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Abstract

Tomato yellow leaf curl virus (TYLCV) threatens tomato production worldwide by causing leaf yellowing, leaf curling,
plant stunting and flower abscission. The current understanding of the host plant defense response to this virus is
very limited. Using whole transcriptome sequencing, we analyzed the differential gene expression in response to
TYLCV infection in the TYLCV-resistant tomato breeding line CLN2777A (R) and TYLCV-susceptible tomato
breeding line TMXA48-4-0 (S). The mixed inoculated samples from 3, 5 and 7 day post inoculation (dpi) were
compared to non-inoculated samples at 0 dpi. Of the total of 34831 mapped transcripts, 209 and 809 genes were
differentially expressed in the R and S tomato line, respectively. The proportion of up-regulated differentially
expressed genes (DEGs) in the R tomato line (58.37%) was higher than that in the S line (9.17%). Gene ontology
(GO) analyses revealed that similar GO terms existed in both DEGs of R and S lines; however, some sets of defense
related genes and their expression levels were not similar between the two tomato lines. Genes encoding for WRKY
transcriptional factors, R genes, protein kinases and receptor (-like) kinases which were identified as down-regulated
DEGs in the S line were up-regulated or not differentially expressed in the R line. The up-regulated DEGs in the R
tomato line revealed the defense response of tomato to TYLCV infection was characterized by the induction and
regulation of a series of genes involved in cell wall reorganization, transcriptional regulation, defense response,
ubiquitination, metabolite synthesis and so on. The present study provides insights into various reactions underlining
the successful establishment of resistance to TYLCV in the R tomato line, and helps in the identification of important
defense-related genes in tomato for TYLCV disease management.
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Introduction

Tomato (Solanum lycopersicum) is an economically
important vegetable, with 46.87% increase in total world
production from 108 million tons in 2001 to 159 million tons in
2011 (http://faostat.fao.org/). China is a leading tomato
producing industry and its production has doubled from 24
million tons between 2001 and 2011 (http://faostat.fao.org/).
However, the increasing international travel and trade of plant
materials as well as the changing climate have increased the
incidence of tomato yellow leaf curl virus (TYLCV), which has
caused serious damage to tomato crops [1,2]. TYLCV, which is
transmitted by the whitefly Bemisia tabaci Gennadius
(Hemiptera:Aleyrodidae) in a persistent and circulative manner,

has recently spread to diverse geographic areas worldwide
from its origin in the Middle East [3,4]. The symptoms of
TYLCV infection in young plants include stunted growth,
upward curling of leaf margins, marked reduction in leaf size,
mottling and yellowing of young leaves, and flower abscission,
leading to severe yield loss [1,4].

Since whitefly populations are difficult to control and a
narrow genetic base of tomatoes is available, a major
economic control strategy for this pathogen is to identify
genetic resistance and transform the resistance genes into
tomato [1,4–6]. Currently five major loci resistant to TYLCV
(Ty-1, Ty-2, Ty-3, Ty-4 and Ty-5) have been introgressed from
different wild tomato relatives into tomatoes. Among these,
Ty-1 [7], Ty-3 [8] and Ty-4 [9] derived from different S. chilense
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accessions, Ty-2 [10] originated from S. habrochaites, and
Ty-5 [11] was identified in S. peruvianum. Recently, Ty-1 and
Ty-3 were found to be allelic and had been cloned [12,13]. Both
Ty-1 and Ty-3 code for a RNA-dependent RNA polymerase
(RDR) belonging to the RDRɤ type, which has an atypical
DFDGD motif in the catalytic domain and may be involved in
RNA silencing [12]. However, the resistance mechanism of
these genes in TYLCV resistant tomatoes remains unclear.

With a TYLCV resistant inbred line and a TYLCV susceptible
inbred line from the same breeding program using Solanum
habrochaites as the source of resistance, Gorovits [14] et al
found that upon whitefly-mediated inoculation of TYLCV, the
resistant lines revealed a less pronounced decline in the
abundance of mitogen-activated protein kinases (MAPK),
cellular heat shock proteins and chloroplast protease FtsH, and
a less pronounced increase in the activities of the
pathogenesis-related proteins, β-1,3-glucanase and
peroxidase, than in the susceptible line. Comparison of protein
profiles and metabolites patterns in TYLCV infected resistant
and susceptible lines further revealed that higher levels of
reactive oxygen species compounds, anti-oxidative proteins,
pathogenesis-related and wound-induced proteins in the
susceptible plants [15]. However, the sources of carbon and
nitrogen were less affected and the host defense mechanisms
were also much less activated by TYLCV in the resistant than
in the susceptible plants [15]. The maintenance of medium-
sized TYLCV coat protein (CP) aggregates was found to be
associated with resistance, while larger aggregates were a
characteristic of susceptibility in tomato, suggesting that the
sequestering of virus CP into medium-sized aggregates and
hindering the formation of large insoluble aggregates
containing infectious particles is a part of the response of
resistant plants to TYLCV [16]. Recently, screening cDNA
libraries from resistant and susceptible lines before and after
TYLCV inoculation resulted in the identification of 69 genes
that were preferentially expressed in the resistant line [17].
Twenty-five preferentially expressed genes were tested and
five genes, which respectively encode permease I-like protein,
hexose transporter (LeHT1), lipocalin-like protein (SlVRSLip),
chlorophyll a-b bingding protein 7 and thioredoxin peroxidase,
were found to cause the collapse of resistance upon tobacco
rattle virus-induced gene silencing [17–20]. The co-silencing of
SlVRSLip, LeHT1 and permease curbed the growth of resistant
plants upon infection and proliferation of the virus [20].
Moreover, the expression of SlVRSLip was inhibited in
resistant plants in which LeHT1 was silenced, whereas the
expression of LeHT1 was not inhibited in SlVRSLip silenced
resistant plants, suggesting that SlVRSLip is downstream of
LeHT1 [20]. These results of gene network and cellular
response to TYLCV are preliminary and further investigations
about tomato resistance to TYLCV are desirable.

The recently sequenced genomes of tomato and its wild
relative Solanum pimpinellifolium [21] have provided great
insights into the genetic and genomic based inquiries in
tomato, and have helped in the identification of important
genes in the family Solanaceae. This has accelerated the
improvement in the worldwide tomato production to better
combat the biotic and abiotic stresses decrease productivity in

this plant. Next-generation RNA sequencing (RNA-seq), which
has a greater dynamic range, detects both coding and non-
coding RNAs [22,23], and is a powerful tool to detect
differential gene expression [24,25]. RNA-seq technology has
revealed several differentially expressed genes in many plants
in response to pathogen attack, which in turn have helped in
understanding the mechanism of host resistance and the
complex nature of plant-microbe interactions [26–32]. Some
tomato transcriptome data which focused on fruit biology,
nematode resistance, plant hormones regulation and others but
not on TYLCV defense are already available in tomato [33–38].
In this study, RNA-seq was used to compare transcriptional
changes in a TYLCV-resistant tomato breeding line CLN2777A
(R) and a TYLCV-susceptible tomato breeding line
TMXA48-4-0 (S) in response to TYLCV infection. There was a
higher proportion of up-regulated differentially expressed genes
in the tomato R line than that in the S line. Some sets of
defense related genes encoding for WRKY transcriptional
factors, R genes, protein kinases and receptor (-like) kinases
which exhibited a dramatic down-regulation in the S line were
up-regulated or not differentially expressed in the R line.
Further analysis of the up-regulated differentially expressed
genes in the R line revealed at least 40 annotated genes
associated with plant defense response at different levels
ranging from the regulation of transcription factors to the
activation of defense genes and to the post-translational
modification of proteins that participate in the defense response
to pathogen infection.

Materials and Methods

Plant material and TYLCV inoculation
Tomato plantlets from a TYLCV-resistant breeding line

CLN2777A (R), which was derived from the H24 × CL5915 and
carries the Ty-2 locus [39], and a TYLCV-susceptible breeding
line TMXA48-4-0 (S) were grown in insect-proof cages under
26°C and 16 h light/8 h dark conditions. Whiteflies viruliferous
for the TYLCV-IL strain [40] were propagated and maintained
with tomato plants in insect-proof greenhouse. Tomato plants
at the two-leaf stage were inoculated with viruliferous whiteflies
by exposing the plants to these flies in insect-proof cages for 3
days, which were then treated with an insecticidal imidacloprid
to kill the whiteflies [12].

Library preparation and sequencing
Leaf samples were collected at 0, 3, 5 and 7 days post

inoculation (dpi) and frozen immediately in liquid nitrogen
before use. For library preparation, leaf samples collected at 3,
5 and 7 dpi were pooled together for RNA isolation and made
as a mixed infection library following the preparation strategy
for the pooled cDNA library [17], which could represent gene
expression at the early stages of infection; while leaves before
TYLCV inoculation (0 dpi) served as a non-infection library.
Total RNA was isolated using the RNAout kit (Tianze, Beijing,
China) and treated with RNase free DNaseI (Ambion, Austin,
USA) according to the manufacturer's guidelines. RNA
concentration and quality were determined using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA).
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The mRNA was recovered from total RNA with the
Micropoly(A) PuristTM mRNA purification kit (Ambion, Austin,
USA) and was quantified by a spectrophotometer NanoDrop
(NanoDrop Technologies, Wilmington, USA). The construction
of cDNA library was according to the described procedure [41].
Briefly, a GsuI-oligo dT primer was used to prime first-strand
cDNA synthesis from 10 μg of mRNA, using 1000 units of
Superscript II reverse transcriptase (Invitrogen, Carlsbad,
USA). The diol group of the 5’CAP structure of mRNA was then
oxidized by NaIO4 (Sigma, St. Louis, USA), followed by
biotinylation with biotin hydrazide (Vector Laboratories,
Burlingame, USA). After RNaseONE digestion, Dynal M280
streptavidin Dynabeads (Invitrogen, Shanghai, China) were
used to select biotinylated RNA/cDNA. The first-strand cDNA
was then released by alkaline hydrolysis, and two 5' adaptors
(N5 and N6 adaptors) were ligated to the 5'-end of the first-
strand cDNA. Double-stranded cDNA was synthesized by
primer extension using Ex-Taq polymerase (TaKaRa, Dalian,
China). The polyA tail and 5' adaptor were removed by GsuI
digestion, and cDNA size fractionation was performed using a
cDNA size fractionation column (Invitrogen, Shanghai, China).
Each cDNA fraction larger than 800 bp was sonicated to the
range of 300-500 bp. The purified cDNAs were used to
construct libraries with Illumina's TruSeqTM DNA Sample prep
kit-Set A and were loaded onto an Illumina cBot for cluster
generation with Illumina's TruSeq PE Cluster Kit as per the
manufacturer's recommended protocols, followed by
sequencing on the HiSeq 2000 sequencer. The raw
sequencing data have been submitted to the NCBI Sequence
Read Archive under accession number SRP028618.

