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Receptor-like proteins (RLPs) are involved in plant
development and disease resistance. Only some of the
RLPs in tomato (Solanum lycopersicum L.) have been
functionally characterized though 176 genes encoding
RLPs, which have been identified in the tomato genome.
To further understand the role of RLPs in tomato, we
performed genome-guided classification and transcrip-
tome analysis of these genes. Phylogenic comparisons
revealed that the tomato RLP members could be divid-
ed into eight subgroups and that the genes evolved in-
dependently compared to similar genes in Arabidopsis.
Based on location and physical clustering analyses, we
conclude that tomato RLPs likely expanded primarily
through tandem duplication events. According to tissue
specific RNA-seq data, 71 RLPs were expressed in at
least one of the following tissues: root, leaf, bud, flower,
or fruit. Several genes had expression patterns that
were tissue specific. In addition, tomato RLP expression
profiles after infection with different pathogens showed
distinguish gene regulations according to disease induc-
tion and resistance response as well as infection by bac-
teria and virus. Notably, Some RLPs were highly and/
or unique expressed in susceptible tomato to pathogen,
suggesting that the RLP could be involved in disease
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response, possibly as a host-susceptibility factor. Our
study could provide an important clues for further in-
vestigations into the function of tomato RLPs involved
in developmental and response to pathogens.
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Plants have evolved various immune mechanisms to recog-
nize and respond to pathogens (Hulbert et al., 2001; Kruijt
et al., 2005; Yeom et al., 2011; Yeom et al., 2012). Among
these mechanisms are two innate immune systems based
on receptors located on the cell surface or within the cell
(Lee and Yeom, 2015; Tor et al., 2009). The cell surface
receptors are referred to as pattern recognition receptors
and include two major classes: receptor-like kinases and
receptor-like proteins (RLP) (Kruijt et al., 2005; Monaghan
and Zipfel, 2012; Tor et al., 2009).

The two groups of pattern recognition receptors have
leucine-rich repeat (LRR) structural elements, which are
extracellular domains that interact with ligands. Receptor-
like kinases contain extracellular LRRs, a transmembrane
spanning domain, and a cytoplasmic kinase domain; while
RLPs contain extracellular LRRs and transmembrane span-
ning domains, but also have a signal peptide and lack the
cytoplasmic kinase domain (Monaghan and Zipfel, 2012).
RLPs are composed of several conserved domains desig-
nated A through G based on their amino acid sequences.
Domain A is a putative signal peptide and domain B is a
cys-rich domain. Domain C is annotated as an LRR and
consists of three domains: C1, C2 (a non-LRR region), and
C3. Domains D, E, F, and G are a spacer, an acidic domain,
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a transmembrane domain, and a short cytoplasmic domain,
respectively (Fritz-Laylin et al., 2005).

RLPs comprise a large gene family in plants that is in-
volved in defense and development. To date, most RLPs
with assigned functions are involved in disease resistance.
The first RLP gene identified was the tomato gene Cf-9
that is involved in disease resistance against the fungal
pathogen Cladosporium fulvum (Jones et al., 1994). Since
its discovery, several other Cf genes involved in plant re-
sistance to C. fulvum have been cloned and characterized
from tomato (Dixon et al., 1996; Dixon et al., 1998; Tak-
ken et al., 1999; Thomas et al., 1997). Other RLPs have
been identified that regulate resistance to pathogens in
tomato, Arabidopsis, and apple. In tomato, Ve genes confer
race-specific resistance against Verticillium (Kawchuk et
al., 2001). Also in tomato, LeEIX] and LeEIX2 mediate
recognition of the ethylene-inducing xylanase of Tricho-
derma viride (Ron and Avni, 2004). HerV{-2 in apple
confers resistance against Venturia inequalis (Belfanti et
al., 2004). In Arabidopsis, ReMAX may regulate recogni-
tion of the microbe-associated molecular pattern eMAX of
Xanthomonas (Jehle et al., 2013) and RFO2 mediates re-
sistance to Fusarium oxysporum forma specialis matthioli
(Shen and Diener, 2013). Screens of T-DNA insertion lines
(Wang et al., 2008) indicated that AtRLP30 influences
susceptibility of Pseudomonas syringae pv. phaseolicola to
non-host resistance. RBPG1 in Arabidopsis is a microbe-
associated molecular pattern conferring resistance to fungal
endo-polygalacturonases (Zhang et al., 2014). Although
most RLPs are involved in resistance, they can also regu-
late development. CLAVATA2 (CLV2) in Arabidopsis is
crucial in meristem development (Jeong et al., 1999), and
its orthologue in maize, FASCINATED EAR2 (FEA?2), also
regulates development of the shoot meristem (Taguchi-
Shiobara et al., 2001). The Arabidopsis 700 MANY
MOUTHS (TMM) is involved in stomatal distribution on
the epidermis (Nadeau and Sack, 2002).

