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Receptor-like proteins (RLPs) are cell surface receptors that typically consist of an extracellular leucine-rich repeat domain, a
transmembrane domain, and a short cytoplasmatic tail. In several plant species, RLPs have been found to play a role in disease
resistance, such as the tomato (Solanum lycopersicum) Cf and Ve proteins and the apple (Malus domestica) HcrVf2 protein that
mediate resistance against the fungal pathogens Cladosporium fulvum, Verticillium spp., and Venturia inaequalis, respectively. In
addition, RLPs play a role in plant development; Arabidopsis (Arabidopsis thaliana) TOO MANY MOUTHS (TMM) regulates
stomatal distribution, while Arabidopsis CLAVATA2 (CLV2) and its functional maize (Zea mays) ortholog FASCINATED EAR2
regulate meristem maintenance. In total, 57 RLP genes have been identified in the Arabidopsis genome and a genome-wide
collection of T-DNA insertion lines was assembled. This collection was functionally analyzed with respect to plant growth and
development and sensitivity to various stress responses, including susceptibility toward pathogens. A number of novel devel-
opmental phenotypes were revealed for our CLV2 and TMM insertion mutants. In addition, one AfRLP gene was found to
mediate abscisic acid sensitivity and another AtRLP gene was found to influence nonhost resistance toward Pseudomonas syringae
pv phaseolicola. This genome-wide collection of Arabidopsis RLP gene T-DNA insertion mutants provides a tool for future

investigations into the biological roles of RLPs.

For decades, it was thought that the communication
between plant cells occurs through the cell wall-spanning
cytoplasmic bridges called plasmodesmata. However,
since the identification of the first plant cell surface
receptor (Walker and Zhang, 1990), it has been known
that, similar to other multicellular organisms, plants

! This work was supported by the Dutch Graduate School of
Experimental Plant Sciences, by the Research Council for Earth and
Life Sciences of the Netherlands Organization for Scientific Research
(VIDI grant to B.2,H.]J.T.), by the UK Biotechnology and Biological
Sciences Research Council (to ] WM., B.K., AW.-T., and M.T.), by the
Gatsby Charitable Foundation (to C.Z. and J.D.G.].), and by a post-
doctoral long-term fellowship from the European Molecular Biology
Organization (to C.Z.).

% These authors contributed equally to the article.

* Corresponding author; e-mail bart.thomma@wur.nl

The authors responsible for distribution of materials integral to
the findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org)
are: Bart PH.J. Thomma (bart.thomma@wur.nl) and Mahmut Tor
(mahmut.tor@warwick.ac.uk).

W1 The online version of this article contains Web-only data.

[OAT Open Access articles can be viewed online without a sub-
scription.

www.plantphysiol.org/cgi/doi/10.1104/pp.108.119487

can perceive extracellular signals at the plasma mem-
brane. Since then, many plant cell surface receptors
have been found to play key roles in very diverse
processes ranging from growth and development, in
which they perceive endogenous self signals, to rec-
ognition of other organisms, in which they perceive
exogenous nonself signals (Diévart and Clark, 2004).
A common structural element of many plant cell
surface receptors is the extracellular Leu-rich repeat
(eLRR) domain that is generally thought to mediate
ligand perception (Kobe and Kajava, 2001; Kinoshita
et al., 2005). These eLRRs are composed of 23 to 25
amino acids with the conserved consensus sequence
LxxLxxLxLxxNxLt/sgxIpxxLG (Jones and Jones, 1997).
The largest group of eLRR-containing cell surface re-
ceptors is formed by the receptor-like kinases (RLKs)
that are composed of an eLRR domain, a single-pass
transmembrane domain, and a cytoplasmic kinase do-
main, with over 200 representatives in the Arabidopsis
(Arabidopsis thaliana) genome (Shiu and Bleecker, 2003).
The second largest group of eLRR-containing cell sur-
face receptors is formed by the receptor-like proteins
(RLPs) that differ from RLKs in that they lack the cy-
toplasmic kinase domain and only have a short cyto-
plasmic tail that lacks obvious motifs for intracellular
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signaling except for the putative endocytosis motif
found in some members (Joosten and de Wit, 1999;
Kruijt et al., 2005). Typically, the amino acid sequence of
RLPs has been divided into the conserved domains A
through G with a putative signal peptide (A), a Cys-rich
domain (B), the LRR domain (C), a spacer (D), an acidic
domain (E), the transmembrane domain (F), and a short
cytoplasmic region (G). Furthermore, the LRR-containing
C domain is subdivided into three domains in which
the non-LRR island C2 domain interrupts the C1 and
C3 LRR regions (Jones and Jones, 1997).

Recently, considerable advances have been made in
our understanding of the role and function of RLKs
and how they relay extracellular signals to initiate an
intracellular response (Niirnberger and Kemmerling,
2006; Li and Jin, 2007). By contrast, very little is known
about RLP signaling (Fritz-Laylin et al., 2005; Kruijt
et al., 2005). The first RLP gene identified was tomato
(Solanum lycopersicum) Cf-9 that mediates resistance
against strains of the leaf mold fungus Cladosporium
fulvum that carry the avirulence gene Avr9 (Jones et al.,
1994). C. fulvum is a biotrophic pathogen that is char-
acterized by strictly apoplastic growth (Thomma et al.,
2005). To date, several Cf resistance genes have been
cloned from tomato that all to belong to the RLP gene
family (Dixon et al., 1996, 1998; Thomas et al., 1997;
Takken et al., 1999). In addition to Cf genes, the RLP
gene family in tomato comprises two Ve genes that
have been reported to provide resistance against vas-
cular wilt pathogens of the genus Verticillium (Kawchuk
et al., 2001) that, like C. fulvum, grow extracellularly
without penetrating plant cells (Fradin and Thomma,
2006). Finally, the tomato RLP family comprises two
LeEIX genes that encode receptors for the ethylene-
inducible xylanase produced by extracellularly grow-
ing Trichoderma biocontrol fungi (Ron and Avni, 2004).

In addition to tomato, RLPs have been implicated in
disease resistance in other plant species (Kruijt et al.,
2005). Apple (Malus domestica) HcrVf-2 confers resis-
tance to the apple scab fungus Venturia inaequalis
(Belfanti et al., 2004). Furthermore, an Arabidopsis
chitin-inducible RLP gene has been implicated in resis-
tance against the powdery mildew pathogen Erysiphe
cichoracearum (Ramonell et al., 2005).

RLPs also play significant roles in plant develop-
ment. For example, Arabidopsis CLAVATA2 (CLV2)
was found to be crucial for maintaining a balanced
meristematic stem cell population and is required for
the accumulation and stability of CLV1, which is an
RLK (Jeong et al., 1999). It has been proposed that
CLV1 and CLV2 undergo a physical interaction to form
a heterodimer to act as receptor for the predicted
extracellular peptide ligand CLV3 (Trotochaud et al.,
1999; Rojo et al., 2002; Ogawa et al., 2008). Upon ligand
perception by the ectodomain (Ogawa et al., 2008), the
kinase domain of CLV1 is thought to be activated to
initiate the downstream signaling that is required to
maintain the stem cell population (Rojo et al., 2002;
Diévart and Clark, 2004). In maize (Zea mays), an
ortholog of the CLV2 gene has been identified as
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FASCINATED EAR?2? (Taguchi-Shiobara et al., 2001).
Furthermore, the RLK thick tassel dwarfl has been
identified as a CLV1 ortholog, suggesting that the
CLAVATA signaling pathway is conserved between
monocots and dicots (Bommert et al., 2005). Another
RLP gene, TOO MANY MOUTHS (TMM), is involved
in plant development in Arabidopsis and regulates
stomatal distribution across the epidermis (Nadeau
and Sack, 2002). Although a physical interaction be-
tween TMM and any other RLP or RLK has not been
established, TMM was found to negatively regulate
three RLKSs of the ERECTA family (Shpak et al., 2005).

