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Introduction: Tomato yellow leaf curl virus (TYLCV, Begomovirus coheni), a
whitefly-transmitted begomovirus, causes serious economic losses to tomato
crops globally. Over the past three decades, several genetic sources of TYLCV
resistance have been identified and incorporated into tomato breeding. Among
these is a recessive source of resistance known as ty-5.

Methods: In this study, we conducted a global transcriptome analysis to compare
gene expression in a ty-5 near isogenic tomato line and its susceptible recurrent
parent at various stages of TYLCV infection.

Results: We identified 1,394 differentially expressed genes, including numerous
defense-related genes and genes involved in RNA-mediated DNA methylation. In
addition, the expression of key regulatory genes such as protein kinases (PKs) and
transcription factors (TFs) was also significantly altered. To explore the function of
one upregulated TF encoding an APETALA2/Ethylene Responsive Factor (AP2/
ERF), tomato plants overexpressing this gene were generated and demonstrated
to confer resistance to TYLCV.

Discussion: These results lead us to hypothesize that ty-5-mediated TYLCV
resistance not only involves a pelota gene but is a product of two major
pathways acting in concert: a typical host-disease resistance pathway and
RNA-directed DNA methylation. Understanding the mechanism underlying ty-5
resistance will facilitate the development of tomato germplasm with more
durable TYLCV resistance.

KEYWORDS

APETALA2/ethylene responsive factor, DNA methylation, RNA-dependent RNA
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Introduction

Tomato (Solanum lycopersicum L.) is one of the world’s most
important vegetable crops. Viral diseases are a major limiting factor
in tomato production (Hanssen et al., 2010; Hancinsky et al., 2020).
tomato yellow leaf curl virus (TYLCV, Begomovirus coheni), a
whitefly (Bemisia tabaci)-transmitted begomovirus first identified
in the Middle East in 1959 (Cohen et al., 1963), has caused serious
economic losses (up to 100%) to tomato crops in the U.S. and other
parts of the world (Lefeuvre et al., 2010; Scholthof et al., 2011;
Prasad et al., 2020; Yan et al., 2021). TYLCV is a DNA virus in the
genus Begomovirus under the family Geminiviridae. This virus
consists of a single-stranded circular DNA with 2787 nt encoding
six open reading frames (ORF): two (V1 and V2) in the sense
orientation and four others (C1 to C4) in the complementary
orientation. V1 encodes coat protein to protect the viral DNA. V2
is a pre-coat protein, associated with viral movement. C1, C2, C3,
and C4 proteins are for virus replication, post-transcriptional gene
silencing suppressor, virus accumulation enhancer and symptom
induction determinant, respectively (Glick et al., 2009). Recently,
several small proteins (V3, C5 and C7) have also been identified in
TYLCV with the following functions, an RNA silencing suppressor,
a virulence factor and suppressor of gene silencing, and a
pathogenicity determinant, respectively (Gong et al., 2021; Zhao
et al., 2022; Liu et al., 2023).

TYLCV is transmitted efficiently by an insect vector, the
whitefly (Bemisia tabaci) in a persistent-circulative
nonpropagative matter. B. tabaci is a species complex consisting
of 34 cryptic species with similar morphology but distinct genetic
and biological properties (Boykin and De Barro, 2014). Several of
them, including Mediterranean (MED) and Middle East-Asia
minor 1 (MEAMI1) have become global pests with efficient
transmission of hundreds of viruses, including TYLCV (Navas-
Castillo et al,, 2011). An integrated pest management system
focusing on prevention, control and resistance would be necessary
to effectively manage B. tabaci and TYLCV transmission (Prasad
et al., 2020).

Resistance to TYLCV has been discovered in several wild
tomato species, including Solanum pimpinellifolium, S.
peruvianum, S. chilense, S. habrochaites, and S. cheesmaniae (Pico
et al.,, 1996; 2000; Ji et al., 2007; 2009). To date, six TYLCV
resistance loci have been identified in various species of tomato
(El-Sappah et al,, 2022): Ty-1, introgressed from S. chilense
accession LA1969 and mapped to chromosome 6 (Zamir et al.,
1994); Ty-2, derived from S. habrochaites accession B6013 and
located on chromosome 11 (Kalloo and Banerjee, 1990; Hanson
et al.,, 2006); Ty-3, from S. chilense accessions LA1932 and LA2779
and mapped to chromosome 6, near the Ty-1 locus (Ji et al., 2007);
Ty-4, from S. chilense accession LA1932 and mapped to
chromosome 3 (Ji et al., 2009); the recessive ty-5 gene, derived
from the cultivar Tyking and mapped to chromosome 4 (Anbinder
et al., 2009; Hutton et al., 2012); Ty-6, also derived from ‘Tyking’
and mapped to chromosome 10 (Gill et al., 2019; Shen et al., 2025).
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Genes underlying the Ty-I and Ty-3 loci were identified and found
to be two different alleles of the same gene (Caro et al., 2015), which
codes for an RNA-dependent RNA polymerase (RDRP) (Verlaan
et al,, 2013) that confers resistance through cytosine methylation of
the viral DNA genome (Butterbach et al., 2014). The underlying
genes for other Ty genes (Ty-2, ty-5 and Ty-6) have also been
characterized (Yamaguchi et al.,, 2018; Shen et al., 2020; Lapidot
et al,, 2015; Shen et al., 2025). PCR-based markers tightly linked to
Ty-1, Ty-2, Ty-3, Ty-4, and ty-5 are being used in tomato breeding
programs for efficient selection of begomovirus resistance (El-
Sappah et al,, 2022).

Initial work on mapping the ty-5 resistance gene identified NAC
Domain 1 (NACI) at the ty-5 locus (Anbinder et al., 2009).
However, subsequent fine-mapping by Lapidot et al. (2015)
revealed that the ty-5 resistance gene encodes pelota (Pelo), a
messenger RNA surveillance factor. Knockdown experiments
confirmed that Pelo was responsible for a recessive resistance to
TYLCV through a natural mutation to pelota (Lapidot et al., 2015).
In mRNA surveillance, Pelota exhibits a dual function (Li et al.,
2025). In addition to maintaining translational fidelity, pelota could
serve either as a restriction or a promotion factor for virus
propagation depending on the species of the virus and its host (Li
et al., 2025). Despite those efforts, information on molecular
mechanism underlying the ty-5 tomato plant upon TYLCV
infection is still unknown.