Processing of mRNA Sequence data
The raw RNA-Seq reads were preprocessed by FastQC

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) to
remove the low-quality reads, and then mapped to the tomato
genome [21] using a spliced read mapper Tophat [25] version
2.0 (http://tophat.cbcb.umd.edu). Transcript abundance and
differential gene expression were calculated with the program
Cufflinks [25] (http://cufflinks.cbcb.umd.edu/). Gene expression
levels were normalized with fragments per kilobase of exon per
million mapped reads (FPKM) values. The false discovery rate
(FDR) was used to determine the threshold of P value in
multiple test and analysis. In this study, genes were considered
to be differentially expressed only when their absolute value of
log2 fold change was >1 and FDR was <0.05. Functional
annotation of differentially expressed genes was analyzed by
Blast2go software (http://www.blast2go.org) with the default
parameters. The major GO categories to which the differentially
expressed genes belong were determined after the genes were
subject to BLAST, mapping and annotation.

Validation of differentially expressed genes by
quantitative RT-PCR

Five genes which were associated with pathogen resistance
in plants were selected and subjected to quantitative RT-PCR
validation. Primers for quantitative RT-PCR were designed
using Primer5 software and the primer specificity was
evaluated by blasting primer sequences against the NCBI

database. PCR amplifications were performed in a real-time
thermal cycler qTOWER 2.0/2.2 (Analytik jena, Germany) with
25 μl of final volumes containing 2.5 μl of cDNA, 0.5 μl each
primer (10 μM), 9 μl of sterile water, and 12.5 μl (2×) SYBR
Premix ExTaqTM II Kit (TaKaRa). The conditions for
amplification were as follows: 5 min denaturation at 95 °C
followed by 40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72
°C for 10 s. The expression levels of selected genes were
normalized to α-Tubulin (Solyc04g077020.2) expression.
Relative gene expression was calculated using the 2-ΔΔCT

method. Three biological replicates for each of the selected
genes were performed.

Validation of candidate genes with virus-induced gene
silencing (VIGS)

The tobacco rattle virus (TRV) mediated VIGS system [42]
was used to silence a NBS-LRR resistance gene
(Solyc05g009760.1). pTRV-containing Agrobacterium EHA105
was cultured in liquid LB medium with 50 mg·l-1 kanamycin and
25 mg·l-1 rifampin overnight at 28 °C. Agrobacterium cells were
harvested and resuspended in infiltration media (10 mM MgCl2,
10 mM MES, 200 mM acetosyringone) to an O.D.value of 2.0
and cultured at room temperature for 4 h. For agroinfiltration,
an equal volume of Agrobacteria containing of pTRV1 or
pTRV2-(NBS-LRR) was mixed and infiltrated into the
cotyledons of tomato seedlings at the cotyledon stage with 1 ml
syringe. The agroinfiltration of pTRV1 with pTRV2-PDS and
pTRV1 with empty pTRV2 served as positive control and
negative control, respectively. All the tomato plants were grown
in pots at 25 °C in a growth chamber under 16 h /8 h
photoperiod.

Seven days after agroinfiltration, the plants were inoculated
with TYLCV for a 3-day inoculation period as described above.
One month after agroinfiltration, new emerging leaves from the
TYLCV infected plants were used to extract RNA and DNA,
which was subsequently used to determine the expression
level of target gene (Solyc05g009760.1) and the accumulation
of TYLCV DNA in the VIGS-treated plants by quantitative RT-
PCR, respectively. The conditions and parameters of
quantitative RT-PCR were the same as above. The primers
used to amplify target gene were 5′-
CTTTGCGGGTTCGTTCATCTTAT-3′and 5′-
CGTTTATGTCCACATGCCTCAAC-3′, and the primers for
accumulation detection of TYLCV DNA were 5′-
GCCYATRTAYAGRAAGCCMAG-3′ and 5′-
GANGSATGHGTRCADGCCATATA-3′. α-Tubulin
(Solyc04g077020.2) was used as an internal reference.

Results

Differentially Expressed Genes in Response to TYLCV
Infection

In order to detect gene expression at the early stages of
infection, RNA isolated from the leaves of TYLCV-resistant
tomato breeding line CLN2777A (R) and TYLCV-susceptible
tomato breeding line TMXA48-4-0 (S), before (0 dpi) and after
(3, 5 and 7 dpi leaves pool together for RNA isolation and
library construction according to [17]) TYLCV inoculation with
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viruliferous whiteflies, was subjected to RNA-seq. The raw
HiSeq reads were first filtered to discard the reads with
average Phred quality score less than 20 and were further
checked for sequence contaminants with the FastQC. About
8~18 million ~100bp clean pair end reads were obtained from
each of the four libraries (Table 1), and these raw data have
been deposited in the NCBI Sequence Read Archive
(accession number SRP028618). The resulted ~100bp clean
pair end reads were then mapped with TopHat to the tomato
genome sequence [21], resulting in a total of 34831 transcripts
(Table S1). Of which, 33446 (96.02%) transcripts corresponded
to the predicted protein-coding genes in the tomato genome,
and 1386 (3.98%) transcripts were novel transcripts which
cannot link to predicted genes in tomato, suggesting the
presence of uncharacterized transcriptionally active regions.

The expression levels of mapped genes were normalized
with a value of FPKM (fragments per kilobase of exon per
million fragments mapped). To confirm the quality of RNA-seq,
fourteen highest-ranking housekeeping control genes in tomato
leaves coding for GAPDH, phosphoglycerate kinase, catalase,
Cys protease, tubulin, ubiquitin, actin, DnaJ chaperone and

translation initiation factor 5A [43] were selected to evaluate
gene expression. Based on pair-wise comparisons of samples
before and after TYLCV inoculation, none of these reference
genes were significantly differentially expressed in the R or S
line (Table 2), suggesting that the sequences obtained and the
transcript expression levels were qualified for further
transcriptome analysis.

In the comparison of gene expression levels before and after
TYLCV infection, an absolute value of log2 fold change >1 and
the False Discovery Rate (FDR) < 0.05 was set to declare
differentially expressed genes (DEGs) involved in the response
of tomato to TYLCV infection. It is notable that the defense
responses of these two tomato lines were quite different, with
209 and 807 genes differentially expressed in the R and S
lines, respectively (Table S2). However, the proportion of up-
regulated DEGs was higher in the R line (58.37%) than in the S
line (9.17%). Moreover, thirty-eight DEGs were common in
both R and S lines and eleven (28.95%) common genes were
up-regulated in the R line, whereas all of the thirty-eight
common genes were down-regulated in the S line.

Table 1. Numbers of aligned and mapped reads.

Samples Total filtered pair-end reads Total mapped reads (%) Uniquely mapped reads (%)
S before infection 2×8359591 10534550 (63.01) 9250445 (55.33)

S after infection 2×16238068 24722213 (76.12) 22930427 (70.61)

R before infection 2×12423571 19432210 (78.21) 18269401 (73.53)

R after infection 2×18267613 28549270 (78.14) 26457199 (72.42)

Reads with average Phred quality score less than 20 and reads with bases less than 20bp are filtered out.
doi: 10.1371/journal.pone.0080816.t001

Table 2. Expression levels of housekeeping control genes in tomato leaves.