Previously, in the Arabidopsis genome, 56 putative
RLP genes (AtRLPs) were identified that are assembled
at 33 loci (Fritz-Laylin et al., 2005). So far, a function has
been assigned only to the three AtRLP genes described
above (Jeong et al., 1999; Nadeau and Sack, 2002;
Ramonell et al., 2005), implicating that the other RLPs
are orphan proteins. In the complete genome sequence
of the monocot plant rice (Oryza sativa), 90 RLP genes
have been identified (Fritz-Laylin et al., 2005). Genes
involved in plant development are presumably under
evolutionary pressure to maintain a specific function
that reduces sequence drift across orthologs, while
disease resistance genes are under strong diversifying
selection to produce highly divergent sequences with
distinct recognition capacities (Fritz-Laylin et al., 2005).
Based on the sequence comparison between Arabidop-
sis and rice RLP genes, and building on the hypothesis
that developmental genes are less likely to be dupli-
cated and undergo diversifying selection than are dis-
ease resistance genes (Leister, 2004), nine AfRLP genes
were proposed as putative developmental orthologous
genes, while the remaining AtRLP genes were proposed
to be candidate disease resistance genes (Fritz-Laylin
et al., 2005). In this article, we report on the assembly
and functional analysis of a genome-wide collection of
AtRLP family T-DNA knockout lines. This collection
has been screened for altered phenotypes in growth
and development but also alterations in response to
pathogen challenge. Our analysis has revealed novel
phenotypes linked with mutations in the well-studied
AtRLPs TMM and CLV2. Furthermore, one AtRLP gene
is found to play a role in abscisic acid (ABA) signaling, a
process in which RLP activity has not been implicated
previously. Remarkably, despite an extensive list of path-
ogens tested, including adapted and nonadapted path-
ogens of Arabidopsis, we have been able to identify only
one AtRLP gene with a role in basal nonhost resistance
against the nonadapted bacterial pathogen Pseudomonas
syringae pv phaseolicola (Psp). The described AtRLP
T-DNA collection is a valuable source for future inves-
tigations into the biological roles of RLPs.

RESULTS
AtRLP Gene Structure and AtRLP Protein Analysis

At the onset of this project, a bioinformatic analysis
to investigate the structure of all the AfRLP genes was
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undertaken. To this end, BLAST searches were per-
formed on the Arabidopsis genome sequence using
the predicted protein sequences of the previously
characterized RLPs CLV2, TMM, and Cf-9 as queries.
The set of Arabidopsis genes obtained in this way was
further analyzed for the presence of a signal peptide,
eLRRs, a transmembrane domain, and a short cyto-
plasmic tail lacking kinase motifs in the predicted
protein. Although a previously published study has
identified in total 56 AtRLP genes (Fritz-Laylin et al.,
2005), our analysis revealed a set of 57 putative AtRLP
genes (Table I). All 57 AtRLP genes were assigned
AtRLP numbers in consecutive order according to
their gene numbers along the Arabidopsis genome
(Table I). The additional AtRLP gene identified here,
denoted as AfRLP5, corresponds to At1g34290, and, al-
though it carries only two eLRRs, the predicted protein
complies with the canonical RLP domain composition.

Pairwise amino acid sequence comparison revealed
that AtRLPs display low overall sequence identity,
with only 10 pairwise combinations that share over
70% identity (Supplemental Table S1). Of these, the
proteins encoded by the neighboring genes AtRLP41
and AtRLP42 share the highest level of identity (86%).
Furthermore, both proteins are highly similar to
AtRLP39 (85% and 82% identity, respectively), and
the corresponding genes reside in close proximity to
each other, suggesting recent gene multiplication. Two
other AtRLP proteins, AtRLP44 and AtRLP57, are
found to be similar in length and domain composition,
sharing 80% identity (Fig. 1; Supplemental Table S1),
although the genes that encode these proteins are
located on different chromosomes. To further assess
the structures of AtRLP genes, the exon boundaries
and corresponding flanking intron sequences were
determined. While only 21% of the genes in the
Arabidopsis genome are composed of a single exon
(Arabidopsis Genome Initiative, 2000), 37 of the 57
(65%) AtRLP-encoding genes were found to contain a
single exon (Fig. 1). Interestingly, within the group of
genes that contain multiple exons, AtRLP9, AtRLP14,
AtRLP15, AtRLP21, and AtRLP56 have introns at sim-
ilar positions in the genes (Fig. 1). Similarly, the introns
of AtRLP19, AtRLP33, and AtRLP34 are also localized
at comparable positions (Fig. 1). Furthermore, all the
AtRLP genes that contain multiple exons cluster in a
phylogenetic tree (Fig. 1).

Next, the domain composition was analyzed for all
predicted AtRLP proteins. As has been noted previ-
ously (Fritz-Laylin et al., 2005), the AtRLPs exhibit
great variation at the sequence level and also in the
numbers of eLRRs (Fig. 1). The predicted sizes of the
AtRLPs range from 218 amino acids (AtRLP25) to
1,784 amino acids (AtRLP9), whereas the eLRRs vary
in number from two (AtRLP5) to 49 (AtRLP9; Fig. 1).
Of the 57 AtRLPs, 18 are predicted to contain two
transmembrane domains, one at the N terminus and
one at the C terminus, although it is presently unclear
whether the N terminal transmembrane domain in-
deed functions as such. Furthermore, it has previously
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been noted that not all RLPs contain an island domain
(C2) within the eLRR region, with TMM as an example
(Nadeau and Sack, 2002). Of the 57 AtRLPs, 45 are
predicted to contain a C2 island domain nested in
between two eLRR blocks (C1 and C3). Remarkably, in
42 of those RLPs, the island domain is followed by a
C3 domain that contains exactly four eLRRs (Fig. 1).
This distinct domain organization has not only been
observed for some functionally characterized RLPs but
also for some RLKs (Jones et al., 1994; Song et al., 1995;
Clark et al., 1997; Li and Chory, 1997; Jeong et al., 1999;
GoOmez-Gémez and Boller, 2000; Taguchi-Shiobara
et al., 2001). For all AtRLP genes, corresponding
cDNA sequences, EST sequences, Massively Parallel
Signature Sequencing data, and/or microarray data
are deposited in public databases, demonstrating that
all 57 AtRLP genes are actively transcribed (Supple-
mental Figs. S1 and S2).

Assembly of a Genome-Wide Collection of AtRLP
Gene T-DNA Insertion Mutants

To identify putative T-DNA insertion lines for all the
AtRLP genes, we queried the T-DNA Express database
of the SALK Institute Genome Analysis Laboratory
(SIGnAL; http://signal.salk.edu). Because often sev-
eral different insertion lines could be identified for
each AfRLP gene, insertion lines were selected based
on the position of the T-DNA insertion within the
coding sequence to enhance the likelihood of success-
ful disruption of gene function. Preferably, T-DNA
insertion lines of the Columbia (Col-0) ecotype were
selected with exon insertions (Table I). However, if not
available, lines with predicted intron (one line), pro-
moter (11 lines), or terminator (four lines) insertions
were chosen. For the 57 AtRLP genes, 89 T-DNA
insertion lines were selected (Table I) that were eval-
uated for presence of the predicted T-DNA insertion
using PCR (Supplemental Table S2). Ten lines did not
have the predicted insertion, whereas 79 were con-
firmed to carry a T-DNA insertion in the gene of
interest and for which homozygosity of the T-DNA
insert was pursued. For two T-DNA insertion lines,
FLAG_524A03 and SALK_012745 with an insertion in
AtRLP19 and AtRLP37, respectively, only heterozy-
gous insertion lines were obtained, suggesting that
homozygosity of these T-DNA mutations caused em-
bryonic lethality. However, subsequent segregation
and complementation analysis could not confirm
embryo lethality caused by T-DNA homozygosity
in these lines, and they were not used for further
analysis. Although we were able to identify another
T-DNA insertion line for AtRLP37 that was carried to
homozygosity (Table I), unfortunately, no alternative
T-DNA insertion line was available for AtRLP19.
Overall, in the complete collection of 77 homozygous
AtRLP T-DNA insertion lines, at least one line was
obtained for 56 of the 57 AtRLP genes, while for
19 AtRLP genes multiple mutants were identified
(Table I).
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Table 1. List of the AtRLP genes and corresponding T-DNA insertion
lines used in this study

