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Fungal cell-wall chitin is a well-recognized pathogen-asso-
ciated molecular pattern. Recognition of chitin in plants by
pattern recognition receptors activates pathogen-triggered
immunity (PTI). In Arabidopsis, this process is mediated by
a plasma membrane receptor kinase, CERK1, whereas in
rice, a receptor-like protein, CEBIP, in addition to CERK1
is required. Secreted chitin-binding lysin motif (LysM)
containing fungal effector proteins, such as Ecp6 from the
biotrophic fungus Cladosporium fulvum, have been reported
to interfere with PTI. Here, we identified wheat homologues
of CERKI and CEBiP and investigated their role in the
interaction with the nonbiotrophic pathogen of wheat Myco-
sphaerella graminicola (synonym Zymoseptoria tritici). We
show that silencing of either CERKI or CEBiP in wheat,
using Barley stripe mosaic virus—-mediated virus-induced
gene silencing, is sufficient in allowing leaf colonization by
the normally nonpathogenic M. graminicola Mg3LysM
(homologue of Ecp6) deletion mutant, while the MglLysM
deletion mutant was fully pathogenic toward both silenced
and wild-type wheat leaves. These data indicate that
Mg3LysM is important for fungal evasion of PTI in wheat
leaf tissue and that both CERK1 and CEBIiP are required
for activation of chitin-induced defenses, a feature con-
served between rice and wheat, and perhaps, also in other
cereal species.

Plants have evolved the ability to detect potentially patho-
genic microorganisms by recognizing conserved pathogen-
derived signals known as pathogen-associated molecular pat-
terns (PAMPs), usually via pattern-recognition receptors
(PRR) that are expressed on the surface of plant cells (Jones
and Dangl 2006). Recognition of PAMPs by the PRR triggers
downstream signaling, which results in the activation of plant
defense responses, a process referred to as PAMP-triggered
immunity (PTI). Pathogenic microbes, on the other hand, have
evolved specialized secreted effector proteins that are able to
interfere with or suppress the activation of PTI, thus enabling
the pathogen to successfully evade this first layer of plant de-
fense (Gimenez-Ibanez et al. 2009; Gohre et al. 2008; Zhang
et al. 2010). These secreted effectors are typically relatively
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small proteins and have, in many cases, been shown to func-
tion as virulence factors (de Jonge et al. 2011). Plants have
also evolved disease resistance proteins that recognize, either
directly or indirectly, pathogen effectors or the activity of these
effectors, which results in activation of a second layer of de-
fense known as effector-triggered immunity (Boller and He
2009).

One of the fungal PAMPs recognized by both plants and
animals is chitin, a major component of fungal cell walls. In
Arabidopsis thaliana, chitin recognition and signaling is medi-
ated by CERKI1 (chitin elicitor receptor kinase 1). Arabidopsis
CERKI1 contains three lysin motifs (LysM) that mediate bind-
ing to chitin-derived oligosaccharides (Miya et al. 2007). In
rice (Oryza sativa), a second LysM-containing protein called
CEBiP (chitin elicitor binding protein) is required in addition
to CERKI1 for chitin elicitor perception and signaling (Fig.
1A) (Kaku et al. 2006; Shimizu et al. 2010). This is in contrast
to Arabidopsis, in which CERK1 alone appears to be sufficient
for chitin-induced activation of defenses (Shinya et al. 2012).
However, it has recently been suggested that, in this plant spe-
cies, a homologue of rice CEBiP called LYM2 mediates a de-
crease in molecular flux between cells in the presence of chitin
via a pathway that is independent of PTI and does not require
CERKI1 (Faulkner et al. 2013). Another recent report suggests
that Arabidopsis LYM2 is not involved in chitin signaling but
contributes to CERK1-independent resistance against a necro-
trophic fungus Alternaria brassicicola via a novel disease-
resistance mechanism (Narusaka et al. 2013). Several patho-
genic fungi have been shown to secrete LysM-containing ef-
fector proteins that are able to interfere with chitin-induced
plant defense responses, such as the Ecp6 protein from the bio-
trophic fungal pathogen of tomato Cladosporium fulvum,
which binds chitin with ultrahigh affinity (de Jonge and
Thomma 2009; de Jonge et al 2010; Mentlak et al. 2012;
Sénchez-Vallet et al. 2013). Ecp6 homologue—expressing fun-
gal species include the economically important fungal patho-
gen Mycosphaerella graminicola (anamorph Septoria tritici,
recently renamed Zymoseptoria tritici [Quaedvlieg et al.
2011]), the causal agent of Septoria tritici blotch (STB) disease
of wheat.

