants. After
treatment with 10 pM ABA, we observed the sizes of
stomatal apertures were more increased in lrk/0l1-2 and
Irk10l1-3 and 35S-LRKI0OLI.2 Nul transgenic plants than
those in WT and 35S-LRKIOLI.2 No4 transgenic plants
(Fig. 4c). These results indicate that defects in the
LRKIOLI1.2 expression is responsible for decrease in ABA
sensitivity of guard cells, leading to increased water loss
under drought conditions.

LRK10L1.2 does not affect ABA marker gene
expression

Multiple dehydration-inducible genes are induced by
exogenous ABA treatment (Yamaguchi-Shinozaki and
Shinozaki 2006), although the global transcriptional net-
work activated in response to osmotic stress is coopera-
tively but not exclusively regulated by ABA-dependent and
ABA-independent pathways.

We investigated the functional relationship of adaptation
to drought stress with ABA by focusing on the LRKI0LI.1
and the LRKIO0LI.2 transcripts (Fig. 5). As controls, levels
of KINI, RD22 and RABIS8 transcripts were increasingly
responsive to ABA and dehydration (Fig. 5) indicating
both treatments are reliable. After dehydration and ABA
treatment, the expression of LRKIOLI.I was clearly
increased at 0.67 and 0.5 h upon drought and ABA treat-
ments, respectively (Fig. 5). Interestingly, the level of the
LRKIOLI.2 transcript was decreased at the above time-
points (Fig. 5). Drought treatment, which triggers endog-
enous ABA synthesis, showed clear distinction between

ABA
0 051 2 3 4

Drought
hr 00330671 2 3 4

PSR- —— - — | —————|
== [—— |
L == e
R —— —— [ ————

e ———
o —————

1.2 3 4 5 6 7

8 9 10 11 12 13

Fig. 5 Semi-quantitative RT-PCR analysis. Level of the LRK10L1.2
transcript decreases at early stages upon drought and ABA treatments.
WT Col-0 plants were treated with drought and 50 uM ABA, before
leaf samples were taken at indicated time (fop) for RNA extraction.
Gene-specific primers for the genes indicated on the left are listed in
Table S1
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LRKIOLI.I and LRKIOLI.2. Down-regulation of
LRKIOLI.2 by drought and ABA treatment was accom-
panied by up-regulation of Lrkl10L1.1 (Fig.5). These
results suggest that the LRKIOLI.I and the LRKIOLI.2
transcripts may antagonistically regulate each other in
drought stress as well as in ABA treatment.

Next, we performed qRT-PCR and semi-qRT-PCR
analyses of WT, mutant and transgenic plants to determine
involvement of the LRKIOLI.2 gene in regulating the
expression of ABA-signaling and drought-responsive genes
under drought conditions. Unexpectedly overall expression
level of these ABA-signaling and drought-responsive
marker genes was unaffected across the mutants, WT and
transgenic plants (Figs. S3, S4). We do not know why
transgenic expression of LRK/OLI.2 did not up-regulate
expression of these genes. However, this finding suggests
that ABA signaling through LRK10L1.2 may be unrelated
in up-regulation of genes containing ABA-responsive ele-
ments (ABRE).

Discussion

We report here that the Arabidopsis homolog of wheat
LRK10 produces two independent proteins by use of
alternative promoters that share a common serine/threonine
protein kinase domain, and that the second variant,
LRKIOLI.2, produces a PM protein involved in ABA sig-
naling. The biological function of the first variant
LRKIOLI.1 is still unknown, since the mutant lrkl0I-1
(Fig. 1) containing a T-DNA in exon 1 of Atlgl18390.1
showed a phenotype indistinguishable from WT upon ABA
or drought treatment (data not shown). It is noticeable,
however, that transcription of LRKI0OLI.1 antagonistically
regulates that of LRKIOLI.2 in the T-DNA insertion in
exon 1 of LRKIOLI.I (Fig. 1b, lanes 1 and 2). This
observation suggests that expression of LRKIOLI.2 is in
part regulated by LRKI0LI.1 promoter.

