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SUMMARY

The receptor-like protein kinases (RLKs) constitute a large and
diverse group of proteins controlling numerous plant physiological
processes, including development, hormone perception and stress
responses. The cysteine-rich RLKs (CRKs) represent a prominent
subfamily of transmembrane-anchored RLKs. We have identified a
putative barley (Hordeum vulgare) CRK gene family member, des-
ignated HVCRKT. The mature putative protein comprises 645
amino acids, and includes a putative receptor domain containing
two characteristic ‘domain 26 of unknown function’ (duf26)
domains in the N-terminal region, followed by a rather short
17-amino-acid transmembrane domain, which includes an AAA
motif, two features characteristic of endoplasmic reticulum (ER)-
targeted proteins and, finally, a characteristic putative protein
kinase domain in the C-terminus. The HvCRKT transcript was iso-
lated from leaves inoculated with the biotrophic fungal pathogen
Blumeria graminis f.sp. hordei (Bgh). HvCRK1 transcripts were
observed to accumulate transiently following Bgh inoculation of
susceptible barley. Transient silencing of HvCRK7 expression in
bombarded epidermal cells led to enhanced resistance to Bgh, but
did not affect R-gene-mediated resistance. Silencing of HvCRK1
phenocopied the effective penetration resistance found in mlo-
resistant barley plants, and the possible link between HVCRK1 and
MLO was substantiated by the fact that HvCRK7 induction on Bgh
inoculation was dependent on Mlo. Finally, using both experimen-
tal and in silico approaches, we demonstrated that HvCRK1 local-
izes to the ER of barley cells. The negative effect on basal
resistance against Bgh and the functional aspects of MLO- and
ER-localized HvCRK1 signalling on Bgh inoculation are discussed.
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INTRODUCTION

Receptor-like protein kinases (RLKs) constitute a diverse group of
proteins involved in many plant signal transduction pathways
regulating numerous plant physiological processes, including
growth and development, hormone signalling, transpiration, sym-
biosis and pathogen defence (Dievart and Clark, 2004; Tichtinsky
etal., 2003). A prominent subfamily of RLKs, known as cysteine-
rich RLKs (CRKs), are predicted to be transmembrane receptor
proteins and are localized in the plasma membrane (Chen, 2001;
Shiu and Bleecker, 2001). CRKs are characterized by the presence
of one to four copies of domain 26 of unknown function (duf26),
a (—X8-C-X2—C motif in the extracellular receptor region in the
N-terminus and a serine/threonine kinase domain in the
C-terminus (Chen, 2001; Shiu and Bleecker, 2001). The duf26
motifs are conserved domains spread throughout various protein
families. According to EMBL-EBI (http://www.ebi.ac.uk), there are
520 proteins in Viridiplantae (green plants) that possess one or
more duf26 domains. Of these, 263 are found in rice (Oryza sativa)
and 97 in Arabidopsis (Arabidopsis thaliana), including 46 CRKs
(Wrzaczek et al., 2010). It has been suggested that the conserved
cysteine residues in the duf26 motif direct the formation of three-
dimensional structures through disulphide bonds (Chen, 2001)
and that C—-X2—C could be a binding site for transition metal ions
(Dykema et al., 1999). Both features may mediate protein—protein
interactions important for the activation of CRKs. The expression of
CRKs is induced by oxidative stress, pathogen attack and the
application of salicylic acid (SA) (Du and Chen, 2000; Wrzaczek
etal., 2010), and it has been shown that CRK4, CRK5, CRK13,
CRK19 and CRK20 are involved in the regulation of cell death in
Arabidopsis (Acharya et al., 2007; Chen et al., 2003, 2004). Fur-
thermore, overexpression of CRK5 and CRK73 in Arabidopsis
increases resistance against different pathovars of the bacterial
pathogen Pseudomonas syringae (Acharya etal., 2007; Chen
et al., 2003).

Plant defence responses are primarily controlled by the tran-
scriptional activation of specific stress genes (Glazebrook, 2001;
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Singh et al., 2002). Several of these are induced in barley during
attack of the biotrophic phytopathogenic fungus Blumeria
graminis f.sp. hordei (Bgh), which causes powdery mildew
(Collinge et al., 2002; Gregersen et al., 1997). Among these, a CRK
gene transcript has also been reported to be induced after Bgh
attack (Gregersen and Collinge, 2001). Interestingly, Bgh inocu-
lated onto nonhost Arabidopsis induces the same expression
profile of CRKs as both ozone and the bacterial microbe-
associated molecular pattern (MAMP) molecules flagellin (flg22)
and hairpin Z (HrpZ) (Wrzaczek et al., 2010), indicating that CRKs
in both Arabidopsis and barley play a central role in the mediation
of the stress responses driven by apoplastic reactive oxygen
species (ROS).

For successful infection, Bgh must overcome at least two levels
of defence in barley: first, an early race-nonspecific basal resist-
ance (i.e. MAMP-triggered immunity) and, second, a later race-
specific (R-gene) resistance (i.e. effector-triggered immunity)
involving hypersensitive host cell death, which prevents the estab-
lishment of a biotrophic interaction. Both types of resistance
involve the accumulation of ROS (Thordal-Christensen et al.,
1997). Basal resistance is exhibited in susceptible as well as
R-gene-resistant barley cultivars and is associated with cell wall
modifications, including the formation of papillae that form in the
apoplast in order to prevent Bgh germlings from penetrating the
epidermal cell walls (Zeyen et al., 2002). Papilla formation is
complex and involves many cellular and biochemical processes,
including the early generation of nitric oxide (Prats et al., 2005),
hydrogen peroxide (H,0,) (Thordal-Christensen et al., 1997) and
phenolics (Carver et al., 1994), and localized deposition of callose
below the attempted site of penetration (Zeyen et al., 2002). If the
host plant possesses R genes recognizing the attacking avirulent
Bgh isolate, a hypersensitive cell death response is initiated in
successfully penetrated epidermal cells and the Bgh biotrophic life
cycle is thereby interrupted. However, if the Bgh isolate is virulent,
penetrated host epidermal cells survive and Bgh forms an intrac-
ellular haustorium that mediates nutrient uptake and supports
ectophytic hyphal development.