Genome sequences can provide valuable information
for genome-based investigation, such as gene cloning and
genome-wide analysis of a target gene family (Kim et al.,
2017; Seo et al., 2016; Tomato Genome, 2012). RLPs have
also been investigated using global identification tech-
niques and genome analysis. To date, 57 RLPs in Arabi-
dopsis (Wang et al., 2008), 90 RLPs in rice (Fritz-Laylin et
al., 2005), 82 RLPs in poplar (Petre et al., 2014), and 144
RLPs in cotton (Chen et al., 2015) have been identified.
However, there is little data from genome-wide investiga-
tions of RLPs in tomato. Consequently, we performed
genome-wide identification and classification of RLP
family members in tomato and identified their locations

on chromosomes and their physical clustering. To assume
their function, we investigated the gene expression profiles
using tissue specific and pathogen-infected RNA-seq data.
These results will provide useful information on the func-
tion of RLP gene family members of tomato and relatives,
Solanaceous crops, and will assist in their further functional
characterization.

Materials and Methods

Identification of RLP genes in the tomato genome. One
hundred seventy-six tomato RLP genes have been identi-
fied from ITAG2.4 gene models in the tomato database
(https://solgenomics.net/; (Andolfo et al., 2013; Tomato
Genome, 2012). To verify these genes, we created Pfam
domains using C3-D amino acid sequences extracted from
known RLP proteins. The identified genes were screened
using the Pfam protein domain database (http://pfam.
sanger.ac.uk/) based on the C3-D domains of RLP genes
using a Hidden Markov Model (HMMERVv.3, http://hm-
mer.org) search. The RLP genes were subjected to a Basic
Local Alignment Search Tool (BLAST) search in the Na-
tional Center for Biology Information (NCBI) database to
validate the genes. The putative RLP genes in tomato were
analyzed by functional annotation with SMART (http://
smart.embl-heidelberg.de) to find RLP domains, such as
the signal peptide, transmembrane domain, and LRRs. The
57 Arabidopsis RLP genes were obtained from a study by
(Wang et al., 2008).

Phylogenetic analysis and classification. Amino acid
sequences of the C3-D domains for each tomato and Ara-
bidopsis RLP were extracted. Among them, C3-D domains
from 54 Arabidopsis and 109 tomato proteins (> 70% of
the full-length of the C3-D domains) were selected for
multiple sequence alignment and phylogenetic analysis.
Multiple sequence alignments were performed with MUS-
CLE (Edgar, 2004) using MEGA software (http://www.
megasoftware.net/). The phylogenetic tree was constructed
with multiple alignment results using PhyML (http://www.
phylogeny.fr) with the default values.

Classification of RLPs was performed based on sequence
similarity using the phylogenetic tree and OrthoMCL ac-
cording to a previously reported method (Kang et al., 2016;
Seo et al., 2016). RLPs were classified according to their
clade with characterized RLP genes in the phylogenetic
tree. Orthologues were clustered by comparison with the
full-length amino acid sequences from all identified tomato
and Arabidopsis RLPs using OrthoMCL (http://orthomcl.
cbil.upenn.edu). RLPs belonging to the same cluster were
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classified as within the same phylogenetic groups. Single-
tons, which were not classified in the phylogenetic tree
or OrthoMCL, were further compared using accelerated
protein-protein BLAST (BLASTP) against all RLPs and
were assigned to subgroups.