Gene Name® AGI Code T-DNA Line Ordered  Mutant Name
AtRLP1 at1g07390  SALK_059920P Atrlp1-1
SALK_116923 Atrlp1-2
AtRLP2 at1g17240  SALK_049366° Atrlp2-1
AtRLP3 at1g17250  SALK_051677 Atrlp3-1
SAIL_204_D01¢ Atrlp3-2
AtRLP4 at1g28340  SALK_039264° Atrlp4-1
AtRLP5 at1g34290  SALK_112291 Atrlp5-1
AtRLP6 at1g45616  SALK_080898 Atrlp6-1
SAIL_84_E01¢ Atrlp6-2
SALK_020071
AtRLP7 at1g47890  SALK_030269 Atrlp7-1
AtRLP8 at1g54480  SM_3_38632 Atrlp8-1
SM_3_20200 Atrlp8-2
AtRLP9 at1g58190  SALK_061979 Atrlp9-1
SALK_023419 Atrlp9-2
AtRLP10  at1g65380  GABI_686A09 Atrlp10-1
(CLV2) clv2-3 (EMS)8 clv2-3
AtRLPTT  at1g71390  SALK_013218 Atrlp11-1
AIRLP12  at1g71400  SALK_151456 Atrlp12-1
AtRLP13  at1g74170  SALK_020984 Atrlp13-1
AIRLP14  at1g74180  SAIL_513_A08" Atrlp14-1
AtRLP15  at1g74190  SALK_041143 Atrlp15-1
GABI_077G01"
AtRLP16  at1g74200  SALK_032150 Atrlp16-1
AtRLP17  at1g80080  FLAG_014F03¢ Atrlp17-1

(TMM) tmm-1 (EMS)" tmm-1
SAIL_165_F02%f

AtRLP18  at2g15040  SAIL_400_H02¢ Atrlp18-1
AtRLP19  at2g15080  FLAG_524A03%" Atrlp19-1
AtRLP20  at2g25440  SALK_130147° Atrlp20-1
ARLP21  at2g25470  SAIL_693_F05 Atrlp21-1
SALK_133403
AtRLP22  at2g32660  SALK_125231 Atrlp22-1
AtRLP23  at2g32680  SALK_034225 Atrlp23-1
AtRLP24  at2g33020  SALK_046236 Atrlp24-1
AtRLP25  at2g33030  SALK_048434' Atrlp25-1
ARLP26 ~ at2g33050  SALK_104127¢ Atrlp26-1
SALK_026997'
AtRLP27  at2g33060  SALK_029443 Atrlp27-1
AtRLP28  at2g33080  SM_3_1740 Atrlp28-1
AtRLP29  at2g42800  SALK 022220 Atrlp29-1
AtRLP30  at3g05360  SALK_122528 Atrlp30-1
SALK_008911 Atrlp30-2
SALK_122536 Atrlp30-3
SALK_145342 Atrlp30-4
AIRLP31  at3g05370  SALK_058586 Atrlp31-1
SALK_094160 Atrlp31-2
AtRLP32  at3g05650  FLAG_588C11¢ Atrlp32-1
AtRLP33  at3g05660  FLAG_048F06° Atrlp33-1
SALK_087631 Atrlp33-2
SALK_085252 Atrlp33-3
ARLP34  at3g11010  SALK_067155 Atrlp34-1
SALK_085506'
AtRLP35  at3g11080  SALK_096171 Atrlp35-1
SALK_016143 Atrlp35-2
ARLP36  at3g23010  SALK 086147 Atrlp36-1
AtRLP37  at3g23110  SALK_041785 Atrlp37-1
SALK_012745) Atrlp37-2
AtRLP38  at3g23120  SALK 017819 Atrlp38-1

GT_5_105490%
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Table 1. (Continued.)

Gene Name? AGI Code T-DNA Line Ordered  Mutant Name
AtRLP39  at3g24900  SALK_126505 Atrlp39-1
SALK_126504
AtRLP40  at3g24982  GABI_564D03 Atrlp40-1
AIRLP41  at3g25010  SALK_024020 Atrlp41-1
SM_3_20242 Atrlp41-2
SM_3_38956 Atrlp41-3
AtRLP42  at3g25020  SALK_080324° Atrlp42-1
SALK_094190° Atrlp42-2
AtRLP43  at3g28890  SALK_041685 Atrlp43-1
AtRLP44  at3g49750  SALK_097350' Atrlp44-1
SALK_045246° ATrlp44-2
AtRLP45  at3g53240  GABI_620G05 Atrlp45-1
FLAG_339H12%¢  Atrlp45-2
AIRLP46  at4g04220  SALK_048207' Atrlp46-1
SAIL_15_A02%f
AtRLP47  at4g13810  SALK_105921 Atrlp47-1
AIRLP48  at4g13880  SALK_036842 Atrlp48-1
AtRLP49  at4g13900  SALK_067372 Atrlp49-1
SALK_116910 Atrlp49-2
AtRLP50  at4g13920  SALK_070876' Atrlp50-1
AIRLP51  at4g18760  SALK_143038 Atrlp51-1
SAIL_740_C06' Atrlp51-2
AtRLP52  at5g25910  SALK_107922 Atrlp52-1
SALK_054976f
AtRLP53  at5g27060  SALK_124008 Atrlp53-1
AtRLP54  at5g40170  SAIL_306_E09° Atrlp54-1
AtRLP55  at5g45770  SALK_139161° Atrlp55-1
SALK_076590 Atrlp55-2
AtRLP56  at5g49290  SALK_129306 Atrlp56-1
SALK_010565 Atrlp56-2
AIRLP57  at5g65830  SALK_077716 Atrlp57-1

“In chronological order along the five Arabidopsis chromo-
somes. PT-DNA insertion site within 300 nucleotides downstream
of the open reading frame. “T-DNA insertion site between 300 and
1,000 nucleotides upstream of the open reading frame. ISAIL-lines
are in CS8846, FLAG-lines in WS-2 and GT-line is in Ler back-
ground. ®T-DNA insertion site within an intron. T-DNA inser-
tion site could not be confirmed by PCR; no homozygous T-DNA
insertion line was obtained. S8EMS mutant clv2-3 (Jeong et al.,
1999).  "EMS mutant tmm-1 (Nadeau and Sack, 2002). ~ 'T-DNA
insertion site within 300 nucleotides upstream of the open reading
frame. INo homozygous line for the T-DNA insertion was be
obtained.

Phenotypic Alterations in Growth and Development of
AtRLP Gene T-DNA Insertion Mutants

We examined the phenotypes of the complete col-
lection of homozygous T-DNA insertion lines with
respect to various characteristics related to plant
growth and development. The T-DNA lines were
examined for root development, rosette growth, inflo-
rescence emergence, and the development and ap-
pearance of flowers and seed. In addition, stomatal
patterning across the cotyledons and leaves, formation
of the leaf cuticle, and the leaf vascular patterns were
analyzed. Two AtRLP genes, CLV2 (AtRLP10) and
TMM (AtRLP17), have previously been implicated in
plant development (Jeong et al., 1999; Nadeau and
Sack, 2002). Our analysis showed that the T-DNA
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Figure 1. A phylogenetic view of AtRLP protein domain configurations and the corresponding RLP gene structures as shown by
exon/intron boundaries. Left, Phylogenetic tree of the AtRLP family that also includes CLV2 (AtRLP10) and TMM (AtRLP17). The
tree was generated from the alignment of C3-F domains of all AtRLPs with 100 bootstrap replicates as indicated on the branch of
the tree. The AGI code and AtRLP gene number are indicated on the left. Genes are organized according to the order along the
chromosomes. Middle, Domain organizations as predicted by SMART/Pfam. Each colored box represents a domain as indicated.
The arrowhead shows the putative N-terminal transmembrane domain. The open box indicates an amino acid fragment not
showing any significant motif or domain. Right, RLP gene structure presented by gray boxes for exons and spaces for the introns.

insertion lines Atrip10-1 and Atrlp17-1 for the CLV2
and the TMM gene, respectively, displayed pheno-
types that have previously been reported for a number
of mutants in these genes (Yang and Sack, 1995; Kayes
and Clark, 1998; Jeong et al., 1999; Nadeau and Sack,
2002). Similar to the ethyl methanesulfonate (EMS)
mutant fmm-1, the stomata of the knockout allele
Atrlp17-1 that carries a T-DNA in the ATG start codon
of the coding sequence were found to cluster across the
leaf epidermis (Fig. 2, A-D and J). Complementation
of Atrlp17-1 with the wild-type TMM allele resulted in
disappearance of the stomatal clustering phenotype
(Fig. 2E), showing that Atrlp17-1 is a true TMM mutant
allele. In addition, as expected, the Atrlp10-1 mutant
with a knockout in the CLV2 gene displayed enlarged
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shoot meristem (Fig. 3, D and E) and alterations in the
development of the gynoecia, flowers, carpels, pedi-
cels, and stamens (data not shown). Like other CLV2
mutants, the Atrlp10-1 mutant fails to respond to in
vitro treatment with a synthetic peptide that corre-
sponds to the conserved CLE motif that is present in
the CLV3-like peptide ligands (Fig. 3H; Fiers et al.,
2005). However, while the previously described CLV2
mutants (clv2-1 to clv2-5) generally have four car-
pels (Kayes and Clark, 1998), Atrlp10-1 shows only a
mild carpel phenotype with 2.6 carpels on average
(Fig. 3N).