In barley, recessive loss-of-function alleles of the Mlo locus are
known to mediate durable and broad-spectrum resistance
towards Bgh as a result of highly effective penetration resistance
(Jergensen, 1994). Papilla formation is reported to occur earlier
and is associated with higher levels of ROS and more rapid
cross-linking of phenolics in mlo-resistant barley compared with
susceptible wild-type Mlo barley (Lyngkjaer et al., 2000). The
functional Mlo gene encodes a seven-transmembrane-domain
G-coupled receptor protein (Buschges et al., 1997; Devoto et al.,
1999). MLO appears to mediate susceptibility to Bgh via a Ca’*-
dependent interaction with calmodulin (Bhat et al., 2005; Kim
etal., 2002), and it is considered that MLO is a target used by
Bgh to gain entry to the host epidermal cell (Panstruga and
Schulze-Lefert, 2003).

In this article, we present results concerning the functional
characterization of HvCRK1, the first CRK isolated from barley. We
examined HVCRKT expression in relation to Bgh attack on barley
with or without mlo resistance and after treatment with H,0, and
SA. H,0, treatment induced the accumulation of HVvCRKT tran-
scripts and we demonstrated that transcript accumulation after
Bgh inoculation was dependent on MLO. Furthermore, reduction
of HVCRK1 expression by transient-induced gene silencing (TIGS)
resulted in enhanced resistance to Bgh, whereas transient over-
expression had no effect on basal and R-gene resistance. The
cellular localization of HYCRKT was examined and the protein was
found to accumulate in the endoplasmic reticulum (ER), which was
also supported by an in silico approach. Taken together, these data
suggest that HvCRK1 is involved in the negative regulation of
basal resistance.

RESULTS

Isolation of the HvCRK1 cDNA and phylogenetic
relationship

Using the differential display of mRNA, we identified a transcript
encoding a putative barley member of the CRK gene family which
accumulated following Bgh inoculation of barley (Gregersen and
Collinge, 2001). The full-length cDNA of 2198 bp was obtained
from a cDNA library of Bgh-inoculated barley by rapid amplifica-
tion of cDNA ends (RACE). The cDNA included a single 1935-bp-
long open reading frame, representing a coding region of 645
amino acids (Fig. 1) (EMBL-EBI Accession: FR717136). SMART
analysis of the domain architecture of the deduced primary
sequence identified a predicted extracellular region with a
22-amino-acid signal peptide and two cysteine-rich duf26 (C—X8-
C-X2-C and C-X10-C-X2—-C) domains, a transmembrane region
and an acid serine/threonine kinase domain (Fig. 1). The gene
product was designated HvCRK1 as it represents the first report of
a duf26-related CRK from barley. The closest homologue in rice
was the AK120072 gene which encodes a protein product with
58.3% identity and 71.6% similarity to HYCRK1 (EMBL-EBI, http:/
www.ebi.ac.uk). To delineate the evolutionary relationship of
HvCRK1 with other annotated plant CRKs, we performed a phylo-
genetic analysis using the conserved kinase region. RLK families
can often be subdivided into clades based on the phylogenetic
relationships between members, and genes encoding RLKs with
related kinase sequences tend to have similar extracellular
domains (Shiu and Bleecker, 2001; Shiu et al., 2004). For this
purpose, we used SMART (Schultz et al., 2000) to define the kinase
domain sequences of the entire genomic complement of duf26
subfamily RLKs from rice, poplar (Populus trichocarpa) and Arabi-
dopsis. From the analysis, it is clear that the kinase domains cluster
in distinct groups according to species, as only one small group
contained members from rice, poplar and Arabidopsis. Accordingly,
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Fig. 2 Phylogenetic tree of the predicted amino acid sequence of the kinase domain of Hordeum vulgare cysteine-rich receptor-like protein kinase (HvCRK1) and
101 other kinase domains of annotated receptor-like protein kinase (RLK) genes from Arabidopsis thaliana (At), Hordeum vulgare (Hv), Oryza sativa (Os) and
Populus trichocarpa (XP). The kinase domains cluster in species-distinct groups, except for HvCRK1. These groups are highlighted to the right of the tree. Bootstrap
values from 1000 replicates are indicated at each node. Scale bar indicates amino acid substitutions.

the protein kinase domain sequence in HvCRK1 also seems to be
species distinct (Fig. 2).