Housekeeping Genea TC Accession Gene Id R log2 fold change FDR Significant S log2 fold change FDR Significant
GAPDH TC123860 Solyc04g009030.2 0.34 1.00 no -0.58 1.00 no
GAPDH TC124167 Solyc12g094640.1 0.06 1.00 no -0.49 1.00 no
GAPDH TC124579 Solyc07g005390.1 -0.41 1.00 no 0.82 1.00 no
Phosphoglycerate kinase TC123837 Solyc07g066610.1 0.08 1.00 no -0.14 1.00 no
Phosphoglycerate kinase TC116028 Solyc07g066600.1 -0.18 1.00 no -0.31 1.00 no
Catalase TC115751 Solyc02g082760.2 -0.61 1.00 no -1.33 1.00 no
Catalase TC115865 Solyc12g094620.1 2.00 0.68 no 0.01 1.00 no
Cys protease TC124125 Solyc08g082400.1 -0.34 1.00 no 0.64 1.00 no
Cys protease TC116356 Solyc12g095910.1 2.19 0.26 no -0.34 1.00 no
α-Tubulin TC115716 Solyc04g077020.2 0.94 1.00 no 0.54 1.00 no
Ubiquitin TC115896 Solyc07g064130.1 0.33 1.00 no -1.05 1.00 no
Actin TC124219 Solyc04g011500.2 -0.28 1.00 no -0.54 1.00 no
DNAJ chaperone TC124053 Solyc11g006460.1 0.52 1.00 no -0.65 1.00 no
Translation initiation factor 5A TC116211 Solyc12g010060.1 0.39 1.00 no -0.43 1.00 no
a Housekeeping genes are selected from reference [43] and converted TC accession into gene id by blast tool available in website of http://solgenomics.net/. R log2 fold
change: log2 fold change of FPKM values after TYLCV infection/ FPKM values before TYLCV infection in resistant tomato variety. S log2 fold change: log2 fold change of
FPKM values after TYLCV infection/ FPKM values before TYLCV infection in TYLCV susceptible tomato variety. The FPKM values in two tomato varieties before and after
TYLCV infection are showed in Table S1. An absolute value of log2 fold change >1 and the False Discovery Rate (FDR) < 0.05 was set to declare differentially expressed
genes.
doi: 10.1371/journal.pone.0080816.t002
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Gene Ontology Analysis of Differentially Expressed
Genes

For a better understanding of DEGs involved in the response
of tomato to TYLCV infection, the functional classes of DEGs
were subjected to gene ontology (GO) analysis with blast2go
software. Blast2go software yielded annotated sequences for
67.46% and 63.69% of DEGs in the R and S lines, respectively
(Figure 1). Within the biological process class, a large number
of DEGs were placed in the categories of metabolic process,
cellular process, response to stimulus, biological regulation and
localization (Figure 2). The proportion of DEGs involved in the
category of cellular processes was higher in the S line
(30.50%) than that in the R line (23.04%), while the proportion
of DEGs in the developmental processes, response to
stimulus, and multicellular organismal processes was slightly
higher in the R line than that in the S line. In addition, a few
DEGs were found to specifically participate in cell killing, cell
proliferation, nitrogen utilization and growth in the S line, while
some DEGs were exclusively involved in the rhythmic process
in the R line. Within the molecular function class, many DEGs
showed binding activity, catalytic activity, transporter activity,
structural molecule activity and enzyme activity. DEGs involved
in the categories of nucleic acid binding transcription factor
activity and antioxidant activity were specific to the S line By
contrast, DEGs involved in protein binding transcription factor
activity were found only in the R line. In the class of cellular
components, most of the DEGs were found to be involved in
proteins that are localized in the cell, organelle, membrane,
macromolecular complex and extracellular region. Several
DEGs were exclusively found in symplast and cell junction in
the S line.

Differential Expression of Two Tomato Lines in
Response to TYLCV Infection

Dissection of expression levels of individual genes in the R
and S lines revealed that many groups of genes were
differentially modulated in response to TYLCV infection. WRKY
transcription factors are one of the largest families of
transcriptional regulators in plants and have been shown to
modulate many plant processes including the process of
pathogen associated molecular pattern (PAMP)-triggered
immunity. Sixteen WRKY genes were identified as down-
regulated DEGs in the S line with 3.84 ~ 7.89 fold changes. By
contrast, the expression levels of seven WRKY genes were up-
regulated in the R line (Table S3).

Plants resistance genes (R genes) encode proteins that
recognize avirulent proteins of pathogen and initiate plant
defense mechanisms with a characteristic of hypersensitive
response [44]. The expression of seven putative R genes
including disease resistance RPP13-like gene
(Solyc11g069670.1 and Solyc02g084890.1), TMV resistance
gene (Solyc04g007320.1 and Solyc02g077060.1 ), verticillium
wilt disease resistance Ve gene (Solyc09g005080) and disease
resistance Hcr2-0B gene (Solyc06g008300.2) was significantly
depressed in the S line after TYLCV infection, while they were
either up-regulated or were unaffected by TYLCV infection in
the R line (Table S4).

Protein kinases and receptor (-like) kinases are well known
in disease resistance either in a positive manner [45–48] or in a
negative manner [49]. Thirty-two protein kinase genes and
eight receptor (-like) kinase genes were identified as DEGs and
82.5% of them were down-regulated in the S line (Table S5). In
contrast, only half of these kinase genes were slightly down-
regulated and not identified as DEGs in the R line.

Putative Defense-Related Genes in Response to TYLCV
Infection

Though various diversities between the R and S lines were
revealed by the DEGs and GO analysis, we were particularly
interested in those up-regulated DEGs in the R line. After going
through references available, at least 40 annotated genes out
of the 122 up-regulated DEGs in the R line were found to be
associated with plant defense response at different levels, such
as cell wall formation and reorganization, ethylene response,
ubiquitination during plant immune signaling, metabolite
synthesis, ranging from the regulation of transcription factors to
the activation of defense genes and to the post-translational
modification of proteins that participate in the defense response
to pathogen infection (Table 3). For instance, one NAC
transcription factor (Solyc05g007770.2) was up-regulated 7.83
folds and four ethylene response factor (ERF) genes (ERF4,
DDTFR10/A, Solyc04g007000.1 and Solyc08g008300.1) were
induced 4~ 6 folds in response to TYLCV infection, suggesting
that they functioned in the regulation of disease resistance

Figure 1.  Annotation statistics of the defferentially
expressed genes in the R and S lines.  Annotation results
were obtained from blast2go software with default parameters.
R variety: TYLCV-resistant tomato breeding line CLN2777A, S
variety: TYLCV-susceptible tomato breeding line TMXA48-4-0.
doi: 10.1371/journal.pone.0080816.g001
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pathways. Two THT genes (THT7-1 and Solyc00g272810.1)
were up-regulated in the R line compared to the S line. THT
gene family encode the enzyme hydroxycinnamoyl-
CoA:tyramine N-(hydroxycinnamoyl) transferase, which
catalyzes the synthesis of two phenolic compounds, p-
coumaroyloctopamine and p-coumaroylnoradrenaline. The
elevated levels of p-coumaroyloctopamine and p-
coumaroylnoradrenaline in tomato were accompanied by
elevated mRNA levels of THT genes and were associated with
the resistance-related response in tomato lines carrying the
Cf-9, Pto, and Fen genes to the fungus Cladosporium fulvum,
Pseudomonas syringae pathovar tomato and the
organophosphorous insecticide fenitrothion, respectively [50].
The up-regulation of these two THT genes suggested the
synthesis of defense-related phenolic compounds and their
roles in TYLCV defense.

Quantitative RT-PCR Validation of RNA-seq Expression
In order to validate the gene expression data from RNA-seq,

the expression levels of five pathogen resistance related genes
were determined by quantitative RT-PCR (primers were listed
in Table S6) in the R line. With the exception of one resistance
related gene (Solyc11g010250.1), four of these tested genes
were characterized by a significant up-regulation in response to
TYLCV infections at 5 dpi, though three of them were not
counted as DEGs in RNA-seq analyses (Figure 3).
Nonetheless, all tested genes revealed a similar trend of
transcript accumulation as in RNA-seq analyses, indicating that
changes in expression determined by RNA-seq were accurate.

VIGS Validation of Candidate Resistant Gene
To investigate the resistant role to TYLCV, a NBS-LRR

resistance gene (Solyc05g009760.1) which was induced about

Figure 2.  GO categories of differentially expressed genes in the R and S lines.  R: TYLCV-resistant tomato breeding line
CLN2777A, S: TYLCV-susceptible tomato breeding line TMXA48-4-0. The percent of DEGs which belong to three major functional
categories (biological process, cellular component and molecular function) was shown.
doi: 10.1371/journal.pone.0080816.g002
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Table 3. A list of putative defense related genes from the up-regulated DEGs in the R line.

Gene Seq. Description
log2 fold
change   Function and reference

Solyc01g005470.2 protein plant cadmium resistance 2-like 3.74183  
Solyc07g006560.2 Hypersensitive response assisting protein 4.24441  
Solyc03g096840.2 hydrogen peroxide-induced 1 3.03148  
Solyc10g055780.1,
Solyc10g055790.1

endochitinase 3-like 3.39235 [62]

ERF4 ethylene response factor 4 5.97883 [54–56]
DDTFR10/A ethylene response factor 5 4.08545 [54–56]
Solyc08g008300.1 ethylene-responsive transcription factor erf061-like 4.697 [54–56]

Solyc04g007000.1
ap2 erf and b3 domain-containing transcription repressor
tem1-like

6.7929 [54–56]

Solyc09g065780.2 3-ketoacyl- synthase 17-like 2.53957 Wax biosynthesis [63]
Solyc08g082640.2 cellulose synthase-like protein g3-like 4.37788 Cell wall formation [61]
Solyc01g111340.2,
Solyc01g111350.2

probable endo-beta-xylanase c-like 3.23789 Cell wall reorganization [61]

LEXYL2 beta-xylosidase alpha-l-arabinofuranosidase 2-like 3.06397 Cell wall reorganization [61]
Solyc05g052670.1 bahd acyltransferase dcr-like 6.88485 Pathogen defense [64]
Solyc07g006570.2 aleurone ribonuclease 2.92916 Host defense [65]
CHRD ribonuclease uk114-like 3.12484 Host defense [65]
PMEU1 pectin methylesterase 2.70772 Restrict fungal infection by Botrytis cinerea [66]
CYP-3 cysteine proteinase 3-like 3.61352 Rcr3 is required for the function of Cf-2 gene [67]
Solyc10g080610.1 f-box family protein 2.71334 Ubiquitination during plant immune signaling [52,68]
Solyc01g100000.2 f-box protein pp2-b15-like 4.36437 Ubiquitination during plant immune signaling [52,68]
Solyc01g079530.2 e3 ubiquitin-protein ligase march3 3.79656 Ubiquitination during plant immune signaling [52,68]
Solyc08g006770.2 flavonol synthase flavanone 3 4.68864 Soybean mosaic virus resistance [69]
Solyc03g043740.2 hydroxyproline-rich glycoprotein family protein 4.49604 Plant defense against pathogen infection [70]