Chromosome locations and physical clustering of to-
mato RLPs. Tomato RLP genes were mapped onto tomato
chromosomes based on the physical position of each gene
from ITAG2.4. Visualization of chromosome locations
was performed using the MapChart program (Voorrips,
2002). Physical clustering among RLPs was analyzed and
calculated with the following conditions: clusters contain
less than 200 kb between RLPs and there are less than eight
genes between RLPs (Seo et al., 2016).

Motif analysis of RLPs in tomato. The conserved motifs
among tomato RLPs were identified using the MEME
suite program (http://meme-suite.org/tools/meme). The pa-
rameters were as follows: maximum number of motifs, 20;
minimum width of motifs, 6; maximum width of motifs,
50. Other conditions were set to default values.

Expression profiling of tomato RLPs. Tomato genes
from RNA-seq data from various tissues (Tomato Genome,
2012), including root, leaf, bud, flower, and fruit (six devel-
opmental stages), were analyzed. We also obtained public
RNA-seq data from pathogen-infected tomato samples. For
Tomato yellow leaf curl virus (TYLCV) infected tomato
samples, leaf samples were collected at 0, 3, 5, 7 days post
inoculation (dpi) and then, leaf samples at 3, 5, 7 dpi were
pooled together for RNA isolation and library preparation
(Chen et al., 2013). For tomato samples with Pseudomonas
infection, the third true leaf of 4-week-old Rio Grande prf3
tomato plants were syringe-infiltrated with bacterial strains
and tissue was collected 6 h after infiltration, then total
RNA was isolated and libraries were constructed (Rosli
et al., 2013). Transcript data from tomato plants infected
with TYLCV (Chen et al., 2013) or Pseudomonas (Rosli
et al., 2013) were trimmed and normalized using in-house
pipelines. RNA-seq data were normalized using log, [reads
per kilobase of per million mapped reads (RPKM)] values.
Visualization of expression profiling was performed using
R (http://bioconductor.org/) to develop heatmaps.

Results and Discussion

Identification and structure analysis of RLP genes in
tomato. To identify the RLP genes in tomato, we used
previously published RLP gene information as guide genes

Table 1. The number of predicted receptor-like protein (RLP)-
encoding genes in the tomato genome

RLP type No. of genes
Signal peptide/LRR/transmembrane domain 54
Signal peptide/LRR 42
LRR/transmembrane domain 33
LRR 47
Total 176

(Andolfo et al., 2013). A total of 176 RLP-encoding genes,
including ten known RLPs, were identified in the tomato
genome. One hundred seventy-six is approximately two to
three times more than in Arabidopsis (57 genes) or rice (90
genes), which is consistent with the extensive expansion in
the tomato genome. The RLPs consist of several domains,
designated A to G (Fritz-Laylin et al., 2005). Domain C3
(a LRR domain) and D (a linker domain) are conserved
sequences, so we used these to confirm identification of
RLPs and to conduct the phylogenetic analysis (Supple-
mentary Fig. 1).

We further examined the RLPs that we had identified by
conducting HMMER program (Finn et al., 2011) compar-
ing the C3-D domain against the 176 putative RLP genes.
All of the identified 176 genes contained a C3-D domain,
so we defined them all as the RLP gene set (Supplementary
Table 1). The RLP genes were annotated to find putative
functional domains, such as signal peptides, transmem-
brane domains, and LRRs (Table 1). Fifty-four (30.7%)
genes were considered full-type RLPs as they encompass
all three defined domains. Seventy-five (42.6%) genes
included two domains. These genes were subdivided into
42 genes containing the signal peptide and LRRs and 33
genes with LRRs and the transmembrane. The remaining
47 (26.7%) genes contained only a single domain with
LRRs. The high proportion of partial-type genes could be
due to annotation problems, such as early stops, truncated
domains, and assembly errors.