STB is recognized as one of the most economically impor-
tant diseases of wheat in the U.K. and western Europe and a
threat to wheat crop yields worldwide (Dean et al. 2012). M.
graminicola infects only the leaves of wheat (Triticum spp.)
plants, entering the leaf via open stomata, after which the fun-
gal hyphae grow apoplastically between the mesophyll cells in
an extended symptomless infection phase of between 7 to 28
days, depending on the particular wheat genotype—fungal iso-
late combination. This extended symptomless phase is followed



by rapid induction of host cell death and a subsequent necro-
trophic feeding phase that is required for fungal asexual sporu-
lation (Dean et al. 2012; Kema et al. 1996). Notably, fungal
biomass does not increase significantly until the latter necro-
trophic phase (Keon et al. 2007). Previous studies indicate that
two homologues of C. fulvum Ecp6 identified in the M. grami-
nicola genome, Mg3LysM and MglLysM, are capable of
binding chitin and are also able to protect fungal hyphae
against plant-derived chitinases (Marshall et al. 2011). In C.
fulvum, the latter function is fulfilled by a separate effector
protein Avr4 rather than by Ecp6 (van den Burg et al. 2006).
Analyses of M. graminicola single-gene deletion mutant
strains demonstrated that only Mg3LysM but not MglLysM is
important for fungal virulence, through a role in preventing
activation of chitin-triggered plant defenses. This indicated
that chitin-induced PTI is important in STB disease develop-
ment (Marshall et al. 2011), although the components of chitin
recognition and downstream signaling pathways in wheat have
not yet been characterized. It is worth noting that, even for the
well-studied tomato—C. fulvum pathosystem, the nature of the
one or more tomato receptors that compete for chitin binding
with fungal Ecp6 remains unknown (Sdnchez-Vallet et al.
2013).

In this study, we demonstrated that Barley stripe mosaic
virus—mediated virus-induced gene silencing (BSMV-VIGS)
(Lee et al. 2012) is relatively long-lasting and, therefore, can
be applied for functional analysis of wheat genes involved in
the interaction with plant pathogens that have a long symptom-
less infection stage, such as M. graminicola. Using in silico
analyses, we identified the most likely wheat (Triticum aes-
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tivum) orthologues of CERKI and CEBiP and, then, explored
whether these two genes play a role during M. graminicola in-
fection of wheat. Our results indicate that Mg3LysM is im-
portant for fungal evasion of PTI activation in the host tissue
and that both CERKI and CEBIP are required for chitin recog-
nition and signaling in wheat.

RESULTS

Identification of rice homologues
of CERKI and CEBiP in wheat.

We searched the National Center for Biotechnology Infor-
mation (NCBI) and Dana-Farber Cancer Institute (DFCI)
Wheat Gene Index databases to find potential homologues of
the rice CERK1 and CEBiP genes in wheat. One wheat candi-
date unigene was identified for CERK1 (Ta.25461) and one for
CEBiP (Ta.58242). When this project was initiated in early
2012, comprehensive bioinformatics analyses using the pub-
licly available sequence resources, i.e., NCBI genomic and ex-
pressed sequence tag (EST) databases, DFCI Wheat Gene Index
database, and an International Wheat Genome Sequencing
Consortium (IWGSC) chromosome arm survey sequence re-
pository at URGI INRA (Unité de Recherche Génomique Info
Institut National de la Recherche Agronomique) (Versailles,
France) led to the identification of only one candidate gene for
CERKI (UniGene Ta.25461; GenBank entry AK331369; pre-
dicted to reside on the short arm of homoeologous group 7
chromosomes) and one for CEBiP (UniGene Ta.73435; pre-
dicted to reside on the long arm of homoeologous group 4
chromosomes). The sequences of wheat and rice CERK1 pro-
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Fig. 1. Silencing predicted components of the chitin signaling pathway in wheat. A, Recognition of chitin fragments by rice CERK1 and CEBIiP is
thought to trigger downstream signaling, resulting in defense activation. B, Diagrammatical representation of wheat CERK1 and CEBiP. Bars extending
from the termini of the predicted protein structures indicate nontranslated cDNA regions up- and downstream of the coding regions. Bars above each
gene model indicate regions amplified to generate different Barley stripe mosaic virus-mediated virus-induced gene silencing (BSMV-VIGS) constructs
targeting these genes. C, Numbers of effective siRNA hits predicted by Si-Fi software to arise from each of the gene fragments used in BSMV-VIGS. D
and E, Quantitative reverse transcription-polymerase chain reaction analysis of CERK] and CEBiP transcript levels in BSMV-infected wheat plants at
14 days postinoculation. Data shown represents one of three independent experiments. Error bars in D and E represent mean tstandard error of the
means of three biological replicates. SP = signal peptide, LysM = lysin motif, TM = transmembrane region, GPI anchor site = putative glycosylphospha-