LAPA1 leucine aminopeptidase 3.42183
Inducible defense component to Pseudomonas syringae

[71]

Solyc00g187050.2 leucine aminopeptidase 3.22901
Inducible defense component to Pseudomonas syringae

[71]
Solyc07g007250.2 metallocarboxypeptidase inhibitor precursor 3.41604 Up-regulation in wounded tomato leave [72]
Solyc05g007770.2 nac transcription factor 29-like 7.82817 Regulating jasmonic acid-signaled defense responses [73]

Solyc05g012580.1 nodulin-like protein 4.8075
Induced in leaves of Medicago truncatula in response to
pathogenic bacteria [74]

Solyc02g076690.2 oryzain alpha chain-like 3.77976 Up-regulated in leaves of mycorrhizal rice plants [75]

Solyc08g080670.1 osmotin-like protein 6.85817
Blocking the growth of Phomopsis viticola and Botrytis

cinerea mycelia [76]
Solyc09g011580.2 probable glutathione s-transferase-like 2.66912 [77]
Solyc07g008560.2 probable inactive purple acid phosphatase 27-like 4.18825 Basal resistance against Pseudomonas syringae [78]
Solyc01g010480.2 protein twin lov 1-like 3.58591 Defense response to Cochliobolus victoriae [79]
Solyc09g084480.2 proteinase inhibitor i 4.50463 Defense against oomycete pathogens [80]
Solyc09g084490.2 proteinase inhibitor i 2.57572 Defense against oomycete pathogens [80]
Solyc09g089510.2 proteinase inhibitor i-b-like 3.65828 Defense against oomycete pathogens [80]
Solyc02g090390.2 serine threonine-protein kinase srk2i-like 3.75423 Resistance to Pseudomonas [46]
Solyc07g055720.2 small heat-shock 6.20304 Specific restriction of tobacco Etch virus [81]

Solyc01g087800.2 subtilisin-like protease-like 4.54133
Induced by pathogen [82], regulator of primed immunity
[83]

SBT4C subtilisin-like protease-like 2.98735
Induced by pathogen [82], regulator of primed immunity
[83]

TD threonine deaminase 3.47734 Defenses against Manduca sexta [84]
Solyc06g083470.2 tropinone reductase homolog at1g07440-like 4.46584 Up-regulated in viral infected grapevines [85]
Solyc00g272810.1 tyramine n-feruloyltransferase 4 11-like 6.56522 Synthesis of phenolic compounds [50]
THT7-1 tyramine n-feruloyltransferase 4 11-like 3.2959 Synthesis of phenolic compounds [50]

doi: 10.1371/journal.pone.0080816.t003
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2- fold in the R line (Figure 3) was further challenged with
TYLCV after VIGS at the cotyledon stage. One month after
agroinfiltration, the success of TRV silencing system was
confirmed by the appearance of bleached areas in the leaves
of R plantlets treated with pTRV1 and pTRV2-PDS (Figure 4a),
and the expression level of the NBS-LRR resistance gene after
silencing was decreased 50% compared to the negative control
(Figure 4b). Meanwhile, total genomic DNA of TYLCV-infected
R plantlets was extracted for detection of virus accumulation.
Quantitative RT-PCR revealed that the amount of virus
accumulation in the VIGS-treated R plants was about 15 times
more than the negative control when α-Tubulin was used as an
internal reference (Figure 4c), but no disease symptoms of leaf
curling and yellowing were observed in these VIGS-treated R
plants.

Discussion

Several studies utilizing proteomic, metabolomic and gene
network have documented the global responses of tomato to
TYLCV infection [14–20]. In this study, we extended the
fundamental understanding of tomato response to TYLCV
infection through comparing whole transcriptome changes
between a TYLCV-resistant (R) line and a TYLCV-susceptible
(S) line. We discovered that the defense response of these two
tomato lines to TYLCV infection were quite different. First, we
identified 209 DEGs in the R line wherein 58.37% DEGs were
up-regulated in response to TYLCV infection. Conversely,
among the 807 DEGs identified in the S line, only 9.17% were
induced after TYLCV infection. Similar observations were found
in the comparative transcriptome profiling between blast-
resistant and blast-susceptible rice, which may be attributed to
the successful establishment of infection in the susceptible
variety [32]. Secondly, DEGs from the R and S lines shared 38
common genes; however, 11 (28.95%) of these common
genes were up-regulated in the R line, while all of the 38

Figure 3.  Validation of gene expression with quantitative RT-PCR.  a: Quantitative RT-PCR was used to measure the relative
expression levels of five pathogen resistance related genes in the R line, with the tomato α-Tubulin (Solyc04g077020.2) as an
internal reference. Values were expressed as fold changes of transcript levels in the TYLCV inoculated leaf samples at 5 dpi with
respect to the transcript levels in non-inoculated samples at 0 dpi. Error bars represented SE of three biological replicates and
significant differences by Student’s t test for P< 0.05 are indicated by asterisks. b: Comparisons of transcripts fold changes as
detected by RNA-seq and quantitative RT-PCR for the five pathogen resistance related genes in the R line. Asterisks indicated the
differentially expressed gene revealed by RNA-seq or significant differences in quantitative RT-PCR analysis by t test (P= 0.05).
doi: 10.1371/journal.pone.0080816.g003
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common genes were down-regulated in the S line. Thirdly,
gene ontology analyses revealed that similar GO terms existed
in the DEGs from both lines, but despite this commonality,
some sets of defense related genes and their expression levels
were dissimilar in these two tomato lines. Genes encoding
WRKY transcriptional factors, R genes, protein kinases and
receptor (-like) kinases exhibited a dramatic down-regulation in
the S line. These genes are known to have a link to defense
responses in plants [44,51–53]. The greater extent of down-
regulation of these defense related genes is likely related to the
fast infection progression of TYLCV in the S line. In contrast,
most of these gene sets were identified as up-regulated or not

Figure 4.  Validation of putative resistant gene with virus-
induced gene silencing.  a: Cotyledon agroinfiltration of TRV
vectors was carried out in the R plantlets at the cotyledon
stage. R plantlets treated with NBS-LRR resistant gene
silencing constructs pTRV1 and pTRV2 - (NBS-LRR) showed
normal phenotype (left), R plants treated with Phytoene
desaturase (PDS) gene silencing constructs pTRV1 and
pTRV2 -(PDS) showed bleached areas in leaflets (right,
positive control). b: quantitative RT-PCR analyzed the relative
expression levels of the NBS-LRR resistant gene in the VIGS-
treated plants one month after agroinfiltration with TRV vectors.
The tomato α-Tubulin (Solyc04g077020.2) was used as an
internal reference. Error bars represented SE of three
biological replicates and significant differences by Student’s t
test for P< 0.05 are indicated by asterisks. “A” represented the
R plantlets treated with pTRV1 and empty pTRV2 (negative
control), “VIGS” represented the R plantlets treated with pTRV1
and pTRV2-(NBS-LRR). c: TYLCV accumulation in the NBS-
LRR resistant gene silenced plants was estimated with total
genomic DNA by quantitative RT-PCR. Values were
normalized using the tomato α-Tubulin (Solyc04g077020.2) as
an internal reference. Error bars represented SE of three
biological replicates and significant differences by Student’s t
test for P< 0.05 are indicated by asterisks.
doi: 10.1371/journal.pone.0080816.g004

differentially expressed in the R line. These different reactions
may be attributed to the successful establishment of resistance
to TYLCV in the R line, and the susceptible response in the S
line.

Assuming that genes involved in TYLCV resistance would be
expressed at higher levels in TYLCV resistant tomato vs
TYLCV susceptible tomato, the group of Henryk Czosnek
attempted to compare the trancriptomes of two inbred tomato
lines generated from the same breeding program before and
after inoculation, however, they did not obtain any significant
results ([17], and references therein). The nearly same genetic
background of these two inbred tomato lines may contribute to
the difficulty in distinguishing of differentially expressed genes.
One purpose of our study was to identify genes critically
involved in early response to TYLCV infection, and we
prepared pooled cDNA libraries from samples at 3, 5 and 7 dpi,
according to the cDNA library preparation strategy for
screening preferentially expressed genes in TYLCV infected
tomato which could represent gene expression at the early
stages of infection and avoid the secondary effects of infection-
related cell damage that may occur with the appearance of
symptoms [17]. With two tomato varieties carrying different
genetic backgrounds, we identified 122 up-regulated DEGs
specific in the R line compared to the S line, and at least 40
annotated up-regulated DEGs such as genes encoding
hypersensitive response assisting protein, ethylene response
factor [54–56], serine threonine-protein kinase [45–48], NAC
transcription factor [57], f-box protein [52], glutathione s-
transferas [58], glycosyltransferase/glucosyltransferase [59,60],
cellulose synthase-like protein [61] and so on, were found to be
associated with tomato defense response at different levels
(Table 3). These up-regulated DEGs may function ranging from
the regulation of transcription factors to the activation of
defense genes and to the post-translational modification of
proteins that participate in the defense response to pathogen
infection. Comparison of the up-regulated DEGs in the R line
revealed a little overlap with those 69 genes preferentially
expressed in TYLCV resistant tomato identified by screening
cDNA libraries from infected and uninfected TYLCV resistant
and TYLCV susceptible tomatoes [17], with the only one gene
(Solyc04g071140.2) coding a decarboxylase protein showed
the same up-regulation trend. This can be ascribed to different
genotypes and genetic backgrounds of the tomato varieties
under investigation. However, not all the genes preferentially
expressed in resistant plants play the same role in the
establishment of resistance to TYLCV [18]. Twenty-five
preferentially expressed genes in TYLCV resistance tomato
were silenced by TRV-mediated silencing system, but only 5
genes led to the collapse of resistance in tomato [17–20].
Moreover, investigation of the transcripts, which did not show
altered expression level, but had high log2 fold changes (like
more than 2.5 log2 fold change in response to cytokinins [34]),
could provide more information for gene function dissection.
Thus, in order to identify genes conferring TYLCV resistance in
the R line, further validation of the 40 up-regulated DEGs as
well as resistance related non-DEGs with high log2 fold
changes in our comparative transcriptome should be
determined by quantitative RT-PCR. In our quantitative RT-
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PCR experiments, four genes involved in pathogen resistance
in plants were induced significantly with consistent trends of
expression levels revealed in RNA-Seq analyses (Figure 3),
although three of them were not identified as differentially
expressed genes in RNA-seq analyses.