Silencing HvCRK1 increases basal resistance in barley
towards Bgh

As signal perception in barley mediating the response to Bgh
attack involves both early and late recognition, leading to either
penetration-based basal resistance or R-gene-mediated race-
specific resistance, involving programmed cell death (PCD), we
examined whether the manipulation of HYCRK1 expression influ-
enced basal resistance in compatible interactions and/or PCD in
incompatible interactions mediated by Mla9 R-gene resistance.
This was achieved by RNAI gene silencing (TIGS) and overexpres-
sion. TIGS was performed using a 536-bp fragment encoding the
extracellular domain of HvCRK1. The HvCRKT RNAi construct
pIPKTA30_CRK1 was generated to produce spliced hairpin
double-stranded RNAs in vivo, and transformed by particle bom-
bardment into barley epidermal cells together with a pUbiGUS
reporter plasmid encoding PB-glucuronidase (GUS) (Douchkov
et al., 2005). Three days after bombardment, leaf segments were
inoculated with either a virulent or avirulent Bgh isolate, and
transformed cells were screened for possible effects on the barley—
Bgh interaction. In the compatible interaction, epidermal cells
transformed  with  pIPKTA30_CRK1 exhibited a significant
decrease in the infection index (Fig. 3A, P < 0.05), i.e. the cells
showed increased basal penetration resistance compared with
cells carrying the empty vector (pIPKTA30N). In contrast, no effect
of the silencing of HvCRKT was observed in the incompatible
interaction, and all Bgh attack was either blocked at the penetra-
tion stage or terminated by PCD in the same way as in the empty
vector control (Fig. 3A). As a positive control for effects on basal
resistance, we included an RNAi construct for Mlo (pIPKTA36), as
mutation of this gene provides host resistance to Bgh. In compat-
ible interactions, pIPKTA36-transformed cells showed a significant
reduction (approximately 75%) (Fig. 3A, P < 0.05) in the infection
index compared with cells transformed with the empty vector
control, as reported previously (Douchkov et al., 2005). No effect
of Mlo silencing was observed in the incompatible interaction as a
result of mlo resistance or PCD. As a positive control for effects on
PCD, we included an RNAi construct expressing the inverted
repeat sequence of Mla6, which effectively silences the expression
of both the Mla6 and Mla9 R genes because of their high
sequence homology (Douchkov et al., 2005; Seeholzer etal.,
2010). In the compatible interaction, there was no effect of Mla6
silencing (Fig. 3A), whereas, in the incompatible interaction, we

»
>

found an increase in the infection of cells transformed with this
RNAI construct, indicating successful suppression of R-gene rec-
ognition and subsequent PCD. In an attempt to complement the
RNAi studies, we performed overexpression of HVCRK1. The
pIPKTA9_CRK1 construct for HYCRKT overexpression was trans-
formed into barley epidermal cells, together with the reporter
plasmid encoding GUS (Douchkov et al., 2005). Four hours after
bombardment, leaf segments were inoculated with either a viru-
lent or avirulent Bgh isolate. However, cells transformed with the
plasmid overexpressing HvCRK1 did not show any significant
changes in infection index compared with leaves transformed with
the empty vector (Fig. 3B), irrespective of whether the interaction
was compatible or incompatible, indicating that the overexpres-
sion of HVCRK1 does not affect basal resistance and PCD. As a
positive control for the effects of overexpression, we included the
overexpression of a peroxidase gene (TaPrx103) that reduced Bgh
infection after overexpression in a compatible interaction, as
shown previously (Johrde and Schweizer, 2008). No effect of
TaPrx203 overexpression was observed in the incompatible inter-
action mediated by M/a9 (Fig. 3B). In summary, the silencing of
HvCRKT increased basal resistance, but did not affect PCD, in
barley after Bgh attack.

HvCRK1 transcript accumulation in barley leaves after
Bgh attack is transient and dependent on MLO

To investigate the spatiotemporal transcript accumulation of
HvCRKT in response to Bgh, we performed a detailed time-course
study using both epidermal cell layer and total leaf extracts of the
susceptible barley line P01 following virulent Bgh inoculation.
Transcript profiles of Bgh-inoculated epidermal samples showed
that HvCRK1 was strongly expressed, with approximately 50-fold
induction at 6 h after inoculation (hai) and 30-fold induction at
12 hai, compared with uninoculated plants (Fig. 4A). In our
studies, this time-dependent induction of HYCRKT expression coin-
cides with the formation of the primary germ tubes by Bgh conidia
(6 hai) and the time of Bgh penetration of attacked epidermal cells
(12 hai) (data not shown). In total leaf samples (i.e. predominantly
mesophyll cells which do not come into direct contact with this
fungus), HVCRK1 expression also increased strongly at 6 hai,
exhibiting approximately 25-fold induction, followed by a later
induction between 12 and 30 hai, with up to 16-fold induction
(Fig. 4B), compared with uninoculated control plants. The early
and transient induction of HVCRKT transcripts suggests a possible
function for HYCRK1 in barley cells during the early recognition of
and responses to Bgh.
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Fig. 3 Effects of silencing (RNA) or overexpression (OEx) of Hordeum vulgare cysteine-rich receptor-like protein kinase (HYCRK1) on barley responses to Blumeria
graminis f.sp. hordei (Bgh) attack. Bgh infection is given as the infection index, which is the number of haustoria divided by the total number of transformed cells.
(A) Bgh infection of barley cells transiently expressing empty vector as control (pIPKTA30N), the RNAi construct for HVCRKT (pIPKTA30_CRK1), the RNAi construct
for Mlo (pIPKTA36) or the RNAI construct for Mla6 and Mla9 (pIPKTA30_MIa6). In the compatible interaction, silencing of HYCRKT resulted in reduced infection,
when compared with empty vector or RNAi against Mla6/Mla9, which have no function in the compatible interaction. RNAi against Mo gave the expected strong
reduction in Bgh infection. In the incompatible interaction, there was no infection as a result of M/a9 R-gene-mediated programmed cell death (PCD) of
Bgh-infected cells, except for RNAI against Mla6/Mla9 which silenced the R gene and allowed Bgh infection. (B) Bgh infection of barley cells transiently
overexpressing the empty vector as control (pIPKTA9), overexpression of HYCRKT (pIPKTA9_CRK1) or overexpression of the peroxidase gene TaPrx703 (pWIR3). In
the compatible interaction, overexpression of HVCRKT had no effect on Bgh infection. Overexpression of TaPrx703 gave the expected reduction in Bgh infection. In
the incompatible interaction, there was no infection as a result of M/a9 R-gene-mediated PCD of Bgh-infected cells. The infection index is given as the mean +
standard error, and different letters or symbols within each interaction indicate significant differences (n =5, P = 0.05).

difference (data not shown), suggesting that basal levels of
HVCRK1 were unaltered in uninoculated m/o5-resistant P22. The

Like the barley Mlo gene, HvCRKT is responsive to Bgh and
compromises penetration resistance. To investigate whether