tidylinositol modification site.
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teins share 86% amino acid identity and are predicted to con-
tain the same structural features, namely an N-terminal signal
peptide, three LysM motifs, a transmembrane domain, and a
C-terminal kinase domain. The sequences of wheat and rice
CEBIiP proteins are also very similar and share 81% amino
acid identity. Both contain a signal peptide at the N terminus,
two LysM motifs and a putative glycosylphosphatidylinositol
(GPI) anchor site at the C-terminus (Supplementary Figs. S1
to S3).

Gene expression analysis revealed that both predicted chitin
receptor genes CERKI and CEBiP were significantly up-regu-
lated in susceptible wheat leaves at approximately 9 days post-
inoculation (dpi) with M. graminicola isolate IPO323, when
the fungus begins to transition from biotrophic to necrotrophic
growth (Supplementary Fig. S4). This is consistent with the
function of these genes in activation of the PTI responses during
the infection-phase transition (Rudd et al. 2008; unpublished).

VIGS of CERK1 and CEBiP in wheat.

In order to study the role of CERKI and CEBIP in the
wheat—M. graminicola interaction, we used BSMV-VIGS to
target each of these two genes for silencing. Three different
fragments for each target gene were selected for VIGS con-
struct preparation, aided by the siRNA-Finder (si-Fi) software
(Fig. 1B and C). Off-target silencing was not predicted to arise
from any of the gene fragments. Efficient knock-down of
CERK] transcript levels was achieved with all three of the
VIGS constructs designed, with a reduction in target transcript
levels of around 35% with construct ‘a’ to 56% with constructs
‘b’ and ‘c’ in the third leaves of wheat plants subjected to
BSMV-VIGS when sampled at 14 dpi (Fig. 1D). The relative
degree of silencing induced by each construct agreed well with
the si-Fi software predictions (Fig. 1C). Similar data were ob-
tained in three independent experiments, although the exact
degree of silencing varied slightly between experiments, rang-
ing from 20 to 40% reduction in CERKI transcript levels in
construct a—infected plants and from 45 to 70% reduction in
construct b— or c—infected plants when sampled between 14
and 25 dpi (data not shown). Robust silencing of CERKI was
still detectable at 28 dpi, with around 34% reduction in
CERK] transcript levels in construct a—infected plants and
46% reduction in construct b—infected plants (Supplementary
Fig. S5).

Only two of the three BSMV-VIGS constructs designed to
target CEBiP were effective. Constructs b and ¢ induced 15
and 67% reduction, respectively, of wheat CEBIP transcript
levels in the third leaves of infected plants sampled at 14 dpi
(Fig. 1E). This was, again, consistent with the si-Fi software
predictions, as construct a was not predicted to generate any
effective small interfering RNAs (Fig. 1C). Similar degrees of
silencing with each CEBiP-specific VIGS construct were seen
in three independent experiments in leaf samples taken be-
tween 14 and 24 dpi (data not shown).

In all subsequent experiments involving fungal inoculations,
we used only the two VIGS constructs for each target gene,
CERKI and CEBIP, that provided the greatest degree of
silencing.

Optimization of BSMV-VIGS
for studying wheat leaf-M. graminicola interactions.

We proceeded to explore the effect of transiently silencing
CERKI or CEBIP on various types of wheat-M. graminicola
interactions. Plants were preinoculated with the different
BSMV-VIGS constructs at the two-leaf seedling stage, and be-
tween 10 to 14 days later, the third leaves inoculated with the
wild-type strain M. graminicola IPO323 in an attached leaf
bioassay (Rudd et al. 2008). Disease was assessed at 21 days
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post—fungal inoculation by scoring the area of M. graminicola—
inoculated leaf tissue that was both necrotic and evenly cov-
ered by fungal pycnidia as a percentage of the total M. grami-
nicola—inoculated leaf area (hereafter referred to as percent
pycnidial coverage). Leaves or areas of leaf tissue that dis-
played necrotic symptoms but developed no or only a few
scattered pycnidia were scored as ‘no pycnidia’ areas.