Interestingly, despite the relatively weak carpel
phenotype, Atrlp10-1 exhibits a number of phenotypes
that have not previously been reported for any of the
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Figure 2. Characterization of the Atrlp17-1 mutant
allele. A to E, Comparison of stomata distribution of
wild-type (A and C) with the Atrlp17-1 mutant (B),
tmm-1 mutant (D), and the Atrlp717-1 mutant after
complementation with a wild-type TMM allele (E).
The arrows indicate single stomata, while the circles
indicate stomatal clusters. F to I, Comparison of ABA
response of wild-type (top half of the plate) with
Atrlp17-1 (F and G; bottom half of the plate) or tmm-1
(H and I; bottom half of the plate) in the absence (F and
H) and presence (G and 1) of ABA. J, Location of the
T-DNA insertion in Atrlp17-1.

CLV2 mutants (Fig. 3). Plants from the Atrlp10-1
T-DNA insertion line grow slower, develop more
rosette leaves and shorter stems, and flower at a later
stage than wild-type plants and the c/v2-3 mutant (Fig.
3, I-M). During flowering, the meristem of the main
inflorescence stops producing flowers for a short pe-
riod, upon which flowering is resumed (Fig. 3, A, B,
and G). However, side stems do not show this tempo-
rary termination of the flower meristem. Linkage
analysis in a segregating population has demonstrated
that the temporary termination of flowering pheno-
type is linked to a homozygous T-DNA knockout in
Atrlp10-1. Moreover, complementation of Atrlp10-1
with the wild-type CLV?2 allele restored all c/v2 mutant
phenotypes (Fig. 3, C and L-N).

Conditional Phenotypic Alterations of AfRLP
Gene T-DNA Insertion Mutants

We tested the collection of T-DNA lines for altered
conditional developmental phenotypes, including
gravitropism, response to darkness or treatment with
different hormones, and a CLV3-like peptide ligand
(Supplemental Table S3). For most of the treatments,
no consistent differential responsiveness within the
collection of AtRLP gene knockout lines was observed
(data not shown). The only treatment that resulted in a
reliable phenotype was a treatment with the plant
hormone ABA. In addition to the previously described
stomatal clustering phenotype, tmm-1 and Atrlp17-1
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that both carry a mutation in the AtRLP gene TMM
displayed decreased sensitivity to ABA. Although
seedlings of nontreated Atrlp17-1 and tmm-1 mutants
were phenotypically indistinguishable from control
plants (Fig. 2, F and H), exogenous application of ABA
induced chlorosis in control plants but not in mutants
and reduced the growth of Atrlp17-1 and tmm-1 mu-
tants (Fig. 2, G and I) in comparison to the respective
control plants. These results indicate that TMM plays a
role in ABA-induced chlorosis and growth reduction
in Arabidopsis.

Assessment of the Roles of AtRLP Genes in
Plant Defense

To determine whether AtRLP genes play a role in the
perception and signaling of abiotic stress signals, we
have tested the sensitivity of the collection of T-DNA
insertion lines for several abiotic stress inducers. These
included inducers of salt stress, osmotic stress, drought
stress, reactive oxygen stress, and heavy metal stress
(Supplemental Table S3). No consistent phenotypic
alterations were observed for any of these abiotic
stress stimuli within the collection of T-DNA mutant
lines in comparison to wild-type plants.

We have also investigated the possible roles of
AtRLP genes in the recognition of plant pathogens.
The collection of T-DNA insertion lines was assessed
for altered phenotypic responses upon pathogen chal-
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Figure 3. Characterization of the
Atrlp10-1 mutant allele. A, Wild-
type inflorescence meristem. B,
Atrlp10-1 inflorescence meristem.
C, Atrlp10-T inflorescence meristem
upon complementation with a wild-
type CLV2 allele. D and E, Cleared

F shoot meristem of wild type (D) and
Atrlp10-1 (E). Arrowheads indicate

Atrlp10-1 meristem borders. F, Location of

T-DNA insertion in AtrlpIO (CLV2).

G, Comparison of inflorescence

—l ] l1|2|3|4|5|6|T|8l9I10|11|12|13|14|15|16|17D1B|19|20|21| | ||— development of wild type (left)

with Atrlp10-1 mutant (right). The
zoom-in picture indicated no siliques
were developed because of the tem-
porary termination of inflorescence
meristem of Atrlp10-1 mutant. H,
The 8-d, wild-type seedling (left)
showed a short root phenotype,
while Atrlp10-1 (right) shows no
effect with 10 um CLV3p treatment.
I, Comparison of 4-week-old plants
of wild type (left) with Atrlp70-1 mu-
tant (right). ) and K, Comparison of
2-week-old plants of wild type (J)

L 20 M 5o N & with Atrlp10-1 mutant (K). L to N,
) The mean rosette leaf number (L),
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lenge with a diverse range of host-adapted and non- et al., 2006). Colonization by Psp 1448A is known to be
adapted necrotrophic or biotrophic pathogens (Thomma enhanced in Col-0 fls2 mutants that lack the ability to
et al., 2001). Nonadapted pathogens are pathogenic perceive flagellin, irrespective of whether inocula are
on other hosts but normally unable to colonize Arabi- applied to the leaf surface or infiltrated directly into

dopsis. The bacterial pathogens Pectobacterium atrosep- the mesophyll (Zipfel et al., 2004; de Torres et al., 2006).
ticum, P. syringae pv tomato (Pst) DC3000, and The response of AtRLP T-DNA insertion lines to

Xanthomonas campestris pv campestris; the fungal infiltration with bacterial suspensions was examined,
pathogens Alternaria brassicicola, Botrytis cinerea, and symptom development was compared with both
Cladosporium cucumerinum, C. fulvum, Colletotrichum wild-type and fls2 mutant plants in each set of experi-
destructivum, Oidium neolycopersici, Plectosphaerella cu- ments. We initially recorded the development of yel-
cumerina, Sclerotinia sclerotiorum, and Verticillium dah- lowing and patchy collapse of infiltrated tissues using
liae; and the oomycetes Phytophthora infestans and an incremental seven-point scoring system. Lines re-
Hyaloperonospora parasitica were among the pathogens vealing differences in reaction compared with the
tested (Supplemental Tables S3 and S4). Remarkably, wild-type Col-0 in the first experiment were further
none of the T-DNA insertion lines showed a significant assessed by repeated tests, including measurement
phenotypic alteration in their sensitivity toward these of bacterial multiplication. The mutant Atrlp30-1 re-
pathogens. corded consistently enhanced symptom development

Examination of nonhost interactions was extended and more bacterial multiplication with Psp 1448A

using the nonpathogenic bean pathogen Psp strain (Fig. 4, A—-C). Subsequently, additional insertion mu-
1448A that is unable to colonize wild-type Col-0 due to tants in AtRLP30 recovered from SALK stocks were
changes to the challenged plant cell wall rather than a likewise examined for their reaction to Psp 1448A (Fig.
hypersensitive response (Soylu et al., 2005; de Torres 4, D and H; Table II). In all cases, enhanced symptom

Plant Physiol. Vol. 147, 2008 509



Wang et al.