HvCRKT transcript levels are dependent on MLO, we analysed
HVvCRKT expression in total leaves in the mlo-resistant barley line
P22 containing the mutant mlo5 allele which is near-isogenic to
P01 (Kelster et al., 1986). Interestingly, the accumulation of the
HvCRK1 transcript observed in wild-type barley cultivar P01 after
Bgh attack was completely absent in mlo5-resistant P22 plants
from 6 h onwards. From this time point, we did not observe any
induction of HVCRK1 expression (Fig. 4B) in mlo plants. HvCRK1
expression levels in uninoculated P01 and P22 leaves showed no

low expression of HYCRKT in P22 is unlikely to be caused by a
cis-allelic effect on the introgressed donor genome fragment
(linkage drag) in this backcross line because, according to infor-
mation from flow-sorted barley chromosome arms (http:/
webblast.ipk-gatersleben.de/barley/index.php), it mapped to
chromosome 2HL, whereas the introgressed m/o mutation maps to
chromosome 4HL.

To ascertain whether there was normal and expected accumu-
lation of defence signalling components in our mlo5-resistant
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Fig. 4 Hordeum vulgare cysteine-rich receptor-like protein kinase (HYCRK7) transcript accumulation in the epidermis and total leaves of barley in response to
virulent Blumeria graminis f.sp. hordei (Bgh). (A) HvCRK1 transcript accumulation in abaxial epidermal tissue of the barley line PO1 at 6, 12 and 24 h after

inoculation (hai) of Bgh. (B) HvCRKT transcript accumulation in total leaves of

barley line PO1 and the near-isogenic mlo5-resistant P22 barley line between 2 and

72 hai. Inset: transcript accumulation of peroxidase (HvPrx) and the pathogenesis-related protein (HvPR-7b) gene in the same P22 cDNA. (C) HvCRKT transcript
accumulation in response to 250 um salicylic acid (SA) or 5 mm hydrogen peroxide (H,0,) 24 h after infiltration into leaves of PO1. Values represent the fold
induction in Bgh-inoculated or SA/H,0,-treated plants. Asterisks indicate significant differences in Bgh-infected samples compared with uninfected epidermis or leaf
samples at the respective time points (n =5, ***P < 0.001, **P = 0.01-0.001, *P = 0.05-0.01).

P22/Bgh inoculation assay, we analysed the early Bgh-responsive
gene (peroxidase) and late Bgh-induced gene (PR-1b) (Gregersen
et al., 1997) in the same P22 cDNA as above at 2, 6, 20 and 72 hai.
The gene encoding peroxidase was induced significantly at all
tested time points and PR-1b was strongly induced at the 20 and
72 hai time points (Fig. 4B), confirming that there was the
expected induction of defence signalling components. The differ-
ential accumulation patterns of HVCRK1 transcripts in Bgh-
attacked P01 and mlo5-resistant P22 suggest that the induction of
HvCRK1 expression after Bgh attack is dependent on MLO activity
in barley.

© 2011 THE AUTHORS

Effects of SA and H,0, on HvCRK1 transcript
accumulation

As Arabidopsis CRKs are transcriptionally induced by oxidative
stress and the application of SA (Wrzaczek et al., 2010), we
tested how HVCRKT transcripts accumulated in whole barley
leaves 24 h after infiltration of 5 mm H,0, or 250 um SA. Tran-
scripts of HYCRKT accumulated strongly after H,0, treatment,
but not after SA treatment, suggesting that HvCRK1 is part of a
signalling pathway responsive to oxidative stress, but not SA
(Fig. 4C).
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Fig. 5 Cellular localization of Hordeum vulgare cysteine-rich receptor-like protein kinase (HVCRK1) is mainly associated with the endoplasmic reticulum (ER). (A)
HvCRK1::GFP (left column) and green fluorescent protein (GFP) alone (right column), expressed under the control of the cauliflower mosaic virus (CaMV) 35S
promoter, after biolistic delivery of vector DNA to barley epidermal cells and analysis for GFP fluorescence by confocal microscopy. Panels | and IV show fluorescent
(green colour) overall morphology of cells; panels Il and VV show fluorescent (intensity colour) close-up images of the nuclei; panels Il and VI show fluorescent
(intensity colour) images of the central part of transformed cells. HYCRK1::GFP is localized in a finely polygonal structured network traversing the cytoplasm, similar
to the ER (I and IlI), and a local concentration of the network can be observed aligning around the nucleus, like the ER (Il). GFP alone exhibited a characteristic
diffuse cytoplasmic fluorescent staining (IV and VI) and a dense fluorescent staining in the nucleus (V). (B) Fluorescence (intensity colour) of HvCRK1::CFP
Agrobacterium-transformed Nicotiana benthamiana leaves. HYCRK1::CFP is also localized in a polygonal structured ER-like network traversing the cytoplasm in

N. benthamiana cells (VII). Photographs are maximum intensity images of z-stack projections.

Subcellular localization of HvCRK1

To study the subcellular localization of HvCRK1 in vivo, we fused the
open reading frame of HVCRKT to the green fluorescent protein
(GFP) gene (HVCRK1::GFP) and expressed it under the control of the
cauliflower mosaic virus (CaMV) 35S promoter. Using SMART
(http://smart.embl-heidelberg.de/) (Schultz et al., 2000) and PSORT
(http:/iwolfpsort.org/) (Horton et al., 2007), we found that HvCRK1
encoded a potential transmembrane domain (Fig. 1) and had pre-
dicted plasma membrane localization. As a result of this prediction,
we expected HvCRK1::GFP to accumulate around the plasma mem-
brane. Initially, the fusion protein was transiently expressed in
barley epidermal cells after the biolistic delivery of vector DNA, and
was analysed by confocal microscopy. HvCRK1::GFP was found to
localize in a finely polygonal structured network traversing the
cytoplasm, similar to the ER (Fig. 5A; panels | and III). A local
concentration of the ER network can be seen to align around the
nucleus (Fig. 5A; panel I}, in agreement with the actual orientation
of this organelle in plant cells. GFP alone exhibited a characteristic
diffused cytoplasmic fluorescent staining (Fig. 5A; panels IV and V1)