Very few or no fungal pycnidia formed on either the
CERKI- or CEBiP-silenced or control BSMV:asGFP-inocu-
lated wheat cv. Cadenza, which is resistant to M. graminicola
IPO323, indicating that preinfection with BSMV did not com-
promise resistance to M. graminicola in these plants (Supple-
mentary Fig. S6). There was also no significant difference in
percent pycnidial coverage (Fis 70 = 1.04, P = 0.427) in leaves
of wheat cv. Riband (susceptible to M. graminicola TPO323)
preinoculated with the different BSMV-VIGS constructs (Fig.
2A and B). Pycnidial coverage of the majority of cv. Riband
leaves was more than 60% for all treatments and, therefore,
indicated that the compatible wheat-M. graminicola interac-
tion also remained unaltered. This experiment was repeated
three more times with both cv. Cadenza and cv. Riband with
consistent results.

Silencing either CERK1 or CEBiP allows
wheat leaf colonization by the normally nonpathogenic
M. graminicola AMg3LysM mutant.

We previously showed that the M. graminicola mutant strain
AMgILysM is fully virulent on leaves of wheat cv. Riband and
also lacked the ability to block chitin-elicited defense responses
(Marshall et al. 2011). When we inoculated CERKI- or CEBiP-
silenced and control cv. Riband plants with the AMglLysM
mutant strain, similar levels of disease were observed on si-
lenced and nonsilenced leaves (Fig. 2C and D), with no sig-
nificant difference in percent pycnidial coverage on plants pre-
inoculated with the different BSMV-VIGS constructs (Fs, 40 =
0.91, P =0.564).

We then investigated whether silencing either CERKI or
CEBiP would fully or partially restore the disease-causing
ability of the M. graminicola mutant strain AMg3LysM. When
the cv. Riband leaves were examined at 21 days post—fungal
inoculation, significant differences were found between the
percent pycnidial coverage profiles on leaves of plants that
received treatments with the different BSMV-VIGS constructs
(Fs, 80 = 3.67, P < 0.001). As expected, few or no pycnidia
were detected on leaves of most of the virus-free or
BSMV:asGFP-infected control plants (Fig. 2E). By contrast, a
significant proportion of the CERKI- or CEBiP-silenced
leaves displayed high (>60%) AMg3LysM pycnidial coverage
(P < 0.05, Fisher’s least significant difference test) (Fig. 2E
and F).

DISCUSSION

We have previously shown that Mg3LysM is required for
full virulence of the fungus M. graminicola (also known as
Zymoseptoria tritici) on wheat leaves and that this effector
protein is able to block the induction of chitin-elicited defenses
in tomato cell cultures (Marshall et al. 2011). In this study,
we demonstrate that Mg3LysM is required during the early
asymptomatic phase of STB disease on wheat and has the
role of shielding fungal chitin from recognition by the wheat
chitin receptor proteins CERK1 and CEBIiP. This is the first
study to show that both CERK1 and CEBIiP are involved in
chitin perception in wheat and, also, that BSMV-VIGS can
be used in wheat for identification of host defense compo-
nents in the wheat-M. graminicola interaction. We show that
infection of wheat leaves with the control viral vector does



not, in itself, interfere with the outcome of either the incom-
patible (resistance) or compatible (disease) interaction with
M. graminicola. These new data indicate that this transient
gene-silencing approach is suitable for investigating and func-
tionally characterizing the plant genes involved in both inter-
action outcomes.