Figure 4. AtRLP30 is involved in bacterial resistance
and localized at the plasma membrane. A to C,
Symptom development in Arabidopsis leaves 4 d after
inoculation with Psp. Areas in half leaves of Col-0 (A),
RLP30-1 (B), and Col-0 fls2 (C) were syringe inocu-
lated after wounding. Full details of symptom scores
are recorded in Table Il. D, Comparative analysis of
the multiplication of Psp 1448A in Col-0 and Atrlp30
mutant plants. Infiltrated leaves were examined 3 d
after inoculation; results are means from four repli-
cates with ses. Statistical analysis using Student’s ¢ tests
showed significantly higher numbers of bacteria in the
mutants (P = 0.047, 0.014, and 0.088 for Atrlp30-1,
-2, and -3, respectively). E to G, Localization of GFP-
tagged AtRLP30 in leaf epidermis and petiole tissue as
determined using confocal microscopy (E and F) and

western blotting with an antibody directed against the
HA tag (G). H, Locations of the T-DNA insertions in
AtRLP30.
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development was recorded (Table II) that was associ-
ated with the recovery of higher mean numbers of
bacteria from infiltrated tissue (Fig. 4D). Student’s ¢
tests indicated that all of the mutants allowed signif-
icantly higher multiplication than Col-0 (P = 0.05, 0.01,
and 0.08 for Atrlp30-1, Atrlp30-2, and Atrlp30-3, re-
spectively). In all cases, the enhanced symptom de-
velopment in AtRLP30 T-DNA mutant lines was lower
than observed in the Col-0 fIs2 mutant (Fig. 4, A-C;
Table II). Similar as for Atrlp30 mutants, enhanced
susceptibility toward Psp 1448A was recorded for
Atrlp18-1 mutants. However, we were unable to fur-
ther confirm the phenotype due to absence of addi-
tional lines with T-DNA insertions in At2g15040.

Examination of the enhanced susceptibility pheno-
type of Atrlp30 mutants was extended by examining
Pst strains that carry the avirulence genes AvrRpm1,
AvrRpt2, AvrRps4, AvrPto, and AvrPtoB, and also hrpA
and hrcC mutants of Pst, a coronatine-deficient Pst
mutant, and the nonadapted strain P. syringae pv tabaci
(Supplemental Table S3). However, Atrlp30 mutants
did not display enhanced susceptibility to any of these
bacterial strains.

Because of its potential role in basal defense, we
examined the subcellular localization of the AtRLP30
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protein in Arabidopsis. Transgenic plants expressing
C-terminal GFP-tagged AtRLP30 were generated and
examined by confocal microscopy. A clear localization
of GFP-tagged AtRLP30 to the plasma membrane was,
as predicted, observed in the leaf epidermis (Fig. 4F)
and petiole tissue (Fig. 4E), which could also be con-
firmed by western analysis using an antibody directed
against the hemagglutinin (HA) tag (Fig. 4G).

The enhanced susceptibility of the Atrlp30 and
Atrlp18-1 T-DNA insertion mutants to Psp 1448A could
be explained by an altered responsiveness to the
pathogen-associated molecular pattern (PAMP) flagel-
lin. Examination of expression data showed that
AtRLP30 is induced by various PAMPs, including
flg22 (Supplemental Fig. S3). We therefore compared
the effect of the flg22 flagellin peptide derived from
Psp 1448A on the seedling growth of Col-0 and the
Atrlp30-1 T-DNA insertion mutant, but no differences
were observed (Supplemental Fig. S3). The reduced
basal defense observed in the AtRLP30 mutant was
therefore through a route other than flagellin percep-
tion. The analysis of response to flg22 was extended to
the whole collection of AtRLP T-DNA insertion mu-
tants. In no case was any significant alteration in the
inhibition of seedling growth observed (Supplemental
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Table Il. Symptom development in leaves of Col-0 and mutant
lines after syringe inoculation with Psp 1448A

DPI, Days postinoculation.

b

Plant ~ DPI Frequency of Lesion Type® Mean Score (sp)
01 23 45 6 7
Col-0 4 4 5 15 1.46 (0.8)
6 3 2 9 8 2 2.29 (1.0)
Atrlp30-1 4 1 2 9 2 10 2.75 (1.2)*
6 5 5 6 71 3.75 (1.2)*
Atrlp30-3 4 1 3 11 3 6 2.42 (1.1)*
6 2 27 7 6 3.54 (1.2)*
Atrlp30-4 4 2 2 7 6 7 2.58 (1.2)*
6 1T 3 4 79 3.83 (1.2)*
Col-0 fls2 4 2 4 9 7 2 4.13 (1.0)*
6 3 3 8 6 4 521(1.3)*

“Three half leaves on eight plants were infiltrated with bacteria at
ODgyp 0.25 (approximately 2 x 10° cells mL™"). Symptom develop-
ment was scored after 4 and 6 d and sites assigned to each progressive
category: 0, no symptoms; 1, very pale yellowing; 2, pale yellowing; 3,
yellowing over most of the area infiltrated; 4, pale yellowing with
patchy collapse; 5, yellow with patchy collapse; 6, collapse of more
than 50% of infiltration site; and 7, collapse of all the infiltrated area.
Lack of a number means no sites in the category. PAsterisks
indicate significant differences (P < 0.1) compared to Col-0 at the
respective time points.

Table S5). Similarly, none of the Atrlp mutant lines had
a significant alteration in its response to the necrosis-
inducing elicitor protein from B. cinerea, BcNEP1
(Schouten et al., 2008), compared to the controls.

Mining of AftRLP Expression Data to Uncover
Additional AtRLP-Regulated Biological Processes

In our unbiased screenings, few novel biological roles
have been uncovered for AtRLP genes. To gain addi-
tional insight into the possible biological processes in
which AtRLP genes are involved, the Genevestigator
online search tool Meta-Analyzer (Zimmermann et al.,
2004) was used (Supplemental Fig. S2). This analysis
revealed that the expression of the AtRLP genes in the
context of different organs, growth stages, and stress
responses is very diverse. Most AtRLP genes are ex-
pressed in many organs and developmental stages.
AtRLP4, which was predicted as a putative develop-
mental ortholog (Fritz-Laylin et al., 2005), is ubiqui-
tously and highly expressed across almost all the
developmental stages and organs, confirming a po-
tential basic function in plant development (Supple-
mental Figs. S1 and S2). However, the development of
the Atrlp4-1 mutant is indistinguishable from that of
wild-type plants. Some AtRLP genes are specifically
expressed in only one or a few organs, such as AtRLP5,
AtRLP8, AtRLP11, AtRLP45, and AtRLP48 that are
mainly expressed in pollen (Supplemental Fig. S2),
suggesting they may play a role at the reproductive
stage. However, no defective pollen phenotypes were
observed for mutants in those respective genes. The
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stress response expression data upon challenge with
pests and pathogens, hormones, and abiotic stress
factors (Supplemental Fig. S2) show differential ex-
pression patterns for all AtRLP genes. Strikingly,
AtRLP4S8 is highly induced only upon hormone treat-
ment, and for two hormone treatments (ABA and
zeatin), AtRLP48 is the only AtRLP gene induced.
Nevertheless, Atrlp48-1 showed no phenotype upon
treatment with these hormones (data not shown).

As many as 25 AtRLP genes (AtRLP2-4,7,13, 19, 20,
22,23, 26, 28, 34-38, 40-43, 46, 47, 50, 52, and 54) are
predominantly expressed in senescent leaves (Supple-
mental Fig. 52). Of these, five AtRLP-encoding genes
(AtRLP7, 20, 28, 36, and 42) are almost exclusively
induced in senescent leaves (Supplemental Fig. S2),
suggesting a possible function in senescence-related
processes. Therefore, we tested whether the 25 AtRLP
genes are involved in senescence-related processes
by subjecting leaves of the corresponding mutants
to submergence in ABA. Most of the mutants did not
show any altered phenotypes. However, three inde-
pendent T-DNA insertion lines (Salk_024020,
SM_3_20242, and SM_3_38956) of AtRLP41 displayed
enhanced sensitivity upon exogenous application of
100 um ABA, because the mutant leaves were bleached
while wild-type leaves remained green (Fig. 5A).
Therefore, our results indicate that AtRLP41 plays a
role in ABA responses.

Previously, AtRLP51 was reported to be locally in-
duced in roots by the nonpathogenic, root-colonizing
rhizobacterium Pseudomonas  fluorescens WCS417r
(Verhagen et al., 2004). This bacterium activates in-
duced systemic resistance (ISR) against a broad range
of pathogens (Pieterse et al., 1996). To investigate the
role of AtRLP51 in activation of ISR, we tested the two
T-DNA insertion mutants Atrlp51-1 and Atrlp51-2 for
their ability to express ISR upon treatment with
P. fluorescens WCS417r. After treatment, plants were
inoculated with Pst DC3000 or with B. cinerea. While
wild-type and mutant plants grown in noninfested
control soil showed full susceptibility, both wild type
and the mutants developed similar levels of ISR to-
ward these pathogens in soil infested with P. fluores-
cens, indicating that AtRLP51 is not involved in ISR
(data not shown).