Like other plants, tomato resistance to TYLCV may involve in
a complicated gene network, which may start with a basal
response and production of general pathogen-associated
molecular pattern molecules (PAMPs), followed by activation of
the MAPK-signaling cascades and production of antimicrobial
compounds, and finally the genes specific for response to
TYLCV are expressed [17–20]. The transcriptome here
provided valuable data for further characterization of candidate
genes that are responsive to TYLCV infection and are involved
in the resistant gene network. Indeed, silencing of one gene,
which was not identified as DEG in this study facilitated the
accumulation of TYLCV in the VIGS-treated R tomato plants
when comparing to the wildtype (Figure 4). This also indicated
that VIGS is an exquisite and quick means to identify genes
resistant to TYLCV infection, and it provides comprehensive
knowledge about the molecular mechanisms underlying the
resistance gene(s) network.
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Log2 fold change= log2 (FPKM a / FPKM b). An absolute value
of log2 fold change >1 and the False Discovery Rate (FDR) <
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expressed genes.
(XLS)
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TYLCV infection. Log2 fold change= log2 (FPKM a / FPKM b).
An absolute value of log2 fold change >1 and the False
Discovery Rate (FDR) < 0.05 was set to declare differentially
expressed genes.
(XLS)

Table S6.  Primers of selected genes for quantitative RT-
PCR.
(DOC)

Author Contributions

Conceived and designed the experiments: BZ TC. Performed
the experiments: YY TL TZ NL. Analyzed the data: YL TC.
Contributed reagents/materials/analysis tools: WY XH. Wrote
the manuscript: TC BZ.

References

1. Hanssen IM, Lapidot M, Thomma BP (2010) Emerging viral diseases of
tomato crops. Mol Plant Microbe Interact 23: 539-548. doi:10.1094/
MPMI-23-5-0539. PubMed: 20367462.

2. Moriones E, Navas-Castillo J (2000) Tomato yellow leaf curl virus, an
emerging virus complex causing epidemics worldwide. Virus Res 71:
123-134. doi:10.1016/S0168-1702(00)00193-3. PubMed: 11137167.

3. Lefeuvre P, Martin DP, Harkins G, Lemey P, Gray AJ et al. (2010) The
spread of tomato yellow leaf curl virus from the Middle East to the
world. PLOS Pathog 6: e1001164. PubMed: 21060815.

4. Glick E, Levy Y, Gafni Y (2009) The viral etiology of tomato yellow leaf
curl disease-a review. Plant Protect Sci 45: 81-97.

5. Julián O, Herráiz J, Corella S, di-Lolli I, Soler S et al. (2013) Initial
development of a set of introgression lines from Solanum peruvianum
PI126944 into tomato: exploitation of resistance to viruses. Euphytica:
1-14.

6. Scholthof K-bG, Adkins S, Czosnek H, Palukaitis P, Jacquot E et al.
(2011) Top 10 plant viruses in molecular plant pathology. Mol Plant
Pathol 12: 938-954. doi:10.1111/j.1364-3703.2011.00752.x. PubMed:
22017770.

7. Zamir D, Ekstein-Michelson I, Zakay Y, Navot N, Zeidan M et al. (1994)
Mapping and introgression of a tomato yellow leaf curl virus tolerance
gene, Ty-1. Theor Appl Genet 88: 141-146. PubMed: 24185918.

8. Ji Y, Schuster DJ, Scott JW (2007) Ty-3, a begomovirus resistance
locus near the tomato yellow leaf curl virus resistance locus Ty-1 on
chromosome 6 of tomato. Mol Breeding 20: 271-284. doi:10.1007/
s11032-007-9089-7.

9. Ji Y, Scott JW, Schuster DJ, Maxwell DP (2009) Molecular mapping of
Ty-4, a new Tomato yellow leaf curl virus resistance locus on
chromosome 3 of tomato. J Am Soc Hort Sci 134: 281-288.

10. Hanson P, Green S, Kuo G (2006) Ty-2, a gene on chromosome 11
conditioning geminivirus resistance in tomato. Tomato Genetics
Cooperative Report 56: 17-18

11. Anbinder I, Reuveni M, Azari R, Paran I, Nahon S et al. (2009)
Molecular dissection of tomato leaf curl virus resistance in tomato line
TY172 derived from Solanum peruvianum. Theor Appl Genet 119:
519-530. doi:10.1007/s00122-009-1060-z. PubMed: 19455299.

12. Verlaan MG, Hutton SF, Ibrahem RM, Kormelink R, Visser RG et al.
(2013) The tomato yellow leaf curl virus resistance genes Ty-1 and

Transcriptome Profiling of TYLCV-Infected Tomato

PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e80816

http://dx.doi.org/10.1094/MPMI-23-5-0539
http://dx.doi.org/10.1094/MPMI-23-5-0539
http://www.ncbi.nlm.nih.gov/pubmed/20367462
http://dx.doi.org/10.1016/S0168-1702(00)00193-3
http://www.ncbi.nlm.nih.gov/pubmed/11137167
http://www.ncbi.nlm.nih.gov/pubmed/21060815
http://dx.doi.org/10.1111/j.1364-3703.2011.00752.x
http://www.ncbi.nlm.nih.gov/pubmed/22017770
http://www.ncbi.nlm.nih.gov/pubmed/24185918
http://dx.doi.org/10.1007/s11032-007-9089-7
http://dx.doi.org/10.1007/s11032-007-9089-7
http://dx.doi.org/10.1007/s00122-009-1060-z
http://www.ncbi.nlm.nih.gov/pubmed/19455299


Ty-3 are allelic and code for DFDGD-class RNA-dependent RNA
polymerases. PLOS Genet 9: e1003399. PubMed: 23555305.

13. Verlaan MG, Szinay D, Hutton SF, De Jong H, Kormelink R et al.
(2011) Chromosomal rearrangements between tomato and Solanum
chilense hamper mapping and breeding of the TYLCV resistance gene
Ty-1. Plant J 68: 1093–1103. doi:10.1111/j.1365-313X.2011.04762.x.
PubMed: 21883550.

14. Gorovits R, Akad F, Beery H, Vidavsky F, Mahadav A et al. (2007)
Expression of stress-response proteins upon whitefly-mediated
inoculation of tomato yellow leaf curl virus in susceptible and resistant
tomato plants. Mol Plant Microbe Interact 20: 1376-1383. doi:10.1094/
MPMI-20-11-1376. PubMed: 17977149.

15. Adi M, Jens P, Brotman Y, Mikhail K, Iris S et al. (2012) Stress
responses to tomato yellow leaf curl virus (TYLCV) infection of resistant
and susceptible tomato plants are different. Metabolomics S1 6:
2153-0769.

16. Gorovits R, Moshe A, Kolot M, Sobol I, Czosnek H (2013) Progressive
aggregation of tomato yellow leaf curl virus coat protein in systemically
infected tomato plants, susceptible and resistant to the virus. Virus Res
171: 33-43. doi:10.1016/j.virusres.2012.09.017. PubMed: 23099086.

17. Eybishtz A, Peretz Y, Sade D, Akad F, Czosnek H (2009) Silencing of a
single gene in tomato plants resistant to Tomato yellow leaf curl virus
renders them susceptible to the virus. Plant Mol Biol 71: 157-171. doi:
10.1007/s11103-009-9515-9. PubMed: 19533378.

18. Czosnek H, Eybishtz A, Sade D, Gorovits R, Sobol I et al. (2013)
Discovering host genes involved in the infection by the tomato yellow
leaf curl virus complex and in the establishment of resistance to the
virus using Tobacco Rattle Virus-based post transcriptional gene
silencing. Viruses 5: 998-1022. doi:10.3390/v5030998. PubMed:
23524390.

19. Eybishtz A, Peretz Y, Sade D, Gorovits R, Czosnek H (2010) Tomato
yellow leaf curl virus infection of a resistant tomato line with a silenced
sucrose transporter gene LeHT1 results in inhibition of growth,
enhanced virus spread, and necrosis. Planta 231: 537-548. doi:
10.1007/s00425-009-1072-6. PubMed: 19946703.

20. Sade D, Eybishtz A, Gorovits R, Sobol I, Czosnek H (2012) A
developmentally regulated lipocalin-like gene is overexpressed in
Tomato yellow leaf curl virus-resistant tomato plants upon virus
inoculation, and its silencing abolishes resistance. Plant Mol Biol 80:
273-287. doi:10.1007/s11103-012-9946-6. PubMed: 22843056.

21. Zouine M, Latché A, Rousseau C, Regad F, Pech J-C et al. (2012) The
tomato genome sequence provides insights into fleshy fruit evolution.
Nature 485: 635-641. doi:10.1038/nature11119. PubMed: 22660326.