In Arabidopsis, the receptor kinase CERK1 alone is sufficient
for chitin perception, whereas in rice CERK1 and CEBiP co-
operatively regulate chitin signaling (Shimizu et al. 2010;
Shinya et al. 2012). It has previously been shown that Slpl1, a
homologue of C. fulvum Ecp6 from the rice blast fungus
Magnaporthe oryzae, is able to directly compete with the rice
CEBIP receptor for chitin binding (Mentlak et al. 2012) and
that the Magnaporthe oryzae Aslpl mutant was able to cause
full rice blast disease in stable transgenic rice lines in which
CEBiP had been silenced by RNAi. It remains unknown
whether CERK(1 also plays a role in the Magnaporthe oryzae—
rice interaction. However, this is conceivable, because rice
CEBiP and CERKI1 have been shown to interact with each
other through the extracellular LysM domains in the yeast
two-hybrid system assays and are speculated to form func-
tional heteroduplexes in planta (Fig. 1A) (Shimizu et al.
2010). Whether chitin signaling is coregulated by CERKI1
and CEBIiP in other monocotyledonous species has not yet
been reported. It has, however, been shown that barley CEBiP
is involved in resistance to the mutant strain of rice blast
pathogen Magnaporthe oryzae, called mossdl, that lacks the
function of the SSDI gene (a regulator of cell-wall assem-
bly). The mossdl mutant was able to form appressoria and
primary hyphae but, postinvasion, was severely restricted in
pathogenicity towards leaf sheaths of compatible rice plants
due to the activation of a plant hypersensitive cell-death re-
sponse (Tanaka et al. 2007). However, when inoculated onto
barley plants in which CEBiP had been silenced, either
through stable RNAi or through BSMV-VIGS, this mutant
was able to produce small disease lesions at a small propor-
tion of inoculation sites, indicating that CEBiP in barley con-
tributes towards the host resistance to mossdl (Tanaka et al.
2010). Our data suggest that, in wheat as in rice, chitin recog-
nition and signaling is coregulated by CERK1 and CEBiP and
represents an evolutionarily conserved perception mechanism
shared between rice and wheat and, also perhaps, in other
cereal species.

In this study, we demonstrate that the AMg3LysM mutant
of M. graminicola, which is severely compromised in its dis-
ease-causing ability on wheat, is fully pathogenic on wheat
leaves in which either CERKI or CEBiP have been silenced.
On the other hand, silencing CERKI or CEBiP had no effect
on the pathogenicity of the A/MgLysM mutant toward wheat
leaves. This is consistent with our previous observation that,
although both M. graminicola LysM effectors MglLysM and
Mg3LysM are able to bind chitin and protect fungal hyphae
against hydrolytic plant enzymes, only Mg3LysM is able to
block chitin-induced plant defense responses (Marshall et al.
2011). Our new data, therefore, suggests indirectly that the
chitin-binding function of Mg3LysM during disease develop-
ment is likely to be more important than its protective activ-
ity against plant chitinases.

M. graminicola has an infection biology that is different
from that of another dothideomycete, C. fulvum, and to the
more distantly related sordariomycete Magnaporthe oryzae.
These are the only two fungal species to date that have been
investigated with respect to LysM effectors and suppression or
evasion of chitin-triggered plant immunity. While C. fulvum,
like M. graminicola, invades host tissue via stomata and grows
strictly intercellularly, it is a true biotrophic pathogen that is
able to increase its biomass and sporulate in association with

living plant cells (Thomma et al. 2005). Magnaporthe oryzae
is a hemibiotroph that, in contrast to M. graminicola and C.
Sfulvum, uses specialized infection structures called appressoria
to penetrate inside plant cells. The Magnaporthe oryzae hyphae
then undergo an extensive intracellular biotrophic phase during
which the fungus is able to obtain nutrition from living plant
cells before inducing extensive host cell death and lesion for-
mation (Wilson and Talbot 2009).

Given the length of the early symptomless phase of M. grami-
nicola infection, which persisted for 10 to 14 days in our experi-
mental system, it is noteworthy that we have been able to use
BSMV-VIGS to silence the wheat chitin receptor genes and
study the in planta role of both in the infection process. Prior to
this study, BSMV-VIGS has only been used to study plant-
pathogen interactions in which fungus-induced disease symp-
toms could be scored from 5 days (in the case of powdery mil-
dew disease [Hein et al. 2005]) to 12 days (as with leaf or stem
rust diseases [Scofield et al. 2005; Zhang et al. 2009]) post—
fungal inoculation. However, here, we were able to detect and
utilize effective gene silencing through VIGS when scoring STB
disease symptoms at 21 days post—fungal inoculation (corre-
sponding to between 31 to 33 days post—virus inoculation). It
was not possible to determine whether silencing of CERKI and
CEBiP was retained in M. graminicola—infected wheat leaves
during the latter stages of M. graminicola infection as, by this
point, the host tissue is undergoing or has already undergone cell
death. However, we were able to ascertain that silencing of
CERK] was still effective in the third leaves of virus-infected
leaves sampled at 28 days post—virus inoculation, although we
did not investigate whether silencing of CEBiP persisted beyond
24 days post—virus inoculation.