RNA sequencing (RNA-seq) technology has been used to
investigate the molecular basis of TYLCV resistance in tomato.
For example, Chen et al. (2013) examined differentially expressed
defense-related genes associated with Ty-2-mediated resistance
during early stages of TYLCV infection. Wang et al. (2022)
evaluated differential gene expression in TYLCV-infected tomato
plants upon pretreatment with hormones. An integration of
transcriptome, sRNAome and methylome was also applied to
evaluate viral gene expression, vsSRNA accumulation and DNA
methylation on TYLCV (Piedra-Aguilera et al., 2019).
Transcriptome analysis revealed networks of genes in vector
whiteflies Bemisia tabaci) were activated upon TYLCV feeding
and transmission (Hasegawa et al., 2018). Currently, there is a
lack of information regarding the molecular mechanism that
regulates the resistance to TYLCV on tomato plants expressing
the recessive ty-5 gene. Here, we report a comparative analysis of
global gene expression between a near-isogenic line carrying the ty-
5 resistance gene and the TYLCV-susceptible recurrent parent (Fla.
8059) in response to TYLCV infection. In total, 1,394 differentially
expressed genes (DEGs) were identified between the two lines
across four timepoints, spanning from virus inoculation to disease
symptom expression. Functional category analysis revealed that two
networks of genes were most affected: those involved in resistance
gene-dependent host defense and RNA-directed DNA methylation.
In addition, the expression of protein kinases (PKs), transcription
factors (TFs), and microRNA target genes, which are important
regulators of gene expression, was also altered. To evaluate gene
function, transgenic tomato plants overexpressing an APETALA2/
Ethylene Responsive Factor (AP2/ERF) TF, an upregulated disease
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resistance signaling molecule identified in the RNA-seq analysis,
exhibited partial TYLCV resistance. Our global transcriptome
analysis provides valuable insights into the molecular mechanisms
underlying ty-5-mediated TYLCV resistance, including potential
networks of defense-related genes against TYLCV in ty-5

tomato lines.

Materials and methods

Generation of near-isogenic lines with and
without the ty-5 gene through
backcrossing to Fla. 8059

To generate resistant and susceptible tomato lines with a similar
genetic background for transcriptome analysis, near isogenic lines
(NILs) carrying the ty-5 gene for resistance to TYLCV were
developed. A traditional backcrossing approach was used to
introgress the ty-5 gene from ‘Tyking’ into the susceptible
recurrent parent, Fla. 8059. Tightly linked molecular markers
were used to select genes during the process. Backcrossing for the
ty-5 line was completed to the BCs generation (theoretically
96.875% identical to the recurrent parent). These materials were
used in disease resistance screening through viruliferous whitefly
inoculation and for transcriptome analysis upon virus inoculation
throughout the initial disease developmental stages.

Inoculation of tomato plants through
whitefly feeding

A whitefly colony (Bemisia tabaci MEAM-1, formerly B
biotype) was collected in Charleston, SC, USA, in 2013, and
maintained under controlled greenhouse conditions on collards
(Brassica oleracea, a non-host for TYLCV). A TYLCV isolate (Ling
et al., 2006) maintained on tomato cultivar ‘Moneymaker’ was used
as an inoculum source for whitefly feeding. The TYLCV resistant
NIL line carrying ty-5 and its respective susceptible recurrent
parental breeding line (Fla. 8059) were germinated and
maintained in an insect-free BugDorm (MegaView Science Co.,
Taiwan) (60 x 60 x 60 cm) inside a greenhouse under natural
sunlight with a temperature around 25 °C.

To acquire TYLCV, adult non-viruliferous whiteflies were
transferred onto TYLCV-infected tomato plants in a BugDorm
for a 2-day acquisition access period. The viruliferous whiteflies
(500) were then collected and transferred to tomato plants at the
two-leaf stage in a BugDorm for feeding in a 3-day inoculation
access period. After 3 days, the whiteflies were killed with a spray of
the insecticide imidacloprid on the test tomato plants.

The virus-inoculated plants were maintained and monitored for
symptom expressions up to 21 days post inoculation (dpi) when the
leaf curl symptoms on the susceptible plants had appeared. TYLCV-
inoculated leaf tissues were collected (500 mg/plant) from three test
plants serving as individual biological replicates for each resistant or
susceptible group at each time interval: 4, 7, 14, and 21 dpi. The
collected tissue samples were processed immediately or stored at
-80 °C until use for total RNA extraction and RNA-seq.
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Generation of gene construct

RNAseq data analysis revealed that several genes were
differentially expressed. Among them, the APETALA2/Ethylene
Responsive Factor (AP2/ERF TF) gene was selected for functional
evaluation on its contribution to disease resistance against TYLCV.
A codon optimized synthetic gene (AP2/ERF TF) was synthesized
(IDT, Coralville, IA) and inserted into pENTR-D TOPO vector and
transformed into Top 10 Chemically Competent cells (Invitrogen,
USA). Plasmid DNA with inserts from selected colonies were
confirmed through Sanger sequencing. Construct was recombined
with Gateway vector PEG202 using clonase (Invitrogen, USA)
between the Cauliflower mosaic virus (CaMV) 35S promoter and
nopaline synthase (NOS) terminator. The sequence confirmed AP2/
ERF TF and GFP inserted binary vectors were mobilized into
Agrobacterium tumefaciens strain LBA4404 by electroporation
and selected on YM agar containing kanamycin for PEG202
selection and Streptomycin for Agrobacterium (Padmanabhan
et al.,, 2019).

Agrobacterium-mediated transformation
and confirmation of transgenic plants

We followed an efficient protocol for tomato transformation
and selection of transgenic plants as previously described (Van Eck
et al,, 2019). The transgenic plants were self-pollinated to generate
the T1 generation. The T1 seeds were germinated on MS basal
medium containing 1 mg/L Phosphinotricin for selection. Surviving
germinated seedlings were transferred to pots containing sterile soil
and maintained in a glasshouse at 28-29 °C and 80-90% relative
humidity. Transgene insertion was confirmed by gene specific PCR
and gene expression was confirmed by RT-PCR using a FLAG
specific forward primer (KL17-151 FLAG-F: 5-GACTACAA
AGACGATGACGACA-3") and ERF specific reverse primer
(KL14-403 ERF-1R: 5> ACTTCTTCCATTCATCTCGAATGTG -
3’). For the internal control, an actin primer pair was used (forward
primer KL17-071 03g078400F: 5-TTGCTGGTCGTGA
CCTTACT-3’ and reverse primer KL17-072 03g078400R: 5’-
TGCTCCTAGCGGTTTCAAGT-3’).

Evaluation of APETALA2/ethylene
responsive factor (AP2/ERF TF) transgenic
tomato plants for resistance to TYLCV

To evaluate transgenic plants over-expressing the APETALA2/
Ethylene Responsive Factor (AP2/ERF TF) gene ID Solyc04g007000
for their resistance against TYLCYV, five rooted plants (in 4-5 leaf
stage) were regenerated. PCR-confirmed AP2/ERF TF transgenic T,
lines, along with similarly developed transgenic ‘Moneymaker’
plants expressing GFP, and ty-5 resistant plants were inoculated
with TYLCV-viruliferous whiteflies using the same method as
described above. In addition to observing symptom expressions
on the inoculated plants, virus presence in systemic leaves of each of
the test plants was also measured by conventional PCR for TYLCV
(Padmanabhan et al., 2022) using DNA preparations generated
from leaf tissue samples collected at 7, 14, 21, and 28 dpi. Disease
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severity index was calculated based on symptomatic plants
over total test plants, with 0: no symptom; 1 = mild mosaic on
leaves; 2 = moderate mosaic on leaves; 3 = chlorotic and mild leaf
curl; 4 = severe yellowing and leaf curl; and 5 = plant death (Lapidot
et al., 2006).