22. Van Verk MC, Hickman R, Pieterse CM, Van Wees SC (2013) RNA-
Seq: revelation of the messengers. Trends Plant Sci 18: 175-179. doi:
10.1016/j.tplants.2013.02.001. PubMed: 23481128.

23. Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool
for transcriptomics. Nat Rev Genet 10: 57-63. doi:10.1038/nrg2484.
PubMed: 19015660.

24. McCarthy DJ, Chen Y, Smyth GK (2012) Differential expression
analysis of multifactor RNA-Seq experiments with respect to biological
variation. Nucleic Acids Res 40: 4288-4297. doi:10.1093/nar/gks042.
PubMed: 22287627.

25. Trapnell C, Roberts A, Goff L, Pertea G, Kim D et al. (2012) Differential
gene and transcript expression analysis of RNA-seq experiments with
TopHat and Cufflinks. Nat Protoc 7: 562-578. doi:10.1038/nnano.
2012.118. PubMed: 22383036.

26. Adhikari BN, Savory EA, Vaillancourt B, Childs KL, Hamilton JP et al.
(2012) Expression profiling of Cucumis sativus in response to infection
by Pseudoperonospora cubensis. PLOS ONE 7: e34954. doi:10.1371/
journal.pone.0034954. PubMed: 22545095.

27. Faino L, de Jonge R, Thomma BP (2012) The transcriptome of
Verticillium dahliae-infected Nicotiana benthamiana determined by
deep RNA sequencing. Plant Signal Behav 7: 1065-1069. doi:10.4161/
psb.21014. PubMed: 22899084.

28. Petre B, Morin E, Tisserant E, Hacquard S, Da Silva C et al. (2012)
RNA-seq of early-infected poplar leaves by the rust pthogen
Melampsora larici-populina uncovers PtSultr3; 5, a fungal-induced host
sulfate transporter. PLOS ONE 7: e44408.

29. Kawahara Y, Oono Y, Kanamori H, Matsumoto T, Itoh T et al. (2012)
Simultaneous RNA-Seq analysis of a mixed transcriptome of rice and
blast fungus interaction. PLOS ONE 7: e49423. doi:10.1371/
journal.pone.0049423. PubMed: 23139845.

30. Schenk PM, Carvalhais LC, Kazan K (2012) Unraveling plant-microbe
interactions: can multi-species transcriptomics help? Trends Biotechnol
30: 177-184. doi:10.1016/j.tibtech.2011.11.002. PubMed: 22209623.

31. Westermann AJ, Gorski SA, Vogel J (2012) Dual RNA-seq of pathogen
and host. Nat Rev Microbiol 10: 618-630. doi:10.1038/nrmicro2852.
PubMed: 22890146.

32. Bagnaresi P, Biselli C, Orrù L, Urso S, Crispino L et al. (2012)
Comparative transcriptome profiling of the early response to
Magnaporthe oryzae in durable resistant vs susceptible rice (Oryza
sativa L.) genotypes. PLOS ONE 7: e51609.

33. Gupta S, Shi X, Lindquist IE, Devitt N, Mudge J et al. (2013)
Transcriptome profiling of cytokinin and auxin regulation in tomato root.
J Exp Bot 64: 695-704. doi:10.1093/jxb/ers365. PubMed: 23307920.

34. Shi X, Gupta S, Lindquist IE, Cameron CT, Mudge J et al. (2013)
Transcriptome analysis of cytokinin response in tomato leaves. PLOS
ONE 8: e55090. doi:10.1371/journal.pone.0055090. PubMed:
23372818.

35. Alba R, Payton P, Fei Z, McQuinn R, Debbie P et al. (2005)
Transcriptome and selected metabolite analyses reveal multiple points
of ethylene control during tomato fruit development. Plant Cell 17:
2954-2965. doi:10.1105/tpc.105.036053. PubMed: 16243903.

36. Rohrmann J, Tohge T, Alba R, Osorio S, Caldana C et al. (2011)
Combined transcription factor profiling, microarray analysis and
metabolite profiling reveals the transcriptional control of metabolic shifts
occurring during tomato fruit development. Plant J 68: 999-1013. doi:
10.1111/j.1365-313X.2011.04750.x. PubMed: 21851430.

37. Cantu D, Blanco-Ulate B, Yang L, Labavitch JM, Bennett AB et al.
(2009) Ripening-regulated susceptibility of tomato fruit to Botrytis
cinerea requires NOR but not RIN or ethylene. Plant Physiol 150:
1434-1449. doi:10.1104/pp.109.138701. PubMed: 19465579.

38. Schaff JE, Nielsen DM, Smith CP, Scholl EH, Bird DM (2007)
Comprehensive transcriptome profiling in tomato reveals a role for
glycosyltransferase in Mi-mediated nematode resistance. Plant Physiol
144: 1079-1092. doi:10.1104/pp.106.090241. PubMed: 17434994.

39. Liao P-C, Lin K-H, Ko C-L, Hwang S-Y (2011) Molecular evolution of a
family of resistance gene analogs of nucleotide-binding site sequences
in Solanum lycopersicum. Genetica 139: 1229-1240. doi:10.1007/
s10709-011-9624-7. PubMed: 22203213.

40. Zhang H, Gong H, Zhou X (2009) Molecular characterization and
pathogenicity of tomato yellow leaf curl virus in China. Virus Genes 39:
249-255. doi:10.1007/s11262-009-0384-8. PubMed: 19590945.

41. Zhang F, Guo H, Zheng H, Zhou T, Zhou Y et al. (2010) Massively
parallel pyrosequencing-based transcriptome analyses of small brown
planthopper (Laodelphax striatellus), a vector insect transmitting rice
stripe virus (RSV). BMC Genomics 11: 303. doi:
10.1186/1471-2164-11-303. PubMed: 20462456.

42. Liu Y, Schiff M, Dinesh-Kumar SP (2002) Virus-induced gene silencing
in tomato. Plant J 31: 777-786. doi:10.1046/j.1365-313X.2002.01394.x.
PubMed: 12220268.

43. Coker JS, Davies E (2003) Selection of candidate housekeeping
controls in tomato plants using EST data. BioTechniques 35: 740-749.
PubMed: 14579739.

44. Gururani MA, Venkatesh J, Upadhyaya CP, Nookaraju A, Pandey SK
et al. (2012) Plant disease resistance genes: Current status and future
directions. Physiol Mol Plant Pathol 78: 51-65. doi:10.1016/j.pmpp.
2012.01.002.

45. Song W-Y, Wang G-L, Chen L-L, Kim H-S, Pi L-Y et al. (1995) A
receptor kinase-like protein encoded by the rice disease resistance
gene, Xa21. Science 270: 1804-1806. doi:10.1126/science.
270.5243.1804. PubMed: 8525370.

46. Martin GB, Brommonschenkel SH, Chunwongse J, Frary A, Ganal MW
et al. (1993) Map-based cloning of a protein kinase gene conferring
disease resistance in tomato. Science 262: 1432-1432. doi:10.1126/
science.7902614. PubMed: 7902614.

47. Yang K-Y, Liu Y, Zhang S (2001) Activation of a mitogen-activated
protein kinase pathway is involved in disease resistance in tobacco.
Proc Natl Acad Sci USA 98: 741-746. doi:10.1073/pnas.98.2.741.
PubMed: 11209069.

48. Rowland O, Ludwig AA, Merrick CJ, Baillieul F, Tracy FE et al. (2005)
Functional analysis of Avr9/Cf-9 rapidly elicited genes identifies a
protein kinase, ACIK1, that is essential for full Cf-9-dependent disease
resistance in tomato. Plant Cell 17: 295-310. doi:10.1105/tpc.
104.026013. PubMed: 15598806.

49. Tang D, Christiansen KM, Innes RW (2005) Regulation of plant disease
resistance, stress responses, cell death, and ethylene signaling in
Arabidopsis by the EDR1 protein kinase. Plant Physiol 138: 1018-1026.
doi:10.1104/pp.105.060400. PubMed: 15894742.

50. von Roepenack-Lahaye E, Newman M-A, Schornack S, Hammond-
Kosack KE, Lahaye T et al. (2003) p-Coumaroylnoradrenaline, a novel
plant metabolite implicated in tomato defense against pathogens. J Biol
Chem 278: 43373-43383. doi:10.1074/jbc.M305084200. PubMed:
12900412.

51. Ishihama N, Yoshioka H (2012) Post-translational regulation of WRKY
transcription factors in plant immunity. Curr Opin Plant Biol 15:
431-437. doi:10.1016/j.pbi.2012.02.003. PubMed: 22425194.