This indicates that BSMV-VIGS may be suitable for func-
tional gene studies involving other pathogens of monocotyle-
donous plant species with prolonged life cycles, for example,
other members of the Mycosphaerella genus. Importantly,
the efficiency of silencing induced by the different VIGS
constructs targeting different parts of the same gene agreed
well with that predicted by the si-Fi software. Even though
only a small number of constructs were tested in this study,
this good correspondence between experimental prediction
and data generated suggests that si-Fi could be used to speed
up the process of identifying effective target gene fragments
for VIGS experiments and to minimize the likelihood of off-
target silencing.

One possible caveat in this study is that we analyzed only one
homologue of rice CERKI and only one homologue of rice
CEBIP, predicted to locate on the short arm of homoeologous
group 7 chromosomes and the long arm of homoeologous group
4 chromosomes in wheat, respectively. These genes were identi-
fied in our bioinformatics study conducted in early 2012. Since
then, many new wheat sequences have been deposited into the
NCBI EST database and IWGSC wheat chromosome arm sur-
vey sequence repository. Our recent bioinformatics analyses
(August 2013) identified an additional homologue for each of
the LysM-containing receptor genes in wheat. The CERK-like
gene is predicted to reside on the long arm of homoeologous
group 6 chromosomes, whereas the CEBiP-like gene is pre-
dicted to reside on the long arm of homoeologous group 5 chro-
mosomes. The two wheat CEBiP homologues share 38 and 55%
identity at the amino acid and nucleotide levels, respectively
(Supplementary Fig. S7; data not shown). In silico analysis
using si-Fi software predicts that none of the BSMV-VIGS con-
structs should be efficient in silencing the newly identified
CEBIiP gene from the homoeologous chromosome group 5
(Supplementary Fig. S8). On the other hand, the two wheat
CERKI homologues are very similar and share 83 and 88%
identity at the amino acid and nucleotide levels, respectively
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(Supplementary Fig. S9; data not shown). It is, therefore, likely
that each of the three BSMV-VIGS constructs used in this study
was efficient in silencing both wheat CERK] homologues (Sup-
plementary Fig. S10). Interestingly, each of the newly identified
CERKI and CEBiP homologues is represented by only two to
four partial EST, suggesting a very low level of expression.
Therefore, our current work poses a number of questions that
would be interesting to answer in follow-up studies. In particu-
lar, 1) do the newly discovered CERKI and CEBiP homologues
represent functional genes or pseudogenes? ii) what is the func-
tion of the CEBiP homologue locating on the homoeologous
chromosome group 5 and does this sequence play a role in the
M. graminicola—wheat interaction? and iii) are the two CERK]
wheat homologues functionally redundant or is only one of them
important during M. graminicola infection on wheat?

In summary, our data indicate that CERK1- and CEBiP-
coregulation of chitin elicitor detection has been conserved
within cereal species and that evasion of this plant immune re-
sponse has been conserved between fungi with very different
in planta lifestyles. Putative LysM-containing effector proteins
have been identified in both pathogenic and saprophytic fungal
species across five different phyla (de Jonge and Thomma
2009), and it is possible that, at least in many of these patho-
genic species, LysM-containing effector proteins are similarly

No virus
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BSMV:asGFP BSMV:asCERK1 BSMV:asCEBiP

involved in subversion of host recognition of essential fungal
cell-wall components.

MATERIALS AND METHODS

Sequence analysis, alignment, and domain predictions.