RNA extraction

Total RNA was extracted using TRIzol reagents with
modifications. We used 500 mg of freshly collected leaf tissue in
individually labeled plastic bags which were processed using a
Homex-6 homogenizer (BioReba, Switzerland) with 2.25 ml of
TRIzol® reagent (Thermal Fisher Scientific, USA). The resulting
tissue extract was transferred to a 2 ml tube, vortexed well and left at
room temperature for 5 minutes (min). After spinning at 12,000 g
for 10 min, 1 ml supernatant was transferred to a new Eppendorf
tube, 0.4 ml of chloroform was added, and the mixture was shaken
vigorously by hand for 15 seconds and left at room temp for 2-15
min to settle. The tube was centrifuged at 12,000 g for 15 min at 4°C.
Approximately 600 pl of supernatant was transferred to a new tube,
1.0 ml isopropanol was added, and tubes were mixed gently by hand
and left at RT for 10 min. An RNA pellet was obtained by
centrifugation at 12,000 g for 10 min at 4 °C, washed twice in 70-
80% ethanol, and finally dissolved in 200 pl RNase-free water. For
DNase I treatment, in an Eppendorf tube with 100 uL RNA (with a
total yield of 50 ug), 12 ul of 10X reaction buffer and 4 ul DNase I
(Invitrogen, USA) were incubated at 37 °C for 30 min. The treated
RNA solution was processed with a one-step extraction phenol/
chloroform (1:1) solution. Treated RNA was precipitated after
ethanol treatment and centrifuged at 12,000 g for 20 min. The
RNA pellet was washed once with 75% ethanol, dried, and
resuspended in nanopure water. The concentration of the
resulting RNA preparation was measured with a NanoDrop
spectrophotometer. The cleaned DNA-free high-quality RNA was
confirmed in a 1X bleach gel (Aranda et al., 2012).

RNA-seq library preparation, illumina
sequencing and data analysis

Strand-specific RNA-Seq libraries were constructed using the
protocol described in Zhong et al. (2011) and sequenced on an
Mumina HiSeq 2500 system using the single-end 100 bp mode. Raw
RNA-Seq reads were processed to remove adaptor and low-quality
sequences using Trimmomatic (Bolger et al., 2014) and to remove
polyA/T tails using PRINSEQ++ (Cantu et al., 2019). RNA-Seq
reads were then aligned to the ribosomal RNA database (Quast
et al., 2013) using Bowtie (Langmead et al., 2009) and the mappable
reads were discarded. The resulting high-quality cleaned reads were
aligned to the tomato Heinz genome version SL4.0 (Hosmani et al.,
2019) using HISAT2 (Kim et al., 2019). Following alignments, raw
counts for each tomato gene were calculated and normalized to
reads per kilobase of exon model per million mapped reads
(RPKM). Raw counts were fed to the DESeq2 package (Love
et al,, 2014) to identify genes differentially expressed between the

Frontiers in Plant Science

10.3389/fpls.2026.1788099

ty-5 line and the S-line. Genes with adjusted p-values less than 0.05
and log2 fold changes above 1.5 or lower than -1.5 were identified as
differentially expressed genes (Supplementary Table S3).

Differentially Expressed (DE) genes were used to perform Gene
Ontology (GO) enrichment analysis utilizing the agriGO program
(Du et al., 2010). The Tomato Functional Genomics Database (Fei
etal., 2011) and the iTAK database (Zheng et al., 2016) were used to
identify genes encoding plant transcription factors, and receptor-
like kinases. Functional annotation of other genes of interest was
performed using standalone BLAST (Altschul et al,, 1990) by
comparing homologs to genes of interest from Arabidopsis and S.
lycopersicum in conjunction with utilizing annotated GO terms of
tomato genes (Fernandez-Pozo et al., 2015).

A motif enrichment analysis was conducted using the MEME
Suite (Bailey et al., 2009). For MEME analysis, promoter sequences
(1000 bp upstream sequence of transcription start site) of
differentially expressed defense-related genes were used. Motif
enrichment was assessed with the SEA tool within the MEME
Suite, which identified statistically enriched motifs in the provided
sequences. Several of the enriched motifs showed significant
similarity to known transcription factor binding motifs
catalogued in the JASPAR CORE plants database (Sandelin
et al., 2004).

Validation of differentially expressed genes
by qRT-PCR

Fourteen DEGs were randomly selected for validation by qRT-
PCR. Primers were designed (Supplementary Table S13) and their
specificity was confirmed by aligning the primer sequences to the
tomato genome. cDNA was generated from 3 pg of the same tomato
RNA preparations as those used for RNA-seq using the SuperScript
III ¢cDNA Synthesis System (ThermoFisher Scientific, USA).
Twenty-five microliter PCR reactions consisted of 2 uL of diluted
cDNA, 0.75 uL of each primer (10 uM), 12.2 pL of 2x Brilliant II
SYBR Green Master Mix with low ROX (Agilent, USA), and 9.3 uL
of nuclease-free water. PCR amplifications were performed in an
Mx3005P Real-Time PCR System (Agilent, USA) using the
following cycling conditions: 95 °C for 10 min., followed by 40
cycles of 95 °C for 30 seconds and 60 °C for 1 min with SYBR Green
detection during the 60 °C step. The presence of a single amplicon
in PCR reactions was confirmed by the presence of a single, uniform
peak in dissociation curves conducted after amplification. Each of
the selected genes was amplified from 3 biological replicates per
treatment, with 3-4 technical replicates per biological replicate.
Expression levels were normalized to the tomato actin gene
(Solyc04g011500) using the AACt method and expressed in terms
of log,(fold change) for comparison with the RNA-seq data.
Significant differences in gene expression via qRT-PCR was
determined using a one-tailed unpaired Student’s t-test (if data
are normal and homoscedastic), Welch’s t-test (if heteroscedastic)
or the Mann-Whitney Wilcox test (if not normally distributed).
Statistical analysis was conducted in R (R Core Team, 2018).
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Results

Transcriptome analysis on ty-5 plants over
a susceptible line upon TYLCV infection

To obtain a global view on differential gene expression
associated with ty-5 mediated resistance to TYLCV, we conducted
a comparative transcriptome analysis between a near-isogenic line
carrying the ty-5 resistance locus (hereafter referred to as the ty-5
line) and its susceptible recurrent parent line (Fla. 8059, hereafter
referred to as the S-line), using leaf tissue samples collected at four
time points, 4-, 7-, 14-, and 21-days post inoculation (dpi) by the
whitefly vector-spanning disease progression from inoculation to
symptom expression. Typical disease symptoms, including leaf
curling, yellowing, and stunting, were observed on the susceptible
S-line plants around 14-21 dpi. During the same period, symptoms
were very mild to almost absence from the TYLCV-inoculated ty-5
plants (Figure 1A). From these leaf samples, a total of 24 RNA-Seq
libraries were constructed and sequenced. Overall, an average of