and a dense fluorescent staining in the nucleus (Fig. 5A; panel V).
We also included the co-expression of HYCRK1::GFP and the ER
marker YFP::HDEL (Runions et al., 2006), which supported the
localization of ER (Fig. S1, see Supporting Information). Although
HvCRK1 has a predicted plasma membrane localization, we
did not observe any clear indication of the plasma membrane
localization of HVCRK1::GFP. Because wounding and a limited
number of transformed epidermal cells are major limitations when
using biolistic delivery of plasmid DNA for localization studies, we
also examined the subcellular localization of HYCRK1 using a more
robust Agrobacterium-mediated transient expression system in
Nicotiana benthamiana. Consistent with our observations from
barley, a clear cyan fluorescent protein (CFP) fluorescence from the
HVCRK1::CFP construct used was observed in the finely polygonal
structured ER (Fig. 5B; panel VII), and no clear plasma membrane
localization was observed. The gene AHAZ (Liu et al., 2009), a
plasma membrane-associated transporter, was included as a
plasma membrane localization control (Fig. S1). These results
suggest that our HVCRK1 fusion proteins accumulate mainly
in the ER.
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Table 1 Length and hydrohobicity of the transmembrane domain (TMD) in Hordeum vulgare cysteine-rich receptor-like protein kinase (HvCRK1) and the

Arabidopsis homologue AtCRK6 (At4g23140).

CRK proteins TMD alignment TMD lengtht Hydrophobicity scoret Subcellular localization in Nicotiana benthamiana
AtCRK6 VLVVAVVVLAVLLFIALVGYCFL 23 3.148 Plasma membrane
HvCRKT — —————- VILAVVVPLSAAAFVFF 17 2.662 Endoplasmic reticulum

Kk oekKhkKk oo . K.

* = identical amino acid, : = similar amino acid.
thttp://expasy.org/tools/protscale.html (Kyte and Doolittle, 1982).
thttp://msa.sbc.su.se/cgi-bin/msa.cgi (Lassmann et al., 2009).

Arabidopsis AtCRK6 (At4g23140), showing a similar domain
structure and sequence homology to HvCRK1 (39% identity and
54% similarity, EMBL-EBI, http://wwuw.ebi.ac.uk), was shown to be
a plasma membrane-localized protein when transiently expressed
under a 35S promoter in N. benthamiana using Agrobacterium
transformation (Thomas et al., 2008). However, these authors also
showed that single amino acid changes in the transmembrane
domain can move the localization from the plasma membrane to
the ER (Thomas et al., 2008). Therefore, we compared the trans-
membrane domains of HYCRK1 and AtCRK6 to predict possible
sequence variation that might explain the unexpected subcellular
localization of HVCRK1 in N. benthamiana (Table 1). The trans-
membrane domain of HvCRK1 is predicted to consist of 17 amino
acids, whereas AtCRK®6 is predicted to comprise 23 amino acids.
Five amino acids are identical and five belong to similar hydro-
phobic groups. The most distinct difference is at positions 17-19,
with amino acids leucine-valine—glycine (LVG) in AtCRK®6,
accounting for more hydrophobicity (3.148), and alanine—alanine—
alanine (AAA) in HvCRK1, accounting for less hydrophobicity
(2.662). The length and low hydrophobicity of the HvCRK1 trans-
membrane domain support the observed ER localization (Brandizzi
et al., 2002; Szczesna-Skorupa and Kemper, 2000). ER localization
is also supported by the presence of an ER retention signal in the
HvCRK1 amino acid sequence. This —-R—R—L-R— motif is placed
adjacent to the transmembrane region (Fig. 1B).

DISCUSSION

Barley HVCRK1 is a putative CRK. The closest homologue in rice is
the gene AK120072 encoding a CRK protein with 58.3% identity
and 71.6% similarity to HvCRK1 (EMBL-EBI, http://
www.ebi.ac.uk). In Arabidopsis, the closest homologues have
about 30-35% identity and 50-60% similarity to HvCRK1 and, in
general, the Arabidopsis CRKs are much more closely related to
each other than to HvCRK1. In both rice and Arabidopsis, duf26-
containing CRKs constitute large families of genes, some of which
are known to be induced in response to pathogens and defence-
inducing signals, such as SA and ROS (Dievart and Clark, 2004; Du
and Chen, 2000; Shiu and Bleecker, 2001; Wrzaczek et al., 2010).
Several of the Arabidopsis CRKs (CRK4, CRK5, CRK13, CRK19 and
CRK20) have also been shown to be involved in the regulation of
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defence reactions and PCD against Pseudomonas syringae, and
the overexpression of CRKs leads to increased PCD (Acharya et al.,
2007; Chen et al., 2003, 2004).

HvCRK1 regulates basal resistance, but not
R-gene-mediated PCD

Barley possesses two major types of defence against Bgh. Firstly,
an early race-nonspecific basal resistance which may block Bgh
penetration and thereby prevent further fungal infection.
However, if this fails and the barley line contains an effective
race-specific R gene, a hypersensitive response leading to PCD will
be induced in the next layer of defence in the infected cells
preventing the establishment of biotrophy and further fungal
growth. The silencing and overexpression studies of HVCRK1
showed that this CRK negatively influenced the level of basal
resistance, but did not influence R-gene-mediated PCD responses
against Bgh, suggesting a role in defence different from that
observed for the Arabidopsis CRKs 4, 5, 13, 19 and 20.