To identify CERKI and CEBiP homologues in wheat, the
NCBI, DFCI Wheat Gene Index, and an International Wheat
Genome Sequencing Consortium chromosome survey sequence
repository at URGI INRA databases were used. The nucleotide
and amino acid sequences of rice CERK1 and CEBiP proteins
were used to search for their homologues in wheat using the
BLASTN and TBLASTN programs. At the start of this project
in early 2012, it was possible to identify only one candidate
full-length coding DNA sequence with high homology to the
corresponding rice genes, and these were named wheat
CERK]I and wheat CEBIP. Searches for wheat sequences with
LysM motifs did not identify any other candidate LysM-con-
taining sequences in the available databases. ClustalW was
used for multiple sequence alignment of all known rice LysM
receptor-like kinases and wheat CERK1 and for alignment of
the rice and corresponding wheat candidate CEBiP amino acid
sequences. The multiple sequence alignment was used to con-
struct an unrooted maximum likelihood phylogenetic tree in
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Fig. 2. The effect of silencing CERKI and CEBIP on disease caused by wild-type Mycosphaerella graminicola IPO323 and the AMglLysM and AMg3LysM
mutants in wheat. The control virus treatments (no virus and BSMV:asGFP) and silencing constructs BSMV:asCERK1b, BSMV:asCERKIc, BSMV:
asCEBiPb, and BSMV:asCEBiPc were used for these experiments. Disease symptoms and percent pycnidial coverage on A and B, wild-type M. gramini-
cola, C and D, AMg1LysM- and E and F, AMg3LysM-inoculated leaves of wheat cv. Riband. Representative photographs of leaves and percent pycnidial cov-
erage scores were taken at 21 days postinoculation. The percent pycnidial coverage was assessed as the area of M. graminicola—inoculated leaf tissue show-
ing both necrosis and even coverage by fungal pycnidia as a percentage of the total inoculated leaf area. Ten leaves per M. graminicola strain and Barley
stripe mosaic virus—mediated virus-induced gene silencing construct combination were scored in each experiment. The data plotted are the mean numbers of
leaves within each of the six pycnidial coverage score classes, calculated using data pooled from three independent experiments. Error bars represent mean *
standard error.
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MEGAS (Tamura et al. 2011). Protein domain predictions were
made using InterProScan and using the PROSITE database re-
source. All predictions were inspected and adjusted manually.
GPI modification sites were predicted using the big-PI Plant
Predictor (Eisenhaber et al. 2003).

Plant growth conditions.

Nicotiana benthamiana plants for preparation of BSMV sap
inoculum and seedlings of wheat (Triticum aestivum) cultivars
Riband and Cadenza were grown in a controlled environment
chamber at 23°C, 60% relative humidity, with a 16-h photo-
period (approximately 120 pmol m™ per second of light).

Preparation of BSMV VIGS constructs and
viral inoculations.

The BSMV-VIGS system described by Yuan and associates
(2011), comprising three T-DNA binary plasmids, pCaBS-a,
pCaBS-f, and pCa-ybLIC, was used. Gene-silencing constructs
were created by cloning fragments of wheat CERK1 and CEBiP
fragments into pCa-ybLIC in antisense orientation, using a liga-
tion-independent cloning strategy. In silico predictions by si-Fi
software were used to select the most effective gene-specific
fragments for silencing, ranging from 254 to 325 bp in size,
and also to ensure the selected fragments were not likely to
direct off-target silencing. The cDNA fragments were gener-
ated by standard reverse transcription-polymerase chain reac-
tion (RT-PCR) from total RNA extracted from wheat cv. Ca-
denza leaf tissue using primers described in Supplementary
Table S1. A 236-bp fragment of the green fluorescent protein
(GFP) gene was amplified by PCR from the GFP-expression
cassette plasmid pBIN35S::GFP4 (Haseloff et al. 1997), using
the primer pair LIC asGFP F and LIC asGFP R, inserted into
pCa-ybLIC in antisense orientation to generate the negative
control construct for VIGS.

The BSMV pCaBS-a, pCaBS-B, and pCa-ybLICv deriva-
tives were transformed separately into Agrobacterium tumefa-
ciens GV3101 by electroporation. For agroinfiltration, single
colonies were grown for 20 to 22 h at 28°C with constant
shaking in 5 ml of Luria Bertani containing 50 pg of kanamy-
cin per milliliter. Bacterial cells were pelleted by centrifuga-
tion at 2,400 X g for 15 min at 4°C and were resuspended in
agroinfiltration buffer [10 mM MgCl,, 10 mM 2-(N-morpho-
lino) ethanesulfonic acid (MES), pH 5.6, and 0.1 mM ace-
tosyringone] to a final optical density at 600 nm of 1.5. After a
3-h incubation at room temperature, agrobacteria containing
pCaBS-o, pCaBS-B, and the relevant pCa-ybLIC derivative
were mixed in a 1:1:1 ratio and were infiltrated into the abax-
ial side of the leaves of 3- to 4-week-old N. benthamiana
plants with a 1-ml needleless syringe. The infiltrated leaves
were harvested at 3 to 4 days postinfiltration, were ground
using a mortar and pestle in 10 mM potassium phosphate
buffer (pH 6.8) containing 1% celite, and the sap was used to
mechanically inoculate the first leaf of 11-day-old wheat
plants.

Fungal strains and inoculations.