10.3389/fpls.2026.1788099

11.68 million raw reads per library were obtained. After adapter
trimming and removal of low-quality reads and rRNA sequences,
an average of 10.04 million high quality clean reads were obtained
per library, with 98.26% of those reads mapped to the tomato
reference genome (version SL4.0) (Supplementary Table S1). We
also conducted additional analysis by mapping of the RNA-seq data
in each replicate to the TYLCV genome. The mapping results for
the TYLCV genome are included in Supplementary Table S1. The
TYLCV-related transcripts could be detected as early as 4 dpi. Some
general trends were also observed: number of TYLCV-related
transcripts increased over time (from 4 dpi to 21 dpi) and there
were higher number of TYLCV-related transcripts in the
susceptible control line (CT) over those of the ty-5 line (TY5) at
each sampling time point (4, 7, 14 and 21 dpi). However, since
TYLCV is a DNA virus and this is an RNA-Seq dataset that was
generated using a poly(A)-enriched library construction strategy,
these results may not accurately reflect the true viral transcript
abundance. Nevertheless, these results provided direct evidence to
support an efficient transmission of TYLCV to the test plant by
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viruliferous whiteflies. Moreover, lower numbers of TYLCV
transcripts were detected in the ty-5 plants than those generated
from the susceptible controls (Supplementary Table S1). High
Pearson correlation coefficients among most biological replicates
indicated strong reproducibility (Supplementary Table S2).
However, three libraries with relatively lower correlation
coefficients (TY5_TYCLV_7dpi_repl, CT_TYCLV_14dpi_rep2,
CT_TYLCV_21dpi_rep3) were excluded from downstream
differential expression analysis. Comparative expression analysis
identified a total of 1,394 differentially expressed genes (DEGs)
between the ty-5 line and S-line plants across all four timepoints
(Figures 1B, Supplementary Table S3). Major groups of DEGs
included 186 defense-related genes, 152 transcription factors, 68
protein kinases, 102 phytohormone-associated genes, 72 cell wall-
associated genes, 26 histone methylation pathway genes, and 62
photosynthesis-related genes (Supplementary Table S4). These
DEGs were further classified into 43 functional categories
(Supplementary Table S5). At the pre-symptom expression phase
at 4 dpi, only 60 DEGs were identified-eight up-regulated and 52
down-regulated (Figures 1B, D). As symptom expressions
progressed, the number of DEGs increased substantially. At 7 dpi,
there were 461 DEGs with 159 up-regulated and 302 down-
regulated (Figures 1B, E). In addition, of the 406 DEGs identified
at 14 dpi, 128 were up-regulated and 278 down-regulated
(Figures 1B, F). The observed 14 dpi total DEGs are lower,
suggesting a counter-response against pathogens. At 21 dpi, when
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the disease symptoms had fully appeared on the susceptible S-line
plants, a total of 697 DEGs were identified, with 268 up-regulated
and 429 down-regulated in the ty-5 line (Figures 1B, G). This surge
in the number of DEGs was correlated with leaf curling, yellowing
and stunting symptom expression (Figure 1A). Genes affected by
TYLCV infection were not constant from one time point to another
between the two lines; a Venn diagram analysis revealed that only
14 genes were differentially expressed at all time points (Figure 1C).
Volcano plots showing distributions of differentially expressed
genes (DEGs) are illustrated in Figures 1D-G. Gene Ontology
(GO) term enrichment analysis identified 22 significantly
enriched functional categories, with protein homodimerization
activity, substrate-specific transport activity, and cyclin-dependent
protein kinase regulator activity being the top three
categories (Figure 1H).

Validating the expressions of differentially
expressed genes

Differential expressions of 14 randomly selected DEGs were
validated by quantitative reverse transcription polymerase chain
reaction (QRT-PCR). All genes tested by qRT-PCR were in complete
agreement with the expression patterns (upregulation or
downregulation) observed in the RNA-seq datasets (Table 1).
Likewise, the differential expressions observed via qRT-PCR were
also statistically significant (p < 0.05) for 12 of the 14 DEGs

TABLE 1 Comparative expression levels of selected differentially expressed genes between RNA-seq and qRT-PCR for validation analysis.

RNA-seq qRT-PCR
Gene ID Annotation Timepoint
log2fold Adj P-value log2fold P-value

MADS box t ipti

Solyc12g087830 O% transcription 4 dpi 332 1.73E-11 352 1.08E-05
factor

Solyc04g079420 | isease resistance protein 7 dpi 1.76 0.0000 1.05 0.2013

1 . . J ..
e (CC-NBS-LRR) P

Non-specific lipid-transf

Solyc10g075070 | oo cPectic pid-transier 7 dpi 2.55 7.32E-04 0.90 0.0137
protein

Solyc03g116100 | MYB transcription factor 7 dpi 2.15 0.0305 0.29 0.0008
NAC d in t ipti

Solyc04g005610 omain transeription 7 dpi 2.88 6.49E-04 0.87 0.1743
factor

Solyc01g091230 | Receptor like kinase, RLK 7 dpi -2.00 0.0004 -2.98 3.01E-07

Solyc07g052790 | NBS-LRR, resistance protein 14 dpi -1.74 0.0000 -1.60 3.63E-05

Solyc10g047240 | Annexin 14 dpi -1.56 0.0000 -1.69 1.87E-07

Solyc05g009790 | Transcription factor 14 dpi 2.75 0.0087 0.23 0.0846
APETALA2/Ethylene

Solyc04g007000 | Responsive Factor (AP2/ 14 dpi 3.25 2.19E-05 1.70 0.0367
ERF)

Solyc03g095770 | WRKY transcription factor 6 21 dpi 1.56 0.0001 0.37 0.0135
Protein NSP-interacting .

Solyc02g089550 . 21 dpi -2.00 0.0000 -1.45 6.40E-06
kinase

Solyc09g084470 | Proteinase inhibitor I 21 dpi 3.29 0.0000 3.32 1.73E-08
Serine/Threonine-protein .

Solyc05g052270 . 21 dpi -1.56 0.0085 -2.20 0.0002
kinase
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(excluding Solyc04g079420 and Solyc04g005610), suggesting the
validity of the RNA-seq datasets generated and transcriptome
analysis methods used in this experiment.

Defense-related genes are modulated in
ty-5 resistant lines

Among the differentially expressed genes, many are involved in
defense-related responses, including those encoding nucleotide-
binding site leucine-rich repeat (NBS-LRR) proteins, Avr9/Cf-9
rapidly elicited protein, members of the pathogenesis-related
protein family, and glycine-/proline-rich proteins (Supplementary
Table S6).

NBS-LRR proteins play a crucial role in effector-triggered
immunity in plants through pathogen recognition and initiation
of the hypersensitive response. In our dataset, nine NBS-LRR-
related genes were differentially expressed (Supplementary Table
S6). Notably, one of these NBS-LRR genes exhibited up to a 4-fold
higher expression level in the ty-5 line, indicating an enhanced
effector-triggered immunity response. Additionally, several Avr9/
Cf-9 genes were induced in the ty-5 line. These genes encode rapidly
elicited proteins upon fungal infection and are known to trigger a
cascade of signal transduction events that activates the downstream
plant defense mechanisms.