Transcriptome Profiling of TYLCV-Infected Tomato

PLOS ONE | www.plosone.org 11 November 2013 | Volume 8 | Issue 11 | e80816

http://www.ncbi.nlm.nih.gov/pubmed/23555305
http://dx.doi.org/10.1111/j.1365-313X.2011.04762.x
http://www.ncbi.nlm.nih.gov/pubmed/21883550
http://dx.doi.org/10.1094/MPMI-20-11-1376
http://dx.doi.org/10.1094/MPMI-20-11-1376
http://www.ncbi.nlm.nih.gov/pubmed/17977149
http://dx.doi.org/10.1016/j.virusres.2012.09.017
http://www.ncbi.nlm.nih.gov/pubmed/23099086
http://dx.doi.org/10.1007/s11103-009-9515-9
http://www.ncbi.nlm.nih.gov/pubmed/19533378
http://dx.doi.org/10.3390/v5030998
http://www.ncbi.nlm.nih.gov/pubmed/23524390
http://dx.doi.org/10.1007/s00425-009-1072-6
http://www.ncbi.nlm.nih.gov/pubmed/19946703
http://dx.doi.org/10.1007/s11103-012-9946-6
http://www.ncbi.nlm.nih.gov/pubmed/22843056
http://dx.doi.org/10.1038/nature11119
http://www.ncbi.nlm.nih.gov/pubmed/22660326
http://dx.doi.org/10.1016/j.tplants.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23481128
http://dx.doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
http://dx.doi.org/10.1093/nar/gks042
http://www.ncbi.nlm.nih.gov/pubmed/22287627
http://dx.doi.org/10.1038/nnano.2012.118
http://dx.doi.org/10.1038/nnano.2012.118
http://www.ncbi.nlm.nih.gov/pubmed/22383036
http://dx.doi.org/10.1371/journal.pone.0034954
http://dx.doi.org/10.1371/journal.pone.0034954
http://www.ncbi.nlm.nih.gov/pubmed/22545095
http://dx.doi.org/10.4161/psb.21014
http://dx.doi.org/10.4161/psb.21014
http://www.ncbi.nlm.nih.gov/pubmed/22899084
http://dx.doi.org/10.1371/journal.pone.0049423
http://dx.doi.org/10.1371/journal.pone.0049423
http://www.ncbi.nlm.nih.gov/pubmed/23139845
http://dx.doi.org/10.1016/j.tibtech.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22209623
http://dx.doi.org/10.1038/nrmicro2852
http://www.ncbi.nlm.nih.gov/pubmed/22890146
http://dx.doi.org/10.1093/jxb/ers365
http://www.ncbi.nlm.nih.gov/pubmed/23307920
http://dx.doi.org/10.1371/journal.pone.0055090
http://www.ncbi.nlm.nih.gov/pubmed/23372818
http://dx.doi.org/10.1105/tpc.105.036053
http://www.ncbi.nlm.nih.gov/pubmed/16243903
http://dx.doi.org/10.1111/j.1365-313X.2011.04750.x
http://www.ncbi.nlm.nih.gov/pubmed/21851430
http://dx.doi.org/10.1104/pp.109.138701
http://www.ncbi.nlm.nih.gov/pubmed/19465579
http://dx.doi.org/10.1104/pp.106.090241
http://www.ncbi.nlm.nih.gov/pubmed/17434994
http://dx.doi.org/10.1007/s10709-011-9624-7
http://dx.doi.org/10.1007/s10709-011-9624-7
http://www.ncbi.nlm.nih.gov/pubmed/22203213
http://dx.doi.org/10.1007/s11262-009-0384-8
http://www.ncbi.nlm.nih.gov/pubmed/19590945
http://dx.doi.org/10.1186/1471-2164-11-303
http://www.ncbi.nlm.nih.gov/pubmed/20462456
http://dx.doi.org/10.1046/j.1365-313X.2002.01394.x
http://www.ncbi.nlm.nih.gov/pubmed/12220268
http://www.ncbi.nlm.nih.gov/pubmed/14579739
http://dx.doi.org/10.1016/j.pmpp.2012.01.002
http://dx.doi.org/10.1016/j.pmpp.2012.01.002
http://dx.doi.org/10.1126/science.270.5243.1804
http://dx.doi.org/10.1126/science.270.5243.1804
http://www.ncbi.nlm.nih.gov/pubmed/8525370
http://dx.doi.org/10.1126/science.7902614
http://dx.doi.org/10.1126/science.7902614
http://www.ncbi.nlm.nih.gov/pubmed/7902614
http://dx.doi.org/10.1073/pnas.98.2.741
http://www.ncbi.nlm.nih.gov/pubmed/11209069
http://dx.doi.org/10.1105/tpc.104.026013
http://dx.doi.org/10.1105/tpc.104.026013
http://www.ncbi.nlm.nih.gov/pubmed/15598806
http://dx.doi.org/10.1104/pp.105.060400
http://www.ncbi.nlm.nih.gov/pubmed/15894742
http://dx.doi.org/10.1074/jbc.M305084200
http://www.ncbi.nlm.nih.gov/pubmed/12900412
http://dx.doi.org/10.1016/j.pbi.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22425194


52. Marino D, Peeters N, Rivas S (2012) Ubiquitination during plant
immune signaling. Plant Physiol 160: 15-27. doi:10.1104/pp.
112.199281. PubMed: 22689893.

53. Puranik S, Sahu PP, Srivastava PS, Prasad M (2012) NAC proteins:
regulation and role in stress tolerance. Trends Plant Sci 17: 369-381.
doi:10.1016/j.tplants.2012.02.004. PubMed: 22445067.

54. Sahu PP, Puranik S, Khan M, Prasad M (2012) Recent advances in
tomato functional genomics: utilization of VIGS. Protoplasma 249:
1017-1027. doi:10.1007/s00709-012-0421-7. PubMed: 22669349.

55. Son GH, Wan J, Kim HJ, Nguyen XC, Chung WS et al. (2012)
Ethylene-responsive element-binding factor 5, ERF5, is involved in
chitin-induced innate immunity response. Mol Plant Microbe Interact 25:
48-60. doi:10.1094/MPMI-06-11-0165. PubMed: 21936663.

56. Mase K, Ishihama N, Mori H, Takahashi H, Kaminaka H et al. (2013)
Ethylene-responsive AP2/ERF transcription factor MACD1 participates
in phytotoxin-triggered programmed cell death. Mol Plant Microbe
Interact 26: 868-879. doi:10.1094/MPMI-10-12-0253-R. PubMed:
23617414.

57. Selth LA, Dogra SC, Rasheed MS, Healy H, Randles JW et al. (2005) A
NAC domain protein interacts with tomato leaf curl virus replication
accessory protein and enhances viral replication. Plant Cell 17:
311-325. doi:10.1105/tpc.104.027235. PubMed: 15608335.

58. Pei D, Ma H, Zhang Y, Ma Y, Wang W et al. (2011) Virus-induced gene
silencing of a putative glutathione S-transferase gene compromised
Ol-1-mediated resistance against powdery mildew in tomato. Plant Mol
Biol Rep 29: 972-978. doi:10.1007/s11105-011-0331-4.

59. Lorenc-Kukuła K, Zuk M, Kulma A, Czemplik M, Kostyn K et al. (2009)
Engineering flax with the GT family 1 Solanum sogarandinum
glycosyltransferase SsGT1 confers increased resistance to Fusarium
infection. J Agric Food Chem 57: 6698-6705. doi:10.1021/jf900833k.
PubMed: 19722575.

60. Langenbach C, Campe R, Schaffrath U, Goellner K, Conrath U (2013)
UDP-glucosyltransferase UGT84A2/BRT1 is required for Arabidopsis
nonhost resistance to the Asian soybean rust pathogen Phakopsora
pachyrhizi. New Phytol 198: 536-545. doi:10.1111/nph.12155. PubMed:
23356583.

61. Hématy K, Cherk C, Somerville S (2009) Host–pathogen warfare at the
plant cell wall. Curr Opin Plant Biol 12: 406-413. doi:10.1016/j.pbi.
2009.06.007. PubMed: 19616468.

62. Sharma N, Sharma K, Gaur R, Gupta V (2011) Role of chitinase in
plant defense. Asian J Biochem 6: 29-37. doi:10.3923/ajb.2011.29.37.

63. Todd J, Post-Beittenmiller D, Jaworski JG (1999) KCS1 encodes a fatty
acid elongase 3-ketoacyl-CoA synthase affecting wax biosynthesis
inArabidopsis thaliana. Plant J 17: 119-130. doi:10.1046/j.1365-313X.
1999.00352.x. PubMed: 10074711.

64. Zheng Z, Qualley A, Fan B, Dudareva N, Chen Z (2009) An important
role of a BAHD acyl transferase-like protein in plant innate immunity.
Plant J 57: 1040-1053. doi:10.1111/j.1365-313X.2008.03747.x.
PubMed: 19036031.

65. Egesten A, Dyer KD, Batten D, Domachowske JB, Rosenberg HF
(1997) Ribonucleases and host defense: identification, localization and
gene expression in adherent monocytes in vitro. Biochim Biophys Acta-
Mol Cell Res 1358: 255-260. doi:10.1016/S0167-4889(97)00081-5.
PubMed: 9366257.

66. Lionetti V, Raiola A, Camardella L, Giovane A, Obel N et al. (2007)
Overexpression of pectin methylesterase inhibitors in Arabidopsis
restricts fungal infection by Botrytis cinerea. Plant Physiol 143:
1871-1880. doi:10.1104/pp.106.090803. PubMed: 17277091.

67. Krüger J, Thomas CM, Golstein C, Dixon MS, Smoker M et al. (2002) A
tomato cysteine protease required for Cf-2-dependent disease
resistance and suppression of autonecrosis. Science 296: 744-747. doi:
10.1126/science.1069288. PubMed: 11976458.

68. Furlan G, Klinkenberg J, Trujillo M (2012) Regulation of plant immune
receptors by ubiquitination. Front Plants Science 3: 1-6.

69. Cheng H, Yang H, Zhang D, Gai J, Yu D (2010) Polymorphisms of
soybean isoflavone synthase and flavanone 3-hydroxylase genes are

associated with soybean mosaic virus resistance. Mol Breeding 25:
13-24. doi:10.1007/s11032-009-9305-8.

70. Corbin DR, Sauer N, Lamb CJ (1987) Differential regulation of a
hydroxyproline-rich glycoprotein gene family in wounded and infected
plants. Mol Cell Biol 7: 4337-4344. PubMed: 3437892.