The M. graminicola wild-type isolate IPO323 and its mutant
derivatives AMg3LysM and AMglLysM (Marshall et al. 2011)
were used in this study. Attached wheat leaf infection assays
were done as described previously (Rudd et al. 2008), with
slight modifications. The third leaves of 23-day-old wheat
plants (corresponding to 12 days post—viral inoculation in
which BSM V-infected plants were used) were fastened, adax-
ial side up, to a metal platform using double-sided sticky tape.
The leaves were then inoculated evenly with fungal spores at a
density of 5 x 10° cells per milliliter of water containing 0.1%
(vol/vol) Silwet L-77 (Lehle Seeds, Round Rock, TX, U.S.A.)

using cotton swabs. The plants were placed inside transparent
boxes to retain high humidity for the first 72 h and were then
returned to 60% relative humidity for up to 20 days. Disease
was assessed at 21 dpi by scoring the area of M. graminicola—
inoculated leaf tissue that was both necrotic and evenly cov-
ered by fungal pycnidia. The scores were sorted into six pyc-
nidial coverage classes: 0%, 1 to 20%, 21 to 40%, 41 to 60%,
61 to 80%, and 80 to 100%. Data shown are the mean number
of leaves within each pycnidial coverage class, calculated
using combined data from three independent experiments. All
disease assessments were made by the same person.

RNA extraction and quantitative RT-PCR.

When quantitative RT-PCR on M. graminicola—infected tis-
sue was carried out, tissues were excised at various time points
after inoculation, with five leaves pooled for each biological
replicate, with each leaf harvested from a separate plant. All
leaf bioassays were performed in triplicate.

Total RNA was extracted from freeze-dried leaves using
TRI reagent (Sigma Aldrich, St. Louis) following the manu-
facturer’s protocol. One microgram of total RNA was treated
with RQ1 RNase-free DNase I (Promega, Madison, WI,
U.S.A.) and was used for cDNA synthesis using High Capacity
cDNA reverse transcription kit (Applied Biosystems, Foster
City, CA, U.S.A.) according to the manufacturer’s instruc-
tions. The resulting cDNA was diluted 1:20 with sterile deion-
ized water and was analyzed using SYBR Green Jumpstart
ReadyMix (Sigma Aldrich). A 5-pl aliquot of diluted cDNA
was used in a 20-pl PCR reaction, with an annealing temper-
ature of 60°C. Quantification of gene expression was carried
out in an ABI 7500 Real-Time PCR system (Applied Biosys-
tems). For normalization of test gene expression using quan-
titative RT-PCR in silenced- versus virus control-infected
leaves, three housekeeping genes, beta-tubulin, elF4E and
CDC48, were initially considered. Beta-tubulin I and elF4E
are commonly used as reference genes in other organisms,
and CDC48 has been shown to be stably expressed in wheat
under a range of environmental conditions (Paolacci et al.
2009). Pair-wise comparisons of the expression profiles of
these three housekeeping genes in the third leaves of mock-
and virus-inoculated plants revealed CDC48 as the most suit-
able reference for subsequent quantitative RT-PCR analyses
(Supplementary Fig. S11). Moreover, CDC48 was stably ex-
pressed over the M. graminicola—wheat infection time
course, indicating that this housekeeping gene could also be
used as a reference gene for quantitative RT-PCR when study-
ing wheat gene expression during M. graminicola infection
(our unpublished RNA-Seq data). The primers and final pri-
mer concentrations used for real-time PCR are described in
Supplementary Table S2.

Statistical analyses.

GenStat (release 14.1, 2011; VSN International Ltd, Hemel
Hempstead, U.K.) was used for the statistical analyses. Differ-
ences in normalized CERKI and CEBiP transcript levels be-
tween mock- and M. graminicola TPO323—inoculated wheat
leaves were analyzed using REML linear mixed modeling.
Significance of difference between mean transcript levels was
determined using least significant differences (LSD) at the 5%
(P < 0.05) level of significance. Means and LSD values are
displayed in Supplementary Tables S3 to S6. The percent pyc-
nidial-coverage data were analyzed using generalized linear
modeling assuming a Poisson distribution with a logarithm
link function. The variate modeled was the number of leaves
within each pycnidial coverage class for each BSMV-VIGS con-
struct treatment group, accounting for the three experiments
and seedling trays nested within experiments as blocking terms
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in the model. Significance of model terms was assessed using
change in deviance, invoking approximate F-tests. Calculated
mean values and standard errors were output and are displayed
in Supplementary Tables S7 to S9. Significance of difference
between calculated means was determined using LSD at the
5% level of significance.
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