Pathogenesis-related (PR) genes are widely recognized as
markers of plant immune responses, as they are typically induced
upon pathogen infection to restrict disease progression. Notably,
the gene encoding pathogenesis-related protein la was 5.83
(upregulated) at 7 dpi, but -6.64 (down-regulated) at both 14 and
21 dpi (Supplementary Table S6). This strongly suggests that the
immune response in the ty-5 resistant line may have been triggered
by 7 dpi and maintained during later stages of infection. We
discovered many other genes in the pathogenesis-related protein
family that were differentially expressed in our dataset. For instance,
pathogenesis-related thaumatin family gene was induced 2.88-fold
at 14 dpi, implicating its key role in pathogen resistance. A gene
encoding an aspartic protease inhibitor was induced 2.58-fold at 14
dpi and 2.21-fold at 21 dpi in the ty-5 line (Supplementary Table
S6). Interestingly, a cysteine/histidine-rich 1 gene, implicated in
defense signaling pathways, was induced 3.38-fold at 21 dpi in the
ty-5 line (Supplementary Table S6). Peroxidases (PR-9) are also
members of the pathogenesis-related protein subfamily. Among a
total of eight differentially expressed peroxidase genes identified, all
were activated in the ty-5 line, with one upregulated up to 5.06-fold
at 21 dpi (Supplementary Table S6). Proteinase inhibitors (PR-6),
another PR subfamily, also appeared to play a key role in the ty-5-
mediated resistance. Six PR-6 genes were induced in the ty-5
resistant line, including three showing 4- to 5-fold increases
compared to the S-line (Supplementary Table S6). Additionally,
ten zinc finger protein genes were also upregulated. Zinc finger
proteins act as transcription factors that regulate gene expression
and mediate plant defense responses. Together, these findings
indicate that a strong immune response is activated in the ty-5
resistant plants and these PR genes may be directly involved in
limiting the progression of viral disease.
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Glycine-rich proteins are also known to play key roles in plant
defense by inducing pathogenesis-related proteins. Three glycine-
rich protein genes were found to be upregulated in the ty-5 line.
Additionally, a proline-rich protein gene was also induced in the ty-
5 line at 7 dpi. Upregulation of these defense-related genes further
supports the hypothesis that resistant plants launch a robust
immune response to TYLCV, leading to limited viral replication
and symptom development. Moreover, the methylation pathway
related-genes, including those encoding cytosine-5 DNA
methyltransferase 1 and RNA-dependent RNA polymerase, were
up-regulated in the ty-5 line (Supplementary Table S6), implicating
epigenetic regulation as an additional mechanism contributing to
TYLCV resistance.

Motif enrichment analysis with MEME identified 95
significantly enriched motifs, each appearing a variable number of
times within the promoter regions of defense-related genes. Based
on statistical significance and motif frequency across promoter
sequences, the three most enriched motifs were SACGTGGCA,
GCCGCCGCCGCCCS, and ACACGTG (Supplementary Figure S1;
Supplementary Table S14). These motifs showed strong matches to
the GBF2, EREB, and ABF2 transcription factor binding motifs,
respectively, as annotated in the JASPAR CORE plants database
(Sandelin et al., 2004). Since our study is focused on plant resistance
to viral pathogens, the second motif, EREB, also known as the GCC-
box is of particular interest due to its well-established role in
regulating defense-related plant gene expression. Our analysis
revealed 75 out of 128 defense-related genes contain at least one
or more GCC-box motifs in their promoter sequences
(Supplementary Table S14). Notably, two pathogenesis-related
(PR) genes, Solyc08g080660 and Solyc02g031920, harbor this
motif within their cis-regulatory promoter sequences, highlighting
a potential regulatory link between GCC-box-mediated
transcriptional control and antiviral defense responses.

Many transcription factor genes responded
to the TYLCV infection

Transcription factors (TFs) play a central role in regulating gene
expression and are often modulated by plant hormones such as
jasmonic acid (JA), salicylic acid (SA), and ethylene. In this study, a
total of 112 annotated transcription factor genes were differentially
expressed, with 52 upregulated in the TYLCV resistant ty-5 line, 49
downregulated (Supplementary Table S7; Supplementary Figure S2)
and the remaining 11 up- and down-regulated at different time
points. Five MADS-box TFs were differentially expressed, including
one that was induced more than five-fold at 7 dpi. Among six NAC
domain TFs with differential expression, three were upregulated in
the ty-5 line, with one showing a 3.66-fold increase. Among 23
differentially expressed MYB family TFs, nine were upregulated in
the ty-5 line, including two with more than 3-fold induction. A prior
study has demonstrated that suppression of MYB TFs compromises
N gene-mediated resistance against tobacco mosaic virus (an RNA
virus) (Zhu et al., 2022). However, the role of MYB TFs in resistance
to single-stranded DNA (ssDNA) viruses, such as begomoviruses,
remains unclear. In addition, seven WRKY TFs showed altered
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expression, with five upregulated in the ty-5 line and two others
were downregulated. WRKY TFs are key players in disease
resistance and plant immunity.

More protein kinases were down-regulated
in the ty-5 line

By phosphorylating target proteins to switch them from inactive
to active states, protein kinases often function within signaling
cascades. Amon DEGs identified in this study, 49 protein kinase
genes showed altered expression at various time points
(Supplementary Table S8). Of these, seven were upregulated in
the ty-5 plants following TYLCV infection, 40 were downregulated,
and the remaining two exhibited up- and down-regulation at
different time points. The upregulation of protein kinases in the
S-line may reflect their multiple roles, including activation of viral
proteins, host susceptibility factors, or downstream signaling
components to promote disease. Notably, a substantial number of
protein kinase genes (32) were upregulated in the S-line at 21 dpi,
coinciding with the appearance of disease symptoms at 21 dpi.
Many of these genes encode LRR receptor-like kinase family
proteins and receptor-like protein kinases. Interestingly, one G-
type lectin S-receptor-like serine/threonine-protein kinase gene was
induced nearly four-fold in the ty-5 line, suggesting a potential role
in defense signaling. However, the exact roles of these kinases
remain unclear, as they might activate or trigger defense-related
genes and downstream signaling compounds, which could also
activate susceptibility factors.

Phytohormones are signal molecules
regulating plant growth and development

A total of 94 DEGs related to phytohormones were identified in
our dataset (Supplementary Table S9). Among them, 23 were
upregulated up to 4.3-fold in the ty-5 resistant line. We also
identified nine differentially expressed glutaredoxin genes, with
five upregulated in the ty-5 line (Supplementary Table S9).
Previous studies have shown that expression of a glutaredoxin in
Nicotiana benthamiana plants suppresses pepper mild mottle virus-
Italian (PMMoV-I) accumulation and correlates with induction of
SA-regulated PR-proteins (Hakmaoui et al., 2012). Consistently, in
addition to the upregulation of glutaredoxin, we also observed
enhanced expression of several PR genes in the resistant line
(Supplementary Table S6).

Cell-to-cell transport of macromolecules

Cell wall-associated proteins play a key role in cell-to-cell
transport of macromolecules, including nucleic acids, gene
silencing signals, proteins from host and pathogen, the siRNA/
microRNA-associated RISC complex, plant viruses, and plastids. In
our dataset, 64 cell wall-related genes were differentially expressed
at different time points (Supplementary Table S10). Eleven of these
genes were upregulated in the ty-5 plants after TYLCV infection and
the rest were downregulated (Supplementary Table S10). Notably,
five germin-like protein genes were highly induced (ranging from 5-
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to 7-fold) in the S-line after TYLCV infection over the course of
infection (4, 7, 14, and 21 dpi) (Supplementary Table S10), which
may facilitate viral infection in S-line.

Photosynthesis genes and virus resistance

Chloroplast-related genes could be involved in plant-virus
interactions. A total of 35 DEGs related to photosynthesis were
identified in our dataset (Supplementary Table S11). Most of these
genes (19) were upregulated (up to 4.3-fold) in the ty-5 resistant
line. It was reported that some photosynthesis-related genes are
involved in plant resistance to viruses, such as soybean mosaic virus
(Bwalya et al., 2022).