Basal resistance in barley against Bgh is characterized by the
formation of cell wall appositions, known as papillae, that involve
the deposition of callose (a B-1,3-glucan polymer) and phenolic
compounds on the inner surface of the cell wall at the site of
penetration (Zeyen et al., 2002). These physiological changes are
mediated by a strong local H,0, burst which is induced on fungal
challenge (Thordal-Christensen et al., 1997; Zeyen et al., 2002). In
Arabidopsis, transcript accumulation of several CRKs is induced by
ROS and as a nonhost response to Bgh (Wrzaczek et al., 2010),
and, indeed, we observed a strong induction of HYCRK1 following
both Bgh attack and the application of H,0, (Fig. 4), suggesting
that the induction of HYCRK1 in response to Bgh in barley could be
dependent on H,0,. This is supported by a meta-analysis of Ara-
bidopsis CRK expression in relation to biotic and abiotic stresses
(Wrzaczek et al., 2010), which showed that CRK3, CRK10, CRK11
and CRK19 are responsive to H,0, and that CRK71, CRK12,
CRK13, CRK20, CRK28, CRK29 and CRK36 are responsive to Bgh,
indicating that at least the induction of CRK77 in Arabidopsis
could be dependent on both Bgh and H,0,.

ROS and SA seem to be connected in a positive feedback loop
that amplifies signals leading to defence responses and cell death
in Arabidopsis (Overmyer et al., 2003). However, the accumula-
tion of SA could not be detected in barley seedlings after Bgh
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inoculation in either compatible or incompatible interactions, indi-
cating that defence responses against Bgh do not rely on or induce
SA accumulation in barley (Huckelhoven et al., 1999). We also
found that treatment with SA did not result in any noticeable
changes in HVCRKT transcript accumulation (Fig. 4).

Finally, we observed no enhanced HvCRK1 transcript accumu-
lation in the mlo5 mutant on Bgh inoculation. The penetration
resistance caused by the recessive barley mlo5 allele is physiologi-
cally similar to the nonhost penetration resistance in grasses
(Zeyen et al., 2002), and it has been shown that one effect of MLO
is to negatively regulate the cell wall-restricted H,0, burst that is
induced by fungal penetration attempts, whereas, in the subtend-
ing mesophyll cells, it suppresses a second oxidative burst and cell
death (Piffanelli etal., 2002). Although H,0, can upregulate
HvCRK1, the increased H,0, observed in the fully resistant m/o5
genotype (Piffanelli et al., 2002) could not compensate for the lack
of HVCRK1 transcript accumulation, suggesting that an MLO-
dependent factor(s) in addition to H,0, is important for the
upregulation of HYCRK1 transcript levels. More information about
the HvCRK1-MLO signalling hierarchy may come from the inves-
tigation of HvCRK1 expression in barley lines mutated in the Ror!
and/or Ror2 genes that compromise mlo resistance and make
these lines partially susceptible to Bgh. Interestingly, these muta-
tions are also known to cause changes in the accumulation of
H,0, during Bgh attack in mlo-resistant barley (Huckelhoven et al.,
1999).

A reduction in the length and hydrophobicity of the
transmembrane domain determines the localization of
HvCRK1 to the ER

Results from the subcellular localization of HvCRK1 in vivo indi-
cate that the HVCRK1::GFP fusion protein is targeted primarily to
the ER (Fig. 5). However, to rule out any possible effects of wound-
ing responses caused by the biolistic bombardment method in
barley, we also investigated the localization of HvCRK1::CFP in
tobacco (N. benthamiana) using an Agrobacterium-mediated
transformation system with the same result. Few duf26 proteins
have been studied experimentally with respect to their subcellular
localization. However, two duf26-related CRKs, OsRMC (Jiang
etal., 2007) and the HVCRK1 homologue, AtCRK6, have been
reported to be localized in the plasma membrane (Thomas et al.,
2008). Comparing the transmembrane domains of AtCRK6 and
HvCRK1, we noticed that the domains differed in length and
hydrophobicity (Table 1). It has been postulated that the main
characteristic feature determining protein localization to the
plasma membrane is the length of the hydrophobic transmem-
brane domain. As a result, it has been noted that longer and more
hydrophobic transmembrane domains tend to be localized to the
plasma membrane (Bretscher and Munro, 1993; Szczesna-Skorupa
and Kemper, 2000). Some studies have also indicated specific

amino acid sequences in the transmembrane domain as key deter-
minants of extracellular localization (Thomas et al., 2008). In
agreement with these observations, it has been shown that the
shortening of the transmembrane domain of ATCRK6 from 23 to
18 amino acids results in the retention of the protein in the ER as
opposed to its original localization, i.e. plasmodesmata (Thomas
et al., 2008). The same study reported that the substitution of the
hydrophobic C-terminal amino acids (LVL) in the domain of
PDLP1a (a duf26-related transmembrane protein) with less hydro-
phobic amino acids (AAA) resulted in the ER retention of PDLP1a.
Based on these previous results, it is plausible that the less hydro-
phobic distal amino acids (AAA) in the putative transmembrane
domain of HYCRK1 might represent specific signals that determine
ER retention. In summary, a short transmembrane domain (17
amino acids) and the presence of less hydrophobic C-terminal
amino acids (AAA) may represent key characteristics of HYCRK1
responsible for its apparent ER localization. In addition to the
amino acid sequence in the transmembrane domain, both luminal
and membrane-localized ER proteins have been predicted tradi-
tionally on the basis of classical C-terminus-located retention
signals ([KH]DEL) (Teasdale and Jackson, 1996). However, other
noncanonical arginine-based signals directing proteins to the ER
have been identified (Michelsen et al., 2007). These trafficking
signals conform to the consensus —R—R—X-R, where —X— denotes
a large neutral or positively charged amino acid, and have been
found in both ion channels and G-coupled receptors (Ren et al.,
2005). Interestingly, analysis of the deduced amino acid sequence
of HVCRK1 identified an —-R—R—L—R— motif adjacent to the trans-
membrane region (Fig. 1B). Hence, the predicted subcellular locali-
zation using the transmembrane domain as a query is in
agreement with our in vivo studies showing HVCRK1 to be local-
ized in the ER. Future studies should focus on the negative defence
regulation exerted by ER-localized HvCRK1.