DISCUSSION

We have undertaken a reverse genetic approach to
genome-wide study the role of RLP genes in Arabi-
dopsis. Previously, a total of 56 AtRLP genes have been
identified (Fritz-Laylin et al., 2005). In this study, we
identified one additional putative AtRLP gene,
AtRLP5, which corresponds to At1g34290. Although
this gene carries only two eLRRs, it complies with the
canonical RLP domain composition. Moreover, it has
been noted that the number of LRR units of resistance
genes and resistance gene analogs can be highly var-
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Figure 5. Characterization of the Atrlp41 mutant al- A
leles. A, Comparison of the leaf phenotype of wild

type with mutants Atrlp41-1, Atrlp41-2, and Atrlp41-3

after exogenous application of ABA (right). B, The
location of T-DNA in Atrlp41-1, Atrlp41-2, and
Atrlp41-3.
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iable, ranging from one to over two dozen, which is
likely to be caused by illegitimate recombination
(Wicker et al., 2007). We assembled a genome-wide
collection of T-DNA knockout mutants that comprises
at least one insertion mutant for 56 of the 57 AtRLP
genes. We could not obtain any insertion line for just
one of the RLP genes, AtRLP19, which may indicate
that insertions in this specific AfRLP gene cause le-
thality. In total, 77 homozygous insertion lines in
AtRLP genes have been collected that have all been
assessed for phenotypic alterations in plant growth
and development and for altered responsiveness to
various external stimuli, including abiotic stress trig-
gers and microbial pathogens. Previously, biological
roles have been assigned to only two AtRLP genes,
CLV2 and TMM (Jeong et al., 1999; Nadeau and Sack,
2002), while the biological functions of the remaining
55 AtRLP genes have remained elusive so far.

In this study, a number of additional novel pheno-
types were found for insertion mutants in the CLV2
and TMM genes. Previous studies have demonstrated
that mutations in any of the three CLV genes result in
enlargement of meristems and increased floral organ
numbers (Clark et al., 1993, 1995). Our CLV2 T-DNA
insertion allele (Atrlp10-1) was found to grow slower,
develop more rosette leaves and shorter stems, and
develop flowers at a later stage than wild-type plants
or clv2-3 mutants. Furthermore, the meristem of the
main inflorescence was found to terminate flowering
for a short period, upon which flowering resumed,
resulting in an irregular distribution of siliques over
the main stem. These novel phenotypes were found to
be linked to the T-DNA insertion in CLV2 and may be
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attributed to the genetic background of the mutation,
as the T-DNA insertion is a mutant of the Col-0 eco-
type, while all other previously described clv2 mutants
are backcrossed into the Landsberg erecta (Ler) ecotype
(Kayes and Clark, 1998). The progeny of crosses be-
tween Atrlp10-1 and Ler wild-type plants developed a
strong carpel phenotype that is comparable to clv2
alleles in the Ler ecotype: more rosette leaves and
reduced height without transient termination of the
main inflorescence (G. Wang, unpublished data). This
suggests that the transient termination of the main
inflorescence in Atrlp10-1 is most likely due to inter-
play within the genetic background of Col-0.
Previously, TMM has been shown to control the
initiation of stomatal precursor cells and determine the
orientation of the asymmetric divisions that pattern
stomata (Geisler et al., 2000; Nadeau and Sack, 2002).
In our TMM T-DNA insertion mutant (Atrlp17-1), we
also observed the typical stomatal clustering pheno-
type. In addition, we found that mutations in TMM
also displayed altered sensitivity to ABA. Growth of
the TMM mutants was reduced upon exogenous ap-
plication of ABA, while the induced chlorosis that is
observed in control plants after ABA treatment was
not observed. It has long been known that during early
stages of drought, plant roots produce ABA that is
transported with the transpiration stream and acts as a
physiological signal to close stomata. The actual clo-
sure is established by an increase of the Ca** concen-
tration in the guard cell cytoplasm (Schroeder and
Hagiwara, 1989). At present, it is not known how
TMM regulates stomatal distribution, but ABA sensi-
tivity might be a crucial factor in this process. Apart
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from TMM, a visible altered phenotype upon ABA
treatment could be identified for AtRLP41, because the
corresponding mutants Atrlp41-1 to Atrlp41-3 showed
enhanced sensitivity to exogenous application of ABA.
Nevertheless, for these mutants no abnormalities in
stomatal patterning could be observed. AtRLP41 ap-
peared to be highly induced during plant senescence,
and, because ABA is known to be able to act as an
inducer of senescence, it is tempting to speculate that
AtRLP41 is involved in ABA-induced senescence re-
sponses, although Atrlp41 mutants did not show any
phenotypic alterations at this stage. However, ABA
also plays important roles in other processes, includ-
ing seed development and dormancy (Christmann
et al., 2006), which might explain why expression at
senescence stages has been reported. Although ABA
receptors have not been identified yet, it has been
demonstrated that an RLK called RPK1 is involved in
early ABA perception in Arabidopsis (Osakabe et al.,
2005). Reminiscent to the situation as occurs with the
RLK CLV1 that interacts with the RLP CLV2, RPK1
may interact with TMM1 or AtRLP41 to constitute an
ABA receptor complex.

Interestingly, it was recently shown that TMM neg-
atively regulates three RLKs during the process of
stomatal differentiation, one of which is ERECTA that
also controls organ size and shape (Torii et al., 1996;
Shpak et al., 2005). In addition, it was recently found
that ERECTA also regulates plant transpiration effi-
ciency, as ERECTA was found to modulate stomatal
density through a role in epidermal pavement cell
expansion (Masle et al., 2005). Possibly, TMM func-
tions as an anchor protein for multiple RLKs in dif-
ferent signaling processes. A similar situation has
recently been demonstrated for the RLK protein
BAK1/SERK3 that not only interacts with the RLK
BRI1 to modulate brassinosteroid signaling and thus
regulate brassinosteroid-dependent growth (Li et al.,
2002; Russinova et al., 2004) but also interacts with
the RLK FLS2 that acts as a PAMP receptor for bac-
terial flagellin and functions in innate immunity in a
brassinosteroid-independent manner (Chinchilla et al.,
2007; Heese et al., 2007). It is anticipated that BAK1
interacts with additional innate immune receptors,
because it also regulates full responses to PAMPs that
are not related to flagellin, the containment of micro-
bial infection-induced cell death, and restriction of
various bacterial, fungal, and oomycete infections
(Chinchilla et al., 2007; Heese et al., 2007; Kemmerling
et al., 2007). The participation of specific receptor pro-
teins in different receptor complexes may explain why
some of these receptors play roles in processes as
diverse as plant development and pathogen defense.
This is not only the case for BAK1 but also for ERECTA
that, in addition to development (Torii et al., 1996;
Masle et al., 2005; Shpak et al., 2005), also plays a role
in defense (Godiard et al., 2003; Llorente et al., 2005).