Phylogenetic analysis and classification of tomato
RLPs. To analyze the phylogenetic relationship of tomato
and Arabidopsis RLPs, the amino acid sequences of the
C3-D domains of tomato and Arabidopsis RLP genes with
sequences containing more than 70% of the full-length
sequence were used for multiple sequence alignment us-
ing MEGA software (http://www.megasoftware.net/). We
obtained 54 RLPs from Arabidopsis and 109 RLPs from
tomato for further analysis. The phylogenetic tree was con-
structed using the multiple sequence alignment of the 54
Arabidopsis genes and 109 tomato genes (Fig. 1). A few
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clades included RLP genes from both species. However,
most tomato RLPs formed a well-separated clade from that
of Arabidopsis RLPs indicating that most RLP gene family
members may have evolved and diversified independently
after speciation. The expansion of RLPs along a specific
lineage could lead to functional divergence among plant
species and their relatives.

A total of 132 tomato RLPs were classified into eight
groups designated G1 to G8 according to the phylogenetic
relationship and sequence similarity clustering methods
using OrthoMCL described in previous study (Seo et al.,
2016). Forty-four RLP genes did not belong to any group
(Supplementary Table 1). G1 is the largest group that in-
cludes the known Cf genes and 47 (26.7%) tomato RLPs.
G1 is further divided into three subgroups, G1-A, G1-B,
and G1-C, based on branching and clustering with known
Cf genes. Even though G1 contained the largest num-
ber of RLPs among the RLP groups, G1 was comprised
of only tomato RLP genes. Thus, the Cf genes and their
orthologues may have been created by extensive expan-

Solyc06g033920

Sorrames0
LPgy
m;::“’“’
AIRL:ff
R Py
‘:ﬁo Fig. 1. Phylogenetic relationship of
Arabidopsis and tomato receptor-
& like proteins (RLPs). The phy'lo-
\& genetic tree was constructed using
e\gbo amino acid sequences of the C3-D

domains using PhyML. Tomato
RLPs were classified into eight
groups (G1 to G8). Bootstrap values
> 60% are indicated above branches.
Colors indicate individual groups.

sion in tomato after speciation. Similarly, G2, G5, and G8
contained only tomato RLP genes and may have expanded
independently after speciation. The RLPs in G3, G4, G6,
and G7 contained both tomato and Arabidopsis RLPs sug-
gesting that these members might have evolved from a
common ancestor.

Chromosomal location and physical clustering within
the tomato genome. Genomic positions of tomato RLPs
were obtained from the Solanaceae lycopersicum gene
model ITAG2.4 and were mapped onto the corresponding
tomato chromosome locations. The 166 RLPs were distrib-
uted across all tomato chromosomes. The twelve chromo-
somes contained various numbers of RLP genes and the
distribution was uneven (Fig. 2A). Chromosomes 1 and 12
had the largest number of RLPs with 41 and 31 genes, re-
spectively. Chromosomes 3 and 8 contained only five and
four RLPs, respectively. Most RLPs made physical clusters
with members of the same group at specific positions. For
example, many RLPs in G1 were located on chromosomes
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Fig. 2. Physical genome distribution and conserved motif analysis of tomato receptor-like protein (RLP) genes on chromosomes. (A)
Chromosomal locations and physical clusters of SIRLPs. Tomato chromosomes are represented as white bars. Colors represent the
phylogenetic groups. Square brackets to the right of the gene IDs indicate tandem arrays and physical gene clusters. Physical clusters
with previously cloned genes are denoted with red square brackets and the cloned gene names. (B) Conserved motif analysis of SIRLPs
within physical clusters. Representative four physical clusters contained more than three genes (C1, C2, C3, and C4) were analyzed con-
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1 and 12 and RLPs in G5 were located on chromosome 7,
suggesting that the formation of these physical clusters and
the expansion of tomato RLPs may be due to tandem du-
plication.