Histone remodeling and RNA-directed
DNA methylation

Histone proteins are essential for DNA packaging into
nucleosomes and chromatin structure maintenance. Each
nucleosome is comprised of a core of histones: HI/H5, H2A,
H2B, H3, and H4. Histone methyltransferases can modify histone
proteins at certain sites through methylation, thus regulating gene
expression by altering chromatin accessibility. In this study, all five
histones (H1, H3, H2A, H2B, and H4), as well as chromatin
remodeling-related genes such as those encoding a histidine
phosphotransferase protein, a histone-lysine N-methyltransferase,
and a high mobility group protein, were upregulated in the S-line.
Notably, 22 of these genes were upregulated at 7 dpi and four were
upregulated at 21 dpi (Supplementary Table S12). Upregulation of
these components in the S-line may be the result of the virus
establishing its replication complex in the nucleus, although the
exact role they play in host susceptibility remains elucidated.

DNA methylation is a key epigenetic mechanism involving the
addition of methyl groups to cytosine residues in DNA, a process
catalyzed by DNA methyltransferases, including DNA (cytosine 5)
methyltransferase 3. RNA-directed DNA methylation involves de
novo methylation of cytosine residues of DNA in the chromatin
structure that share complementary sequences with small RNA,
forming transcriptionally silent heterochromatin. In this study,
cytosine-5 DNA methyltransferase 1 was induced ~2-fold at 7
and 14 dpi in the ty-5 line (Supplementary Table S7). This
enhanced expression may contribute to RADM-mediated silencing
of the TYLCV genome in ty-5 plants, thus restricting virus
replication and conferring resistance.

RNA silencing is a major antiviral defense mechanism in both
plants and animals. During viral infection, double-stranded RNA
(dsRNA) molecules are generated either as replicative intermediates
or through the formation of secondary dsRNA structures, which are
recognized by specific Dicer-like proteins and cleaved into 21-24 nt
siRNAs. In plants, 22-nt siRNAs can serve as primers for the host-
encoded RNA-dependent RNA polymerase (RDRP)-mediated
conversion of long dsRNAs into secondary siRNAs. In this way,
silencing signal not only is being amplified but is also spread along
the entire RNA target sequence as trans-acting siRNA (tasiRNAs).
The tomato genome encodes seven DICER-like endonucleases
(DCLs), 15 Argonautes (AGOs), and six RNA-dependent RNA

frontiersin.org


https://doi.org/10.3389/fpls.2026.1788099
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Padmanabhan et al.

polymerase (RDRs) genes. In this study, we identified an RDR of the
RDRy type, harboring an atypical DFDGD motif in the catalytic
domain, that was upregulated 2.0 to 3.8-fold at 4, 7, and 14 dpi in
the ty-5 line, suggesting a defense response in ty-5 plants potentially
through DNA methylation of the TYLCV genome (Supplementary
Table S7). Considering that Ty-1/Ty-3 resistance genes against
TYLCV are RDRPs (Verlaan et al., 2013), it is interesting that an
RNA-dependent RNA polymerase (RDR) gene was upregulated in
the ty-5 line.

Functional characterization of APETALA2/
ethylene responsive factor

Based on the transcriptome analysis, several defense-related
genes were induced in the ty-5 line, including a member of the AP2/
ERF TF family, which is known to promote the expression of
pathogenesis-related family protein genes (Su et al., 2025). An
earlier study also identified 22 tomato AP2/ERF TFs responding
to TYLCV infection (Huang et al., 2016). To better understand the
role of this gene in the ty-5-mediated resistance, we over-expressed
this gene in the susceptible tomato cultivar ‘Moneymaker’
(Figure 2B). Eight independent phosphinothricin resistance
transgenic lines were generated and used for evaluation for
TYLCV resistance through whitefly transmission (Figure 2A).

Disease progression and symptom development were
monitored in transgenic plants overexpressing AP2/ERF and in

10.3389/fpls.2026.1788099

control plants expressing green fluorescent protein (GFP), following
inoculation of the plants by 3,000 TYLCV-viruliferous whiteflies in
a greenhouse. Typical TYLCV disease symptoms were observed as
early as 14-21 dpi in the control plants (Figure 2C). In contrast,
AP2/ERF-overexpressing plants showed no visible symptoms at 14
dpi and exhibited milder symptoms at 21 and 28 dpi (Figure 2C).
Moreover, fewer inoculated AP2/ERF-overexpressing plants
became infected with TYLCV than the GFP transgenic controls
(Figure 2C). TYLCV was not detectable in any of the AP2/ERF-
overexpressing plants until 21 dpi, whereas it was already detected
in some GFP-expressing plants at 14 dpi (Figure 2D). The
appearance of symptoms at a later stage might be a reflection of
resistance associated with multiple genes.

Discussion

We present a comprehensive global transcriptome analysis of
tomato response to TYLCV in the context of the recessive ty-5
resistance gene via natural whitefly-mediated inoculation. We
identified a total of 1,394 differentially expressed genes, spanning
awide range of biological processes, including many defense-related
genes and those involved in gene regulation and silencing,
highlighting the multifaceted nature of the resistance response
conferred by ty-5. Although most of the transcriptome studies are
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FIGURE 2

Functional characterization of the APETALA2/Ethylene Responsive Factor (AP2/ERF TF) gene for its contribution to resistance against TYLCV.

(A) Transgenic plant lines were regenerated on selective media containing phosphinothricin, where non-transformed plants could not survive. (B) The
AP2/ERF gene was cloned and inserted into the binary vector (pEG101) between a 35S promoter and a NOS terminator with an N-terminus FLAG tag
(upper panel). PCR analysis (left) confirmed the presence of an AP2/ERF transgene and RT-PCR (right) showed the expression of the transgene (AP2/ERF)
alongside positive (+) and negative (=) controls as well as GFP transgenic plants. Actin serves as internal control in both cases. (C) Evaluation of
transgenic lines in response to TYLCV infection via viruliferous whiteflies: AP2/ERF over-expressing line showed resistance to TYLCV with no visible
symptoms, whereas control plants (GFP-Moneymaker) displayed leaf curling and disease upon TYLCV infection. (D) Disease severity symptom scores on
transgenic line AP2/ERF (ERF), transgenic GFP6 as vector control (GFP-6), and ty-5 resistant line (ty-5) upon whitefly feeding inoculation of TYLCV were
visually assessed for their symptom scores at 7, 14, 21, and 28 dpi, respectively. Each plant was rated on a scale of 0—5 symptom severity scores as
described (Lapidot et al., 2006). Data shown represents average symptom scores from three experiments (five plants per experiment), and bars indicate
standard errors. There were no visual symptoms observed on test plants in the ty-5 line
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conducted typically through a comparison of differential gene
expressions between treatment and its mock control. In the
present study, we chose to use a near isogenic line (NIL) and its
recurrent parent upon TYLCV infection for transcriptome analysis.
A NIL is genetically identical to the recurrent parent except in a
small genomic region with the unique trait of interest, as stated in
the materials and methods, these two lines theoretically share
96.875%. Using NIL for transcriptome analysis is a powerful
strategy to identify the candidate genes, which may allow us to
uncover the molecular mechanism underlying a specific trait of
interest (TYLCV resistance by ty-5). By comparing the gene
expression profiles of the NIL line and its recurrent parent,
researchers can effectively filter out the “genetic noise” to
concentrate on transcriptional changes that are likely associated
with the trait of interest, such as disease resistance (Escalante et al.,
2023; Habib et al., 2018) or drought tolerance (Nouraei et al., 2022).
A similar strategy was used in one of our earlier studies to report
transcriptome of tomato spotted wilt virus (TSWV)-inoculated
tomato plants between a NIL and the recurrent parental line for
their differential gene expression at different time points post virus
inoculation (Padmanabhan et al.,, 2019). Therefore, the
transcriptome analysis in the present study to compare
differential gene expressions between a NIL line and its recurrent
parent upon TYLCV infection at four different time intervals would
allow us to identify genes that could be most likely associated with
the ty-5 resistance.