Remarkably, among the genome-wide collection of
AtRLP T-DNA insertion mutants, visibly altered phe-
notypes were observed for only the four genes CLV?2,
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TMM, AtRLP41, and AtRLP30, even though a wide
range of developmental stages and treatments were
tested. In other plant species, by far most RLP genes
have been implicated in mediating microbial percep-
tion, mostly as pathogen resistance genes (Kruijt et al.,
2005). In Arabidopsis, AtRLP52 has been implicated in
resistance against the powdery mildew pathogen
E. cichoracearum (Ramonell et al., 2005). Interestingly, it
was observed that this specific AtRLP is also required
for full resistance against the barley (Hordeum vulgare)
pathogen Blumeria graminis f. sp. hordei (]. Mansfield,
unpublished data). However, in this study; it is rather
surprising that only two of the T-DNA insertion lines
in the AtRLP genes, AtRLP18 and AtRLP30, displayed
altered susceptibility upon pathogen challenge. Four
independent mutations in AtRLP30 were found to
affect Arabidopsis nonhost defense against the non-
adapted bean (Phaseolus vulgaris) pathogen Psp, al-
though the mutants were not as susceptible as fIs2
mutants defective in the perception of bacterial flagel-
lin. This suggests that, rather than acting as a true
resistance gene like all other RLPs that have been
characterized in plant defense, both AtRLP18 and
AtRLP30 act as components of basal defense. Interest-
ingly, defense against another nonadapted P. syringae
strain (pv tabaci) was not compromised, while defense
against weakly pathogenic Pst strains (hrpA, herC, and
coronatine mutants) also appeared to be intact. In
tomato, the RLP genes Vel and Ve2 have been impli-
cated in resistance against race 1 strains of the vascular
pathogen V. dahline (Kawchuk et al., 2001), which also
is a pathogen of Arabidopsis (Fradin and Thomma.,
2006). Nevertheless, none of the AfRLP insertion lines
was found to display altered V. dahliae susceptibility.
Based on sequence comparison and bioinformatic
analysis, it has been suggested that the vast majority
of the AtRLP genes were likely to act as disease
resistance genes. Despite screening a broad spectrum
of pathogens with different colonization and feeding
styles, we have so far not been able to support this
hypothesis. Possibly, this is the consequence of not
having used the correct pathogen strains against
which these genes are active. Alternatively, the AtRLP
genes may not act as race-specific disease resistance
genes but rather play a role in nonhost resistance or
basal host defense. In such cases, the array of potential
microbial targets may be dramatically increased and
the response to more microbes or even insects and
nematodes should be tested (Stout et al., 2006).

The lack of identification of biological functions for
AtRLP genes may also be explained by functional
redundancy, a phenomenon that typically obscures
studies employing reverse genetics strategies, as has
been described for MADS-box transcription factors
(Pafenicova et al., 2003) and RLK gene family members
(Albrecht et al., 2005; DeYoung et al., 2006; Hord et al.,
2006). It has been suggested that CLV1 and CLV2
heterodimerize to form a receptor complex for the
secreted CLV3 signaling peptide (Jeong et al., 1999;
Ogawa et al., 2008). However, when compared to clv1
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and clv3 alleles, clv2 mutants display relatively weak
phenotypes, because fasciation in clv2 mutants is
rarely observed and only under short-day growth
conditions (Kayes and Clark, 1998). This may suggest
that the role of CLV2 is indeed redundant, although
the finding that CLV2, but not CLV1, can perceive the
conserved CLE motif of CLV3-like peptides argues
against this hypothesis (Fiers et al., 2005). Current
strategies employ RNA interference experiments to
interfere with the expression of multiple AtRLP genes
at the same time and thus possibly overcome func-
tional redundancy among AtRLP genes. The RNA
interference lines that are silenced for multiple AtRLP
genes can be screened with the various abiotic and
biotic stress factors to find biological roles for these
AtRLP genes.

MATERIALS AND METHODS
Bioinformatic Analysis

To investigate the structure of AtRLP genes, BLAST queries were performed
using Arabidopsis (Arabidopsis thaliana) CLV2 and TMM and tomato (Solanum
Iycopersicum) Cf-9 predicted protein sequences to search translated sequences
from the Arabidopsis genome. SMART (http://smart.embl-heidelberg.de),
PFAM (http:/ /pfam janelia.org), SignalP (http://www.cbs.dtu.dk/services/
SignalP), and TMHMM (http://www.cbs.dtu.dk/services/ TMHMM) were
used for domain predictions. The exon/intron boundaries were investigated
using GenScan (http://genes.mit.edu/GENSCAN.html), refined using Seq-
Viewer at The Arabidopsis Information Resource (www.arabidopsis.org), and
visualized using Jellyfish software (Riethof and Balakrishnan, 2001).

Identification and Analysis of T-DNA Insertion Mutants

The database at SIGnAL (Alonso et al., 2003; http:/ /signal.salk.edu) was
searched to identify putative T-DNA insertion mutants, the available lines of
interest of which were obtained from the Nottingham Arabidopsis Stock
Center (NASC; http:/ /www.arabidopsis.info), GABI-Kat (Rosso et al., 2003;
http://www.gabi-kat.de/), or Genoplante FLAGdb/FST (Balzergue et al.,
2001; http:/ /urgi.infobiogen.fr). Correct insertion of the T-DNA in these lines
was determined with PCR. Genomic DNA was isolated from individual plants
that belong to the respective T-DNA insertion lines and used in two separate
PCR reactions with different primer sets (Supplemental Table S2). One
contained a gene-specific primer and a T-DNA-specific primer to check for
the presence of the insertion, and the second PCR contained two gene-specific
primers spanning the proposed insertion site to check for nondisrupted
alleles. Plants for which the PCR with a gene-specific primer and a T-DNA-
specific primer yielded a product, while the PCR with the two gene-specific
primers did not yield a product, were considered homozygous insertion lines,
which was confirmed in plants from the subsequent generation.

Plant Growth Conditions

Arabidopsis plants of the ecotypes Col-0, Wassilewskija, and Ler were
used. Soil-grown plants were cultured either in a growth chamber at 22°C,
72% relative humidity, and usually a 16-h photoperiod, or in a greenhouse at
21°C during the 16-h day period and 19°C during the night period at 72%
relative humidity. In the greenhouse, supplemental light (100 Wm?) was used
when the sunlight influx intensity was below 150 Wm 2.

For in vitro growth of Arabidopsis, seeds were surface sterilized and sown
on Murashige and Skoog (MS) medium (Duchefa) solidified with 1.5% plant
agar (Duchefa). After sowing, the plates were incubated at 4°C in the dark for
3 d and subsequently transferred to the growth chamber.

Phenotypic Evaluations of Plant Growth
and Development

For phenotypic evaluations of plant growth and development, Arabidop-
sis plants were grown on half-strength MS medium supplemented with 1%
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Sucand 0.5 g/L MES, pH 5.8. After 2 weeks, plants were transferred to soil for
further observations. To assess seed morphology, siliques from the primary
inflorescences were screened for seed abortion using a dissection microscope
(Tzafrir et al., 2004). Seeds at different developmental stages were mounted in
clearing solution (Sabatini et al., 1999), and cleared samples were observed
using a Nikon optiphot microscope equipped with Normarski optics. To score
vascular patterning and stomatal distribution, cotyledon and rosette leaves
were cleared by immersion in ethanol:acetic acid (3:1), subsequently rinsed in
70% ethanol, and incubated in 100% ethanol at 4°C overnight (Jun et al., 2002).
The leaves were observed using a dissecting microscope for vascular pattern-
ing and Normaski optics for the stomatal distribution. Finally, root geotropism
was studied by growing seedlings on vertically oriented half-strength MS
plates that were rotated 90° after 6 d of growth. After 10 h, the bending angle
of the root was measured (Sedbrook et al., 2002).

Conditional Phenotype Assays

To assess susceptibility toward abiotic stress, seeds were sown on MS
plates amended with NaCl (100 or 150 mwm), LiCl (20 or 30 mwm), mannitol (150
or 200 mm), or hydrogen peroxide (3.3 or 6.7 mm) and evaluated for aberrant
growth. To assay heavy metal resistance, plants were grown vertically on half-
strength MS medium amended with 2% (w/v) Suc and 85 um CdCl, (Lee et al.,
2003).

To test whether AtRLP genes are involved in responsiveness to hormones,
the sterilized seeds were grown on vertically oriented half-strength MS plates
containing different hormones at different concentrations (Supplemental
Table S3).

To screen whether AtRLP genes are involved into leaf senescence, detached
leaves were floated on 3 mm MES [2-(N-morpholino)ethanesulfonic acid
monohydrate] buffer, pH 5.8, in the presence of 50 um or 100 um ABA, 50 um
methyl jasmonate, 5 uM ethylene, or 1 um epibrassinolide (He et al., 2001).