In summary, HvCRK1 is a putative CRK, which is probably
ER-associated and involved in the negative regulation of basal
resistance in barley against Bgh. We argue that this regulation
could be dependent on H,0,. However, this regulation occurs in
the signalling pathway downstream from MLO function, as
HVvCRK1 transcripts do not accumulate after Bgh inoculation in
mlo-resistant barley. Overall, this suggests that HvCRK1 could be
part of the basal defence regulation controlled by MLO and,
through this, a possible direct or indirect target for Bgh-derived
effector proteins.

EXPERIMENTAL PROCEDURES

Plant material and fungal inoculations

The near-isogenic barley (Hordeum vulgare) lines P01 (susceptible) and
P22 (mlo5 resistant) (Kalster et al., 1986) and the cultivars Golden Promise
(susceptible) and Roland (carrying Mla9-mediated resistance) were grown
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in pots of compost soil in growth chambers (16 h light and approximately
20 °C) for 7 days before the experiments. The fungus Blumeria graminis
f.sp. hordei (Bgh) race A6, virulent on P01, was used for gene expression
and localization studies. The Bgh isolates 4.8 (avirulent on M/a9) and K1
(virulent on Mla9) were used for RNAi and overexpression experiments. All
Bgh isolates were maintained on compatible barley lines by weekly trans-
fer to fresh plants.

Differential display, RACE and cloning of HvCRK1

Differential display was performed as described previously (Jensen et al.,
2007). RNA was isolated from abaxial epidermal tissue of barley leaves,
20 h after Bgh inoculation. The reverse transcriptase-polymerase chain
reaction (RT-PCR) was performed with oligoT12CG and random hexamer
primers. Amplification of 5" and 3" ends was carried out according to the
SMART™ RACE kit (Clontech, Mountain View, CA, USA). Two 5" ¢cDNA
clones were obtained using gene-specific primers in combination with
SMART Il oligo primers, and one 3" cDNA clone was obtained using 3" CDS
primers (SMART™ RACE kit) in combination with the gene-specific primer.
Differential display fragments and RACE products were all cloned into the
pGEM-T Easy vector (Promega, Madison, WI, USA) and sequenced. The
overlapping sequences were combined to obtain the 2198-bp sequence of
HvCRK1, which included a single 1935-bp-long open reading frame, rep-
resenting a coding region of 645 amino acids.

RNA extraction and cDNA synthesis

For transcript analyses, 20 abaxial epidermal peels, or the 7-cm central
part of five fully expanded seedling leaves, were prepared for each time
point of both control and inoculated plants for each biological replicate.
For the analysis of the effects of SA and H,0,, five fully matured seedling
leaves of the barley line P01 were infiltrated with 250 um SA or 5 mm H,0,
and sampled 24 h later. Total RNA was isolated using the RNA mini kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. One
microgram of purified DNasel-treated (Ambion, Austin, TX, USA) quality-
checked RNA was used for cDNA synthesis employing the iScript™ c¢DNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions.

Quantitative real-time PCR analysis

Quantitative real-time PCR was performed for studies of HYCRK1 expres-
sion using the primers RLK729 (5-CGCACGGGTGGACAAATG-3’) and
RLK825 (5-TCGGCAATGGCACAATCAGC-3’). Ubiquitin  conjugating
enzyme 2 (UBC2, AY220735) was used for the normalization of variations
in ¢DNA quantity employing the primers UBC423 (5’-TCTCGTCCCT
GACATTGCCAACAT-3’) and UBC552 (5-TTTCTCGGGACAGCAACACAATC
TTCT-3’). The expression of peroxidase (X58396) and PR-1b (X74940) was
tested in P22 (mlo resistant) using the primers Prx299 (5-GGCAT
GGAACAAAACGCTAT-3") and Prx419 (5-TGAGTATGTCGGCACAGGAG-3'),
and PR1b158 (5"-CCGCAGGACTACGTATCACC-3’) and PR1b282 (5-
TTGCAGTCGTTGATCCTCTG-3"), respectively. Relative gene expression
differences (R) and statistical significance levels for Bgh-inoculated
samples compared with uninoculated control samples were quantified
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using ResT software (Pfaffl et al., 2002) and expressed as fold induction. G;
values included in the analyses were based on five biological replicate
measurements, with three technical replicates for each time point and
treatment.