To analyze the duplication history of tomato RLPs,
physical clusters were established based on previously pub-
lished determining methods (Jupe et al., 2012). Twenty-
eight physical clusters including 82 genes (49.4%) on elev-
en chromosomes were identified (Fig. 2A). Chromosome 1
contained the largest number of clusters (9 clusters), where-
as chromosome 11 contained no physical clusters. Most of
the physical clusters contained two or three genes, while
four clusters contained more than three genes. Specifically,
most of the physical clusters were composed of RLPs be-
longing to the same group, such as a Cf-2/Cf-5 cluster and
a Sleix1/LeEIX2 cluster. To figure out the structure simi-
larity of RLPs in the same physical cluster, we conducted
the conserved motifs analysis in tomato RLP amino acid
sequences. The motif analysis in four physical clustering
including more than three genes showed that the motifs of
closely related genes within each physical cluster shared
common sequences and positions (Fig. 2B and Supplemen-
tary Fig. 1). Thus, clustered RLPs were likely duplicated
from a recent common ancestor via tandem duplication
events. This distribution and physical clustering pattern is
consistent with RLP gene families and nucleotide-binding
site leucine-rich repeat (NBS-LRR) gene families in other
plant species (Andolfo et al., 2013; Seo et al., 2016).

Tissue specific expression of tomato RLPs. RLPs can
play a role in plant development, such as TMM and CLV2
in Arabidopsis (Jeong et al., 1999; Nadeau and Sack,
2002). To understand the putative function of RLP genes,
transcriptional profiles of tomato RLP genes were analyzed
using RNA-seq data from five tissues (root, leaf, bud, flow-
er, and fruit) and six fruit developmental stages (Tomato
Genome, 2012) (Fig. 3). The tomato RLP gene expression
profiles varied between different tissue and developmental
stages. Among tomato RLPs, 29 RLPs showed zero reads
in any tissues or stages, and 66 RLPs transcripts were at
extremely low levels in all tested tissues. Therefore, these
95 gene were excluded from further analysis. Four genes
(Solyc01g011040, Solyc10g006930, Solyc01g107690,
and Solyc05g009800; blue circles on the left side of gene
names in Fig. 3) showed high transcript levels in all tested
tissues, whereas seven genes were expressed at low lev-
els in all tested tissues (yellow circles in Fig. 3). Some
gene transcripts were expressed only in specific vegeta-
tive organs or reproductive organs. For example, 15 genes
(purple circles in Fig. 3) were expressed at relatively higher

levels in root than in other tissues. Specifically, one RLP
(Solyc09g082530) among the root-specific RLPs had a
very high level of expression, indicating it may be function
as a root-specific regulator in tomato. Several genes re-
vealed specific expression patterns in reproductive tissues
compared to other tested tissues. High transcript levels of
three RLPs (Solyc10g050470, Solyc01g108270, and Soly-
¢01g011050; purple circles in Fig. 3) were detected in buds
and flowers. Solyc12g088950 and Solyc05g050700 were
solely expressed in flowers and buds, respectively, indicat-
ing that these genes may be involved in bud and flower
developmental processes. Four genes (Solyc11g005150,
Solyc04g076980, Solyc10g050110, and Solyc05g026240;
purple circles in Fig. 3) showed specific expression pat-
terns during fruit developmental stages.