By conducting transcriptome analysis of differential gene
expression at multiple time points post virus-inoculation, it may
be possible to identify the dynamic, temporal and spatial
mechanisms of host-virus interactions. The time course analysis
can distinguish between early responding genes such as those for
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antiviral factors and late-stage responses including tissue damage or
recovery. Therefore, it is possible to observe differential expressions
of certain genes from one time point to another, particularly
between in the early stages over late-stage post virus inoculation.
Our data indicates that many defense-related genes were
induced in the resistant ty-5 line, particularly NBS-LRR and
pathogenesis-related genes. NBS-LRR proteins play a central role
in effector-triggered immunity in plants and are known to bind to
pathogen effectors and trigger the hypersensitive response, which
effectively restricts the systemic spread of biotrophic pathogens
such as viruses (DeYoung and Innes, 2006; McHale et al., 2006;
Moftett et al., 2002). In fact, the resistance gene Ty-2 which encodes
an NBS-LRR protein and interacts with the Rep/C1 protein confers
the species-specific resistance to TYLCV (Shen et al., 2020).
Pathogenesis-related (PR) genes are widely recognized as
markers for plant disease resistance, as they are typically induced
upon pathogen infection to restrict disease spread (Ali et al., 2018).
The observed induction of PR genes (Supplementary Table S6)
might play an important role in the immunity during TYLCV
infection by promoting callose deposition in the cell wall
(Montasser et al., 2012) to restrict viral movement and possibly
activating systemic acquired resistance (Figure 3). Glycine/proline
rich proteins play a key role in disease resistance in plants by
inducing pathogenesis-related proteins (Czolpinska and Rurek,
2018). In plant-virus interactions, peroxidase (PR-9) activity has
been associated with infection by a variety of viruses, including
TMYV, white clover mosaic potexvirus, cucumber mosaic virus,
zucchini yellow mosaic virus, and pepper yellow mosaic virus
(Clarke et al., 2002; Radwan et al., 2007; Goncalves et al., 2013).
Our study adds TYLCV to this list. We also noted that members of
the glycine/proline-rich protein families were upregulated in the ty-
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FIGURE 3

Host disease resistance:
stops virus cell to cell
movement

A schematic model illustrating TYLCV disease resistance in the ty-5 line. The ty-5 line with resistance to TYLCV likely involved two pathways in
tomato: 1. host resistance (green) and 2. DNA methylation pathways (blue), which activated cooperatively to restrict virus spread cell-to-cell and
systemic movement. Activation of the host disease resistance pathway occurs through CC NBS LRR recognition of viral proteins and expression of
pathogenesis-related (PR) genes (with GCC-box) through transcription factors such as APETALA2/Ethylene Responsive Factor (AP2/ERF TF) which, in
turn, leads to enhanced callose deposition along the cell wall, limiting virus movement. RNA-mediated DNA methylation starts with the generation
of siRNAs by the activity of Dicer and secondary siRNAs through amplification by RNA-dependent RNA polymerases (RDRPs). siRNAs serve as a
template for methylation (CH3) of the viral genome via Cytosine-5 DNA methyltransferase 1. This methylation prevents virus replication and
transcription, thus inhibiting virus protein expression and eventual infectious particle formation
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5 line. Prior studies have demonstrated that glycine-rich proteins
play a role in lignin biosynthesis and/or deposition (Chen et al,
2007), and more importantly, promote callose deposition in the cell
wall to block virus systemic spread (Ueki and Citovsky, 2002; 2005).
Therefore, the increased expression of these glycine-rich protein
genes in the ty-5 line might serve as a positive regulator of PR gene-
mediated callose deposition, enhancing disease resistance in
tomato plants.

Numerous protease inhibitors were also upregulated in the ty-5
plants, particularly at the late infection stage (21 dpi). Previous
studies have shown that RNAi-mediated suppression of protease
inhibitor genes can compromise resistance to potyviruses, such as
papaya ringspot virus in watermelon (Lin et al., 2015). A novel
strategy in engineering a pathogen-derived protease cleavage site in
frame with an NLR gene confers a broad-spectrum resistance to
multiple potyviruses (Wang et al., 2025). In potyviruses, viral
genomic RNA is translated into a polyprotein, which is cleaved
by the viral-encoded proteases into active functional products that
enable virus infection. Overexpression of host protease inhibitors
can block viral proteases to properly process the viral polyprotein,
thus suppressing virus replication. However, no proteases are
encoded in the ssDNA TYLCV genome. Hence, the observed
strong upregulation of eight protease inhibitors in the ty-5
resistant line and their roles in resistance against TYLCV requires
further investigation.

Among the 23 MYB family TFs with altered expression in the
ty-5 line, nine were upregulated primarily at late infection stages (14
dpi and 21 dpi), with one showing more than 3-fold induction.
Suppression of the MYB TFs compromises N gene-mediated
resistance against TMV, an RNA virus (Liu et al., 2004).
Similarly, of the seven WRKY TFs with altered expression, five
were upregulated in the ty-5 line at 14 or 21 dpi. WRKY TFs are key
players of disease resistance and plant immunity (Bakshi and
Oelmiiller, 2014). Zinc finger antiviral proteins specifically inhibit
the replication of viruses in animals (Guo et al., 2002). In this study,
eight zinc finger protein genes showed differential expression,
including a zinc finger CCCH domain protein gene altered at 14
dpi and 21 dpi. Zhang et al. (2024) demonstrated that topical
application of gibberellic acid (GA3) on tomato plants, not only
induced the expression of WRKYs, NACs, MYBs, P450 and ERFs,
but also resulted in tomato resistance to TYLCV infection.

Protein kinases play critical roles in almost all biological
processes and several disease resistance genes encode kinase
motifs involved in triggering immunity against various pathogens,
including begomoviruses (Shen et al., 2014). Protein kinases are a
large gene family in plants that play an important role in disease
resistance by phosphorylating other proteins from an inactive to an
active stage and are often involved in signaling cascades (Tang et al.,
2017). In TYLCV, protein kinases can have a dual role in plants
response to the virus infection, some enhance the resistance, while
others evade the defense system resulting in susceptibility. It has
been demonstrated that the C4 protein of TYLCV can broadly
interact with plant receptor-like kinases (RLKs), suggesting the C4
is a potential manipulator of the RLK-mediated signaling pathway
(Garnelo Gomez et al., 2019). In another example, SIMAP3
regulates the salicylic acid and jasmonic acid signaling pathways
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in tomato plants, resulting with an enhanced tolerance to TYLCV
(Li et al, 2017). In the present study, three Serine/Threonine-
protein kinases were upregulated in the ty-5 line. Further
investigation is needed to characterize their functions associated
with the ty5 resistance.