Constructs for transient expression studies

For RNAI, a 536-bp extracellular domain/receptor domain starting at the
66th base pair of HvCRK1 CDS was PCR amplified and cloned into the
PENTR™ TOPO vector using the pENTR™ Directional TOPO Cloning Kit
(Invitrogen, Carlshad, CA, USA). PCR was performed using high-fidelity pfu
polymerase (Promega). The RNAi fragment was cloned from the pENTR™
TOPO donor vector into the RNAi destination vector pIPKTA3ON as
inverted repeats by a single LR recombination reaction using the LR
clonase and the Invitrogen Gateway system to generate pIPKTA30_CRK1
(Douchkov et al., 2005). Two other constructs, namely pIPKTA36 (an RNAi
construct for silencing Mlo) and pIPKTA30_Mla6 (an RNAi construct for
silencing Mla6 and Mla9) (Douchkov et al., 2005), were used as controls.
As a result of the high sequence similarity between Mla6é and Mla9
(Seeholzer et al., 2010), pIPKTA30_MIa6 is expected to efficiently silence
the expression of both genes. The overexpression construct pIPKTA9_CRK1
was obtained by subcloning a BamH/-Apal fragment of the full coding
sequence of HYCRKT under control of the CaMV 35S promoter into the
pIPKTA9 vector for overexpression (Dong et al., 2006). The pWIR3 overex-
pression construct for the peroxidase gene TaPrx103 and empty pIPKTA9
vector (Johrde and Schweizer, 2008) were included as control. An HvCRK1
C-terminal GFP fusion for studies of subcellular localization in barley was
generated in the pIPKTA9 vector by an overlap extension strategy (Dong
et al., 2006; Jensen et al., 2007). HvCRK1::CFP fusion proteins for the
study of the subcellular localization in N. benthamiana were prepared by
amplification of the open reading frame without the stop codon using
primers Topo rlk FP (5-CACCATGGCGACCATCGGCGT-3") and Topo
rlk ns RP (5’-TCCATGAATTGTCGCAGATATGG-3'). The PCR product was
first cloned into the pENTR/D-TOPO vector (Invitrogen). The resulting plas-
mids were combined with the destination vector pEarleygate 102 (Earley
etal., 2006) in an LR reaction to generate the HvCRK1::CFP fusion
construct.

Microprojectile bombardment and challenge
inoculation

TIGS and transient overexpression were performed in 7-day-old suscepti-
ble barley plants of cultivar Golden Promise (m/a9) or Roland (M/a9), as
described previously (Douchkov et al., 2005; Ihlow et al., 2008). Briefly,
leaf segments were bombarded by gold particles that had been coated
with either one of our test constructs or one of the control constructs. In
addition, pUbiGUS, containing the GUS gene under the control of the
maize Ubiquitin promoter, was included and co-transformed as a reporter
for transformed epidermal cells (Schweizer et al., 1999). Leaves were
bombarded using the PDS-1000/He biolistic particle delivery system (Bio-
Rad, Munich, Germany). Leaf segments were inoculated with Bgh, 3 days
after bombardment for the RNAi experiments and 4 h after bombardment
for the overexpression experiments. After another 40 h of incubation, cells
were stained for GUS activity. Leaves were screened for the infection of
transformed cells using an automated analysis system (Ihlow et a/., 2008).
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The fraction of successfully formed haustoria (infection index) in GUS-
stained cells was calculated as:

Infection index = number of haustoria/total number
of transformed cells

and the data were analysed for significance using the Wilcoxon rank-sum
test.

Subcellular localization

The pIPKTA9 plasmid (Dong et al., 2006) harbouring the CaMV 35S pro-
moter was used to express GFP and HvCRK1::GFP transiently in barley
epidermal cells, as described previously (Jensen et al., 2007). A total of
10 ug of each expression construct was coated onto 27.5 mg/mL 1-um
gold particles and transferred into the cells, as described for transient gene
silencing experiments. For the subcellular localization of HvCRK1::CFP in
N. benthamiana, plants were transformed by the infiltration of Agrobac-
terium tumefaciens (Liu et al., 2009). Transformed cells were visualized
using a Leica TCS SP2/MP confocal laser scanning microscope (Leica
Microsystems, Mannheim, Germany).

Bioinformatic tools

Amino acid sequences from poplar, rice and Arabidopsis duf26-containing
RLKs were extracted from RefSeq (http://www.ncbi.nlm.nih.gov/RefSeq/).
The batch extraction largely overlapped with the annotation table from
Lehti-Shiu et al. (2009). Kinase domain sequences were extracted and
aligned using SMART (http://smart.embl-heidelberg.de/) (Schultz et al.,
2000) and CLusTALX (Thompson et al., 1997). A rooted phylogenetic tree
was built using NJPLoT software (Perriere and Gouy, 1996) using neighbour
joining (gap open and gap extension penalties of 10 and 0.2, respectively)
with 1000 bootstrap trials. Alignment of the deduced transmembrane
domain of HYCRK1 with Arabidopsis CRK (AtCRK6) was carried out using
a high-performance multiple alignment program: KALIGN2 (http://
msa.sbc.su.se/cgi-bin/msa.cgi) (Lassmann et al., 2009). PSORT (http:/
wolfpsort.org/) (Horton et al., 2007) was used to predict the subcellular
localization of HVCRK1. The hydrophobicity index of the transmembrane
domain was calculated using ProtScale and following the method of Kyte
and Doolittle (1982) with a window size of 21 (http://expasy.org/tools/
protscale.html).

Accession number

The isolated HvCRK1 cDNA clone described in this article has been depos-
ited in the EMBL database with the following accession number:
FR717136
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Cellular localization of Hordeum vulgare cysteine-rich
receptor-like protein kinase (HvCRK1) is mainly associated with
the endoplasmic reticulum (ER). (A) HvCRK1::GFP (top row) and
the ER marker YFP::HDEL (Runions et al., 2006) (bottom row),
co-expressed under the control of the CaMV 35S promoter after
biolistic delivery of vector DNA to barley epidermal cells, and then
analysed for green fluorescent protein/yellow fluorescent protein
(GFP/YFP) fluorescence by confocal microscopy. Panels | and IlI
show fluorescent close-up images of the edge of the transformed
cell and panels Il and IV show fluorescent images of the central
part of the transformed cell. The fluorescence signal patterns
appear to be identical, although YFP:HDEL gives a stronger signal
than HvCRK1::GFP inside the nucleus. (B) HvCRK1::CFP and the
plasma membrane-associated transporter AtAHA2::CFP (Liu et al.,
2009) in Agrobacterium-transformed Nicotiana benthamiana
leaves. Panels | and IV show fluorescent images, panels Il and VI
show light images and panels Il and V show overlay images of the
same N. benthamiana cells. HvCRK1::CFP is localized in a polygo-
nal structured ER-like network traversing the cytoplasm (arrows
in 11), whereas AtAHA2::CFP is only localized around the cell

periphery.
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