Development-related genes have evolved while main-
taining function and conserved sequences with orthologues
(Dolinski and Botstein, 2007). The Arabidopsis CLV?2 gene
has a function in controlling the size of stem population in
the shoot apical meristem (Wang et al., 2010). The CLV2
gene mutants result in phenotypic alterations in gynoecia,
flower pedicels, stamens and rosette leaves (Kayes and
Clark, 1998; Pan et al., 2016). The expression profile of
CLV2 during development stages in Arabidopsis showed
constitutive expression patterns in developmental stages
such as root, stem, leaf, apex, flowers, flower organs, seed,
and whole plant in AtGenExpress (www.arabidopsis.org).
The Arabidopsis TMM gene is known to play a role in
stomatal distribution on the epidermis (Nadeau and Sack,
2002). However, expressions of TMM are also detected
in various tissues in Arabidopsis (www.arabidopsis.org).
To investigate whether tomato RLPs classified with CLV2
and TMM genes in G6 play a role in plant development,
we analyzed the expression of tomato RLPs in G6. Five
genes had detectable expression levels on the heatmap
(Fig. 3), while nine genes showed very low expression
levels and were excluded from the heatmap. Three genes
(Solyc11g056680, Solyc01g086920, and Solyc10g052880)
were expressed in most of the tested tissues and two genes
(Solyc04g008830 and Solyc04g056640) were expressed
at higher levels in roots than in the other tissues. Taken
together, these results suggest that tomato RLP genes are
involved in biological functions during plant development
in vegetative and reproductive organs.

Global gene expression of tomato RLPs during patho-
gen infection. RLPs, such as Cf and Ve proteins in tomato
and HerV{2 protein in apple, can mediate resistance re-
sponses against pathogens such as Cladosporium fulvum,
Verticillium spp., and Venturia inequalis, respectively



Identification of RLPs in Tomato 441

Solyc01g009690
Solyc10g076500
Solyc11g011180
Solyc12g100010
Solyc08g077740
Solyc04g054450
Solyc07g053840
Solyc12g040740
Solyc01g107790
Solyc11g072930
Solyc03g112680
Solyc069033920
Solyc04g008830
Solyc04g078560
Solyc03g083510
Solyc129009520
Solyc07g008590
Solyc09g005090
Solyc01g098690
Solyc04g056640
Solyc05g009990
Solyc01g102870
Solyc12g009770
N S A (N N R O Solyc019108850
NN I N (N I I N R O Solyc09g064670

I ) Solyc10g012360

© Solyc099072630

Solyc06g074150

Solyc12g100030

Solyc12g009550

Solyc01g005870

Solyc01g005730

Solyc12g006020

Solyc089016210

Solyc01g005720

Solyc04g014400

Solyc09g074260

I Solyc10g075000
_________ @ Solyc099082530
Solyc02g084610

_— Solyc02g092040

 E— S0 e N Solyc06g084420

| S N Solyc07g042990
_ Solyc08g016310

Solyc10g007830

_________ Solyc10g050470
I [ IS N I R N @ Solyc01g108270
I ______ Solyc12g088950
I () I R I R I N R @ Solyc059050700
[ 1] Solyc04g076450
Solyc04g076460
Solyc11g065800
Solyc099075730
Solyc01g106500
Solyc099005080
Solyc01g005760
Solyc02g084600
Solyc07g008620
Solyc06g008300
Solyc10g052880
Solyc11g016930
Solyc01g107250
Solyc02g077850
Solyc03g006330
Solyc02g064940
Solyc01g011050
Solyc01g011040
Solyc10g006930
Solyc01g107670
Solyc05g009800
[N I N I N N @ Solyc119005150
1 ] M @ Solyc04g076980
Solyc12g006980

Solyc10g050110

Solyc05g026240

Solyc01g086920

Solyc11g056680

Color Key

-

0 2 46
Value

R e A e e e

fﬁm

Fig. 3. Expression profiles of tomato receptor-like protein (RLP) genes across different tissues. The tomato transcriptome data were gen-
erated in-house pipeline. Expression data for each gene were normalized to log,[reads per kilobase of per million mapped reads (RPKM)]
values and hierarchically clustered. Colors represent relative expression levels. MG, mature green stage; B, breaker stage; B10, 10 days
post-breaker. Circles (blue, yellow, and purple) on the left side of gene names indicate tissue specific expressed genes.