Cell wall associated proteins play a key role in cell-to-cell
transport of macromolecules, including nucleic acids, gene
silencing markers, proteins from host and pathogen, the siRNA/
microRNA associated RISC complex, plant viruses, and plastids
(Houston et al., 2016).

Several proteins involved in callose deposition in the cell wall,
such as callose synthase, pattern recognition receptors, and kinases,
are involved in protein phosphorylation. Calcium ions play a vital
role in promoting callose production in plants and the callose
deposition on plasmodesmata in cell walls could increase disease
resistance by restricting the virus movement from cell to cell (Li
et al., 2023).

RNA-directed DNA methylation genes confer TYLCV
resistance in the ty-5 Line. RNA-directed DNA methylation has
been observed in plants and is mediated by siRNA. Briefly, when
siRNA forms a complex with complementary DNA sequences,
nearly all cytosine residues in that region of DNA are methylated.
However, this process involves the cooperation of many
components, such as the 24 nt small RNA itself and other
proteins such as DCL3, RDR2, AGO4, PollV and PolV (Pikaard,
2013). In our study, we observed two RNA directed DNA
methylation pathway genes (Cytosine-5 DNA methyltransferase 1
and RNA-dependent RNA polymerase) that were upregulated in
the ty-5 line. Among these was an RDRP, an enzyme that converts
single stranded RNA into double-stranded RNA, which is the
precursor for siRNA generation. Once the RNA is made double-
stranded, it is recognized and cleaved by DCL3, and then a single
piece is loaded into the AGO4 protein. The siRNA then guides the
complex to a complementary strand of DNA, where methyl groups
are added to the cytosine residues by DNA methyltransferases such
as DNA (cytosine-5)-methyltransferase 3 (Jin and Robertson,
2013). Interestingly, in our dataset we also identified a DNA
cytosine-5 DNA methyltransferase 1 that was upregulated in the
ty-5 line. These data suggest that the RDRP, along with the DNA
(cytosine-5)-methyltransferase work together to enhance
methylation of the TYLCV DNA genome, resulting in shutdown
of viral DNA replication/transcription in the ty-5 line (Figure 3). A
similar mechanism was found to occur in the context of Ty-1/Ty-3,
which is also an RDRP (Verlaan et al., 2013); in this case, Ty-1/Ty-3
contributes to hypermethylation of the viral genome, specifically the
V1 promoter region, thereby causing transcriptional silencing of the
viral genome and resulting in resistance (Butterbach et al., 2014).

Notably absent from the list of DEGs is Pelo, the ty-5 resistance
gene itself. However, the fact that Pelo was not determined to be
differentially expressed is not surprising because the difference
between susceptible and resistant alleles of this gene is at the
protein level and not the transcript level. When Lapidot et al.
(2015) first cloned the Pelo gene from the ty-5 locus, they noticed a
single base pair difference between resistant and susceptible
genotypes, resulting in a non-synonymous amino acid mutation
of valine to glycine in the resulting protein. Hence, this is a
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difference in protein composition rather than relative expression,
and we therefore would not expect to observe Pelo as differentially
expressed gene in our dataset. The ty-5 resistance gene, Pelo, is a
part of a translation quality control process known as no-go decay
that feeds directly into the RNAi pathway and possibly the RNA-
directed DNA methylation pathway as well (Li et al., 2025). When a
ribosome stalls on an aberrant transcript, Pelo “rescues” the
ribosome, releasing the problematic transcript, which is then
cleaved and serves as substrate for the generation of siRNAs by
RDRPs (Szadeczky-Kardoss et al., 2018). This connection between
the ty-5 resistance gene Pelo and the RDRP Ty-1/Ty-3 resistance
gene may explain why genetic interaction has previously been
observed between these resistance genes (Vidavski et al., 2008).
The AP2/ERFs binds specifically to the GCC box in the
promoters of ethylene-inducible pathogenesis-related (PR)
genes. The identification of motifs in the promoter regions in
differentially expressed defense-related genes revealed many of
them (75 of 128) with GCC box (core sequence GCCGCCQC)
(Supplementary Table S14). The AP2/ERF factor ORA59 binds
to two GCC boxes in the Plant Defensinl.2 (PDF1.2) promotor to
activate plant defense gene expression through the JA and ET
signaling pathways in Arabidopsis (Zarei et al., 2011). In plant
disease resistance, AP2/ERFs act on downstream of mitogen
activated protein kinase (MAPK) cascades to regulate the
expression of genes associated with the hormonal signaling
pathways, secondary metabolites, and physical barriers (Ma
et al,, 2024). The selected AP2/ERF gene used in the present
study was specifically induced once at 14 dpi. At this stage, the
susceptible plants would begin to induce disease symptom
expression. Other AP2/ERFs were more dynamic in their
expression patterns, although some of them may also contribute
to the ty-5 resistance, which could be used in a future study. In a
previous study, Huang et al. (2016) elegantly demonstrated the
binding of several AP2/ERFs to the GCC box using Yeast one-
hybrid, although which Ty gene in their TYLCV resistant tomato
cultivars used in that study was not specified. Through over-
expression in transgenic tomato plants to one of the AP2-ERFs,
the present study offered the first evidence to document
contribution of AP2/ERFs in the ty-5 resistance to TYLCV, in
addition to Pelota. In addition, we identified two differentially
expressed PR genes (Solyc08g080660 and Solyc02g031920) with
the GCC box in their cis-regulatory promoter sequences
(Supplementary Table S14), which may contribute to the ty-5
resistance to TYLCV (Figure 3). On the other hand, the ty-5
(Pelota) with a single nucleotide mutation to the pelo gene affects
an RNA surveillance factor by reducing its translational efficiency
that inhibits directly the viral replication (Lapidot et al., 2015).
Further study is needed to uncover how these pathways work
cooperatively to confer the recessive resistance to TYLCV by ty-5.
Therefore, we propose a two-way mechanism for the ty-5
resistance: one involving the initiation of defense-related gene
expression and the other involving RNA-directed DNA
methylation. To test the first hypothesis, we investigated the role
of the AP2/ERF protein in TYLCV resistance. To investigate its
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functional role in the defense response of TYLCV, we over-
expressed AP2/ERF in a susceptible tomato line. Interestingly,
after TYLCV inoculation, the AP2/ERF over-expressing
transgenic plants showed only moderate resistance to TYLCV
infection in comparison to the control plants, suggesting the need
for Pelota to achieve high resistance. These data support our
hypothesis that increased expression of the AP2/ERF
transcription factor promotes resistance to TYLCV, possibly
through the induction of the cluster of PR-proteins, which restrict
virus cell-to-cell movement through callose deposition in the cell
wall (Figure 3). This response likely operates in parallel to the RNA-
directed DNA methylation pathway which shuts down virus
replication, working together to generate robust resistance to
TYLCV. Further study will be needed to confirm the RNA-
directed DNA methylation as well as the potential interplay
between them. In addition to its high resistance to TYLCV, the
ty-5 gene has been demonstrated to offer a broad-spectrum
resistance to several other Geminiviruses (Ren et al., 2022)
indicating the importance of incorporating the ty-5 gene in
tomato breeding.
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