Pathogen Cultivation

Alternaria brassicicola (strain MUCL20297; Mycotheque Université Catho-
lique de Louvain, Louvain-la-Neuve, Belgium), Cladosporium cucumerinum,
Cladosporium fulvum, Plectospaerella cucumerina (Thomma et al., 2000), Sclero-
tinia sclerotium strain ND30, and Verticillium dahliae strain ST37.01 were
maintained on potato dextrose agar (Oxoid). Botrytis cinerea (Brouwer et al.,
2003) was grown on half-strength potato dextrose agar amended with 5 g/L
agar and 150 g/L blended tomato leaves. Colletotrichum destructivum (strain
IMI349061; CABI Bioscience) was grown on Mathur’s agar (Mathur et al.,
1950). All fungal in vitro cultures were grown at 22°C. Oidium neolycopersisi
(Bai et al., 2005) was maintained on Moneymaker tomato plants in the
greenhouse. Two GFP transformants of the oomycete Phytophthora infestans
strains 14.3 (Dr. Govers, Wageningen University, The Netherlands) and 208M2
(Dr. S. Kamoun, Ohio State University) were maintained on rye-agar at 18°C in
the dark. Isolates of Hyaloperonospora parasitica were maintained as described
(Tor et al., 2002). Pseudomonas syringae pv tomato DC3000 with or without
avrRpt2, avrRpm1, or avrRps4 were grown on King’s B agar (King et al., 1954)
supplemented with the appropriate antibiotics (25 ug/mL rifampicin and 100
wg/mL kanamycin). Pectobacterium atrosepticum strain LMG 6669 (Coordi-
nated Collections of Micro-organisms, Ghent, Belgium) was maintained on
nutrient agar (Oxoid). Xanthomonas campestris pv campestris (strain 568) was
grown on Kado’s medium agar (Kado and Heskett, 1970). All bacterial strains
were grown overnight at 28°C.

Pathogen Inoculations

All pathogen (except V. dahliae and H. parasitica) inoculations were per-
formed using soil-grown plants with fully expanded rosette leaves. Inoculum
of all in vitro-cultured fungi (except S. sclerotiorum) was prepared as previ-
ously described (Broekaert et al., 1990) and used as a suspension of 10°
conidia/mL in water. Inoculations with A. brassicicola, B. cinerea, C. destruc-
tioum, and P. cucumerina were performed by placing a 6-uL drop of the
conidial suspensions on each expanded leaf (Thomma et al., 1998, 2000;
O’Connell et al., 2004; Brouwer et al., 2003). C. fulvum and C. cucumerinum
suspensions were sprayed as a mist on the adaxial sides of the leaves. For V.
dahliae inoculations, 2-week-old Arabidopsis plants were up-rooted, root tips
were cut off, and incubated in the conidial suspension for 1 min. Subsequently,
the plants were replanted into fresh soil. For S. sclerotiorum, three mycelium
plugs from a culture plate were placed in a 300-mL flask containing 100 mL of
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potato dextrose broth (Difco) and grown for 3 d at 22°C with 150 rpm.
Afterward, the mycelium was homogenized in a blender. Leaves were
inoculated by placing a 10-uL drop of mycelium fragments (ODy,, = 3.5) on
each of the fully expanded leaves. For P. infestans, a rye-agar plate with 10-d-
old mycelium was incubated with sterile water at 4°C for 2 h to release
zoospores from zoosporangia. One 5-uL drop of a suspension of 10° zoo-
spores/mL in water was placed on each fully expanded leaf. To avoid
background fluorescence from superficial growing P. infestans, the drops were
removed by drying with tissue paper after 36 h. For Oidium neolycopersici, 10°
conidia/mL was used. The inoculation was performed as described by Bai
et al. (2005). Inoculations of Arabidopsis seedlings with H. parasitica were
performed as described (Tor et al., 2002).

For all bacterial inoculations, bacteria were grown overnight at 28°C in the
appropriate medium supplemented with the appropriate antibiotics. Strains
of P. syringae (except P. syringae pv phaseolicola [Psp]) and P. atrosepticum were
spray inoculated with a bacterial suspension of ODy, 0.3 supplemented with
0.05% [v/v] Silwet L-77 (van Meeuwen Chemicals). For X. campestris, two
different inoculation methods were carried out (Meyer et al., 2005): infiltration
of a concentrated bacterial suspension or wound inoculation.

For Psp 1448A, three half leaves on eight plants were infiltrated with
bacteria at ODyy, 0.25 (approximately 2 X 10° cells/mL). Symptom develop-
ment was scored after 4 and 6 d and sites assigned to each progressive
category: 0, no symptoms; 1, very pale yellowing; 2, pale yellowing; 3,
yellowing over most of the area infiltrated; 4, pale yellowing with patchy
collapse; 5, yellow with patchy collapse; 6, collapse of more than 50% of
infiltration site; and 7, collapse of all the infiltrated area. Bacterial numbers
were recorded as described by de Torres et al. (2006).

For all inoculations, except those with O. neolycopersici and V. dahliae, plants
were kept in boxes with transparent lids at high relative humidity for the
remainder of the experiment. As a positive control for the inoculations with
A. brassicicola, B. cinerea, and P. cucumerina, pad3-1 mutant plants were used
(Thomma et al., 1999, 2000; Kliebenstein et al., 2005). For P. infestans, the pen2-1
mutant was used (Lipka et al., 2005), while for the Pseudomonas strains the
genotypes NahG and nprl-1 were used (Thomma et al., 1998). Finally, for X.
campestris the ecotype Kas was used as positive control (Xu et al., 2008).

To test whether AtRLP51 is involved in ISR expression, the ISR bioassay
was performed as described by Pieterse et al. (1996) except for the challenge
inoculation. For P. syringae and for B. cinerea, the inoculations were performed
as mentioned previously. Except for P. syringae, a lower concentration of a
bacterial suspension of ODy, 0.3 five times diluted was used.

Response to Pathogen Elicitors

Flg22-induced seedling growth inhibition assays (Gomez-Gomez et al.,
1999) were performed essentially as described (Pfund et al., 2004). After ger-
mination of Arabidopsis seeds for 5 d at 22°C, two seedlings were transferred
to 750 mL of liquid MS medium in a 25-well plate either with or without
2 mg/L flg22 peptide (sequence, TRLSSGKINSAKDDAAGL). Each treatment
was replicated five times. After 2 weeks further growth, the weights of the
seedlings were recorded. Wassilewskija-0, Col-0 fIs2 (insensitive to flg22), and
Col-0 (susceptible to flg22 growth inhibition) were used as controls in each
experiment.

Leaves of Arabidopsis plants were pressure infiltrated with the B. cinerea
elicitor protein BENEP1 that was isolated from a Pichia pastoris culture heter-
ologously expressing BENEP1. A raw protein extract from culture filtrate con-
taining the BcNEP1 protein was isolated as described (Schouten et al., 2008)
and was 10 times diluted in MMA (5 g/L MS salts [Duchefa], 1.9 g/L MES).

Localization of AtRLP30

AtRLP30 is predicted to contain a single exon, which was confirmed by se-
quencing full-length cDNA from Col-0 amplified using reverse transcription-
PCR. The resulting cDNA was cloned into the gateway entry vector pPDONR/
Zeo using BP clonase (Invitrogen) and subsequently transferred to the gateway-
compatible binary vector pEarleyGate101 (Earley et al., 2006) using LR clonase
(Invitrogen). This resulted in a plasmid with AtRLP30 fused to the coding
sequence of YFP::HA and expression was driven by the cauliflower mosaic
virus 35S promoter. The T-DNA insertion line Salk_122528, homozygous for
the insertion in AtRLP30, was transformed with this plasmid using the floral
dip method (Clough and Bent, 1998). Transgenic plants were selected on soil
soaked with 150 mg/L Basta herbicide (glufosinate-ammonium, Bayer
CropScience) and confirmed by PCR. Plants were checked for fluorescence
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using an Olympus IX70 microscope equipped with a Fluroview 300 confocal
laser scanning unit. AtRLP30:: YFP::HA fluorescence was excited with a 488-
nm argon laser and fluorescence was detected between 510 nm and 530 nm.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. cDNA, EST, and Massively Parallel Signature
Sequencing expression data for AfRLP genes.

Supplemental Figure S2. Expression profile of AtRLP genes in various
organs and growth stages and upon stress responses.

Supplemental Figure S3. Expression of AtRLP30 after PAMP treatment.

Supplemental Table S1. Pairwise alignment of AtRLP amino acid se-
quences.

Supplemental Table S2. Primers used to check for the presence of the
predicted T-DNA insertions.

Supplemental Table S3. Conditional phenotype assays for AtRLP mu-
tants.

Supplemental Table S4. Interaction phenotypes of AtRLP mutants with
isolates of H. parasitica.

Supplemental Table S5. Screening of RLP mutants with flg22 using
seedling assays.
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