(Belfanti et al., 2004; Dixon et al., 1996; Dixon et al., 1998; 1999; Thomas et al., 1997). In addition, RLPs are associ-
Jones et al., 1994; Kawchuk et al., 2001; Takken et al., ated with susceptibility to pathogens. The T-DNA mutant
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line of AtRLP in Arabidopsis shows enhanced susceptibil-
ity against the non-host bacterial pathogen Pseudomonas
syringae pv phaseolicola strain 1448A (Wang et al., 2008).

Transcriptome-based expression analysis of tomato RLPs
during biotic stresses revealed various expression patterns
during different pathogen infection conditions. We ob-
tained previously published RNA-seq data from tomatoes
challenged with Pseudomonas and TYLCV (Chen et al.,
2013; Rosli et al., 2013). A large number of RLPs showed
very low transcript levels under both biotic stresses (Pseu-
domonas and TYLCV challenges), therefore 47 tomato
RLPs were selected for heatmap construction to analyze
expression profiles.

We further analyzed RNA-seq data from Rio Grande

prf3 tomato plants infected with the wild-type bacterial
strains Pseudomonas syringae pv. tomato (Pst) DC3000
or Pseudomonas fluorescens 55 (Rosli et al., 2013) (Fig.
4). The Rio Grande prf3 tomato plants showed different
responses to infection with the two different Pseudomo-
nas strains, such as disease induction (Abramovitch et al.,
2003) and non-hypersensitive response (HR) (Kim et al.,
2002). The RNA-seq data were generated and analyzed via
an in-house pipeline. The RLP genes had varying expres-
sion patterns between the P. fluorescens- and P. syringae
DC300-infected plants. Five RLP genes (Solyc01g009930,
Solyc01g009810, Solyc01g005730, Solyc05g012430, and
Solyc07g008620) were upregulated in response to both
infections. Expression of sixteen genes was higher in P.
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Fig. 4. Expression profiling of tomato
receptor-like proteins (RLPs) during
pathogen infection. (A) Tomato RLP
gene expression patterns during chal-
lenge with Pseudomonas fluorescens
and P. syringae DC3000. Expression
values were normalized to a mock
control of each gene. (B) Expression
profiles of RLP genes in resistant (TY-
LCV-R) and susceptible (TYLCV-S)
tomato cultivars against TYLCV. RLP
expression values were normalized to
a mock control of each gene. Relative
expression values were transformed to
log2. Colors represent relative expres-
sion levels.
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Sfluorescens-infected samples than in those challenged with
P. syringae DC3000. Conversely, six genes had higher
transcript levels in P. syringae DC3000-infected plants
than in P. fluorescens-infected plants. These six genes may
be involved in host susceptibility to P. syringae DC3000.

To assess tomato RLP expression in response to TY-
LCV infection, we obtained and analyzed RNA-seq data
from a TYLCV-resistant tomato breeding line (R) and a
TYLCV-susceptible tomato breeding line (S) challenged
with TYLCV (Chen et al., 2013). A great number of RLP
genes were undetected or barely expressed during TYLCV
infection in either line. Nineteen RLPs were highly upregu-
lated in S plants, while the expression levels of these genes
in R plants were lower (Fig. 4). In contrast, four genes
(Solyc12g009520, Solyc05g012430, Solyc07g008620,
and Solyc08g016270) were expressed at higher levels in R
plants than in S plants. The Solyc08g016270 gene exhib-
ited the highest expression level in R plants indicating that
it may be associated with defense-related functions against
TYLCV. Taken together, our findings suggest that tomato
RLPs may not only be involved in resistance against, but
also in susceptibility to pathogens.

A few of the tomato RLPs have been functionally char-
acterized based on past genetic and molecular approaches.
In this study, we identified 176 RLPs divided into 8 sub-
groups. We investigated the physical location with gene
clustering composition in tomato genome, indicating some
RLP expansions primarily through tandem duplication
events. To help uncovering the role of RLPs in tomato, we
performed expression profile of tomato RLP genes upon
plant tissues and different response to pathogens, showing
that some are unique expressed and may are involved in
host-susceptibility. Our results could provide valuable re-
sources for future investigations in the biological function
of tomato RLP genes and other species.
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