Drought, high salinity, and low temperature are common
water-deficit conditions that adversely affect plant growth.
Many physiological changes in response to such stresses
result from the plant hormone ABA that regulates expres-
sion of stress-related genes and that in turn leads to various
adaptive responses at the cellular and whole plant levels
(Shinozaki and Yamaguchi-Shinozaki 2000; Ramanjulu
and Bartels 2002). ABA is mainly involved in adaptation to
water-deprived states through regulatory circuits that con-
trol gene expression and stomatal closure (Luan 2002; Zhu
2002; Wasilewska et al. 2008). The cellular and molecular
mechanisms underlying ABA-induced stomatal closure
have been extensively studied (Cutler et al. 2010; Hubbard
et al. 2010). For example, when ABA level increases in
drought conditions, anion efflux via the anion channels

induces depolarization and activation of outward K-
channels (Ward et al. 2008; Lee et al. 2009; Kim et al.
2010). Reduced ionic concentration in the cell causes water
efflux and reduces guard cell volume thereby leading to
stomatal closure (Ward et al. 1995; Wasilewska et al.
2008). The physiological and molecular mechanisms
explaining such stress conditions are well established (Zhu
2002; Yamaguchi-Shinozaki and Shinozaki 2006), but
detailed functional modifications caused by these stresses
still less understood.

Nevertheless, the ABA signaling pathways via the ABA
sensor PYRABACTIN RESISTANCE (TYR)/REGULA-
TORY COMPONENT OF ABA RECEPTOR (TYR/
RCAR) have been well documented, in which PYR/RCAR
forms complexes with type A-protein phosphatase 2Cs
(PP2CAs) such as ABA-INSENSITIVE 1 (ABII) in the
presence of ABA (Park et al. 2009; Ma et al. 2009). In this
condition, PP2CA is unable to inhibit a subset of SNF1-
related protein kinase 2’s (SnRK2’s; Fujii et al. 2009),
which then phosphorylate ion channels and transcription
factors that stimulate transcription of ABA-reponsive genes
(Choi et al. 2000). We observed that known ABA-and
drought-induced genes are unchanged across WT, Irk10l1-
2 and complemented lines (Figs. S3, S4), suggesting that
ABA signaling through LRK10L1.2 may work indepen-
dently of PYR/RCAR-PP2C-SnRK?2 pathway.

The gene encoding the wheat LRK0 has been cloned by
homology-based cloning based on disease resistance against
the leaf rust-causing fungal pathogen Puccinia recondita
(Feuillet et al. 1997). Hence, the Arabidopsis ortholog
LRK10L1.2 may be potentially involved in defense response
to pathogens. A number of plant hormones, including ABA,
jasmonic acid (JA) and salicylic acid (SA), play a role in
plant defense response. In addition, several lines of evidence
showed that ABA signaling is connected to the jasmonate
and SA signalings, which is associated with necrotrophic and
biotrophic pathogens, respectively. (Anderson et al. 2004;
Lorenzo et al. 2004; Pieterse et al. 2009). In this study,
however, we only elucidated the function of LRK10L1.2 in
response to abiotic stress. Therefore, further studies are
needed to understand the other function of LRK10L1.2 in
defense response to biotic stress.

In conclusion, this study showed that LRK10L1.2 acts
as a positive regulator in response to drought tolerance via
the induction of stomatal closing, which may occur directly
or indirectly via ABA-mediated signaling. Although we
revealed the functional involvement of LRK10L1.2 in plant
response to drought stress, it is still unclear how
LRKI10L1.2 serves as a positive regulator of abiotic stress
response. Subsequent molecular analysis of the down-
stream target of LRKIOL1.2 will improve our under-
standing of the function of LRK10L1.2 under biotic and
abiotic stress conditions.
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