71. Pautot V, Holzer FM, Reisch B, Walling LL (1993) Leucine
aminopeptidase: an inducible component of the defense response in
Lycopersicon esculentum (tomato). Proc Natl Acad Sci USA 90:
9906-9910. doi:10.1073/pnas.90.21.9906. PubMed: 8234334.

72. Martineau B, McBride KE, Houck CM (1991) Regulation of
metallocarboxypeptidase inhibitor gene expression in tomato. Mol Gen
Genet 228: 281-286. PubMed: 1715974.

73. Bu Q, Jiang H, Li C-B, Zhai Q, Zhang J et al. (2008) Role of the
Arabidopsis thaliana NAC transcription factors ANAC019 and
ANAC055 in regulating jasmonic acid-signaled defense responses. Cell
Res 18: 756-767. doi:10.1038/cr.2008.53. PubMed: 18427573.

74. Gamas P, de Billy F, Truchet G (1998) Symbiosis-specific expression
of two Medicago truncatula nodulin genes, MtN1 and MtN13, encoding
products homologous to plant defense proteins. Mol Plant Microbe
Interact 11: 393-403. doi:10.1094/MPMI.1998.11.5.393. PubMed:
9574507.

75. Campos-soriano L, García-Martínez J, Segundo Bs (2012) The
arbuscular mycorrhizal symbiosis promotes the systemic induction of
regulatory defence-related genes in rice leaves and confers resistance
to pathogen infection. Mol Plant Pathol 13: 579-592. doi:10.1111/j.
1364-3703.2011.00773.x. PubMed: 22212404.

76. Monteiro S, Barakat M, Piçarra-Pereira MA, Teixeira AR, Ferreira RB
(2003) Osmotin and thaumatin from grape: a putative general defense
mechanism against pathogenic fungi. Phytopathology 93: 1505-1512.
doi:10.1094/PHYTO.2003.93.12.1505. PubMed: 18943614.

77. Edwards R, Dixon DP, Walbot V (2000) Plant glutathione S-
transferases: enzymes with multiple functions in sickness and in health.
Trends Plant Sci 5: 193-198. doi:10.1016/S1360-1385(00)01601-0.
PubMed: 10785664.

78. Ravichandran S, Stone SL, Benkel B, Prithiviraj B (2013) Purple Acid
Phosphatase5 is required for maintaining basal resistance against
Pseudomonas syringae in Arabidopsis. BMC Plant Biol 13: 107. doi:
10.1186/1471-2229-13-107. PubMed: 23890153.

79. Wolpert T, Gilbert BM (2013) Characterization of the LOV1-mediated,
Victorin-induced cell death response with Virus-Induced Gene
Silencing. Mol Plant Microbe Interact 26: 903-917. doi:10.1094/
MPMI-01-13-0014-R. PubMed: 23634836.

80. Silva Y, Portieles R, Pujol M, Terauchi R, Matsumura H et al. (2013)
Expression of a microbial serine proteinase inhibitor gene enhances the
tobacco defense against oomycete pathogens. Physiol Mol Plant
Pathol 84: 99-106. doi:10.1016/j.pmpp.2013.08.001.

81. Whitham SA, Anderberg RJ, Chisholm ST, Carrington JC (2000)
Arabidopsis RTM2 gene is necessary for specific restriction of tobacco
etch virus and encodes an unusual small heat shock–like protein. Plant
Cell 12: 569-582. doi:10.1105/tpc.12.4.569. PubMed: 10760245.

82. Tornero P, Conejero V, Vera P (1997) Identification of a new pathogen-
induced member of the subtilisin-like processing protease family from
plants. J Biol Chem 272: 14412-14419. doi:10.1074/jbc.272.22.14412.
PubMed: 9162080.

83. Ramírez V, López A, Mauch-Mani B, Gil MJ, Vera P (2013) An
extracellular subtilase switch for immune priming in Arabidopsis. PLOS
Pathog 9: e1003445.

84. Kang J-H, Wang L, Giri A, Baldwin IT (2006) Silencing threonine
deaminase and JAR4 in Nicotiana attenuata impairs jasmonic acid–
isoleucine–mediated defenses against Manduca sexta. Plant Cell 18:
3303-3320. doi:10.1105/tpc.106.041103. PubMed: 17085687.

85. Espinoza C, Vega A, Medina C, Schlauch K, Cramer G et al. (2007)
Gene expression associated with compatible viral diseases in
grapevine cultivars. Funct Integr Genomics 7: 95-110. doi:10.1007/
s10142-006-0031-6. PubMed: 16775684.

Transcriptome Profiling of TYLCV-Infected Tomato

PLOS ONE | www.plosone.org 12 November 2013 | Volume 8 | Issue 11 | e80816

http://dx.doi.org/10.1104/pp.112.199281
http://dx.doi.org/10.1104/pp.112.199281
http://www.ncbi.nlm.nih.gov/pubmed/22689893
http://dx.doi.org/10.1016/j.tplants.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22445067
http://dx.doi.org/10.1007/s00709-012-0421-7
http://www.ncbi.nlm.nih.gov/pubmed/22669349
http://dx.doi.org/10.1094/MPMI-06-11-0165
http://www.ncbi.nlm.nih.gov/pubmed/21936663
http://dx.doi.org/10.1094/MPMI-10-12-0253-R
http://www.ncbi.nlm.nih.gov/pubmed/23617414
http://dx.doi.org/10.1105/tpc.104.027235
http://www.ncbi.nlm.nih.gov/pubmed/15608335
http://dx.doi.org/10.1007/s11105-011-0331-4
http://dx.doi.org/10.1021/jf900833k
http://www.ncbi.nlm.nih.gov/pubmed/19722575
http://dx.doi.org/10.1111/nph.12155
http://www.ncbi.nlm.nih.gov/pubmed/23356583
http://dx.doi.org/10.1016/j.pbi.2009.06.007
http://dx.doi.org/10.1016/j.pbi.2009.06.007
http://www.ncbi.nlm.nih.gov/pubmed/19616468
http://dx.doi.org/10.3923/ajb.2011.29.37
http://dx.doi.org/10.1046/j.1365-313X.1999.00352.x
http://dx.doi.org/10.1046/j.1365-313X.1999.00352.x
http://www.ncbi.nlm.nih.gov/pubmed/10074711
http://dx.doi.org/10.1111/j.1365-313X.2008.03747.x
http://www.ncbi.nlm.nih.gov/pubmed/19036031
http://dx.doi.org/10.1016/S0167-4889(97)00081-5
http://www.ncbi.nlm.nih.gov/pubmed/9366257
http://dx.doi.org/10.1104/pp.106.090803
http://www.ncbi.nlm.nih.gov/pubmed/17277091
http://dx.doi.org/10.1126/science.1069288
http://www.ncbi.nlm.nih.gov/pubmed/11976458
http://dx.doi.org/10.1007/s11032-009-9305-8
http://www.ncbi.nlm.nih.gov/pubmed/3437892
http://dx.doi.org/10.1073/pnas.90.21.9906
http://www.ncbi.nlm.nih.gov/pubmed/8234334
http://www.ncbi.nlm.nih.gov/pubmed/1715974
http://dx.doi.org/10.1038/cr.2008.53
http://www.ncbi.nlm.nih.gov/pubmed/18427573
http://dx.doi.org/10.1094/MPMI.1998.11.5.393
http://www.ncbi.nlm.nih.gov/pubmed/9574507
http://dx.doi.org/10.1111/j.1364-3703.2011.00773.x
http://dx.doi.org/10.1111/j.1364-3703.2011.00773.x
http://www.ncbi.nlm.nih.gov/pubmed/22212404
http://dx.doi.org/10.1094/PHYTO.2003.93.12.1505
http://www.ncbi.nlm.nih.gov/pubmed/18943614
http://dx.doi.org/10.1016/S1360-1385(00)01601-0
http://www.ncbi.nlm.nih.gov/pubmed/10785664
http://dx.doi.org/10.1186/1471-2229-13-107
http://www.ncbi.nlm.nih.gov/pubmed/23890153
http://dx.doi.org/10.1094/MPMI-01-13-0014-R
http://dx.doi.org/10.1094/MPMI-01-13-0014-R
http://www.ncbi.nlm.nih.gov/pubmed/23634836
http://dx.doi.org/10.1016/j.pmpp.2013.08.001
http://dx.doi.org/10.1105/tpc.12.4.569
http://www.ncbi.nlm.nih.gov/pubmed/10760245
http://dx.doi.org/10.1074/jbc.272.22.14412
http://www.ncbi.nlm.nih.gov/pubmed/9162080
http://dx.doi.org/10.1105/tpc.106.041103
http://www.ncbi.nlm.nih.gov/pubmed/17085687
http://dx.doi.org/10.1007/s10142-006-0031-6
http://dx.doi.org/10.1007/s10142-006-0031-6
http://www.ncbi.nlm.nih.gov/pubmed/16775684

	Comparative Transcriptome Profiling of a Resistant vs. Susceptible Tomato (Solanum lycopersicum) Cultivar in Response to Infection by Tomato Yellow Leaf Curl Virus
	Introduction
	Materials and Methods
	Plant material and TYLCV inoculation
	Library preparation and sequencing
	Processing of mRNA Sequence data
	Validation of differentially expressed genes by quantitative RT-PCR
	Validation of candidate genes with virus-induced gene silencing (VIGS)

	Results
	Differentially Expressed Genes in Response to TYLCV Infection
	Gene Ontology Analysis of Differentially Expressed Genes
	Differential Expression of Two Tomato Lines in Response to TYLCV Infection
	Putative Defense-Related Genes in Response to TYLCV Infection
	Quantitative RT-PCR Validation of RNA-seq Expression
	VIGS Validation of Candidate Resistant Gene

	Discussion
	Supporting Information
	Author Contributions
	References


