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Tomato leaf curl New Delhi virus (ToLCNDV) emerged in the Mediterranean Basin in
2012 as the first DNA bipartite begomovirus (Geminiviridae family), causing severe yield
and economic losses in cucurbit crops. A major resistance locus was identified in
the wild melon accession WM-7 (Cucumis melo kachri group), but the mechanisms
involved in the resistant response remained unknown. In this work, we used RNA-
sequencing to identify disease-associated genes that are differentially expressed in the
course of ToLCNDV infection and could contribute to resistance. Transcriptomes of
the resistant WM-7 genotype and the susceptible cultivar Piñonet Piel de Sapo (PS)
(C. melo ibericus group) in ToLCNDV and mock inoculated plants were compared
at four time points during infection (0, 3, 6, and 12 days post inoculation). Different
gene expression patterns were observed over time in the resistant and susceptible
genotypes in comparison to their respective controls. Differentially expressed genes
(DEGs) in ToLCNDV-infected plants were classified using gene ontology (GO) terms,
and genes of the categories transcription, DNA replication, and helicase activity were
downregulated in WM-7 but upregulated in PS, suggesting that reduced activity of
these functions reduces ToLCNDV replication and intercellular spread and thereby
contributes to resistance. DEGs involved in the jasmonic acid signaling pathway,
photosynthesis, RNA silencing, transmembrane, and sugar transporters entail adverse
consequences for systemic infection in the resistant genotype, and lead to susceptibility
in PS. The expression levels of selected candidate genes were validated by qRT-PCR
to corroborate their differential expression upon ToLCNDV infection in resistant and
susceptible melon. Furthermore, single nucleotide polymorphism (SNPs) with an effect
on structural functionality of DEGs linked to the main QTLs for ToLCNDV resistance have
been identified. The obtained results pinpoint cellular functions and candidate genes
that are differentially expressed in a resistant and susceptible melon line in response
to ToLCNDV, an information of great relevance for breeding ToLCNDV-resistant melon
cultivars.

Keywords: melon (Cucumis melo L.), ToLCNDV resistance, transcriptome (RNA-seq), DEG (differentially
expressed genes), qPCR (quantitative polymerase chain reaction)
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INTRODUCTION

Melon (Cucumis melo L.) is one of the major cucurbit crops
cultivated worldwide and with large diversification. It is highly
appreciated for its nutritional profile and its sweet and aromatic
flavor, and its production generates large profits to farmers in
developing and industrialized countries.

Despite years of selection and breeding, melon production
around the globe is compromised by several pathogens and
diseases. The occurrence of new viruses emerging in melon-
growing regions is a major concern for farmers and seed
producers because of the yield-limiting potential of these
biological agents (Annu et al., 2019).

Tomato Leaf curl New Delhi virus (ToLCNDV) is a species
of bipartite begomovirus (family Geminiviridae) naturally
transmitted by the whitefly Bemisia tabaci (Gennadius) in
a persistent manner. This virus has posed a major threat to
melon crops in many countries of the Indian subcontinent
since the earliest 2000s, but recently, a new recombinant
strain has appeared in the Mediterranean basin that has
generated a devastating disease to mainly melon and zucchini
squash (Cucurbita pepo) crops (Juárez et al., 2014). The
new strain was first identified in Spain, but all the isolates
detected across the Mediterranean countries share a conserved
genomic sequence (Juárez et al., 2014, 2019; Fortes et al.,
2016; Panno et al., 2019). Consequently, the Mediterranean
ToLCNDV strain has been designated as ToLCNDV-ES
(Moriones et al., 2017).

Similar to the Asian strains, ToLCNDV-ES infection in
melon results in severe symptomatology, including curling and
distortion of leaves, green and yellow spotting conforming
mosaic, and changes in leaf shape and stunting. Infection at
young stages of the plant hampers growth and flowering with
decreased or complete loss of fruit quality due to skin roughness,
longitudinal cracking, and small fruit size, rendering them
unmarketable (Panno et al., 2016). Melon production losses may
reach 80% in greenhouse and open-field conditions if integrated
control measures against the disease are not adopted (Messelink
et al., 2020). For ToLCNDV-ES management, genetic resistance
is the most efficient approach for farmers; it reduces the need for
chemical treatments and, thus, is safer for producers, consumers,
and the environment.

Melon accessions belonging to the Indian momordica, kachri,
acidulous, and agrestis groups are reported to be resistant to
begomoviruses (Yousif et al., 2007; McCreight et al., 2008;
López et al., 2015; Pitrat, 2016; Romay et al., 2019; Martín-
Hernández and Picó, 2021), and several QTLs associated with
resistance have been identified in this germplasm (Sáez et al.,
2017; Romay et al., 2019).

In previous works, we mapped a major gene with incomplete
dominance conferring resistance to ToLCNDV-ES on
chromosome 11 of the Indian wild melon accession WM-7
(kachri group, landrace originated from the semiarid region of
Punjab state, India) (Roy et al., 2012; Sáez et al., 2017). However,
two minor modifiers on chromosomes 2 and 12 modulate the
response to this viral infection. Functional characterization
of the genes located in these regions is required to enhance

understanding of the molecular resistance mechanisms in
WM-7 to ToLCNDV.

Transcriptome sequencing using RNA-seq technology has
gained popularity to explore gene expression changes in cucurbit
plants during viral infections (Li et al., 2017a; Sun et al., 2017,
2019; Lou et al., 2020). This tool offers a global view of expression
changed during the basal defense response and helps to elucidate
complex resistance mechanisms in plants through comparing
gene expression upon infection in susceptible and resistant lines.

Transcriptome analysis and gene expression studies have
been performed to evaluate interactions between ToLCNDV in
solanaceous crops. Sahu et al. (2010) compare transcript levels
between tomato genotypes tolerant and susceptible to ToLCNDV,
finding induced genes in the tolerant genotype related to the
cell cycle, transcription factors (TFs), DNA/RNA processing,
and molecular signal and transport. The overexpression of two
of the main candidate genes for resistance, a DEAD-box RNA
helicase gene (SlDEAD35) and the 26S proteasome subunit
RPT4a (SlRPT4), involved in the hypersensitive response and
cell death, respectively, is associated with the inhibition of
ToLCNDV infection and symptom expression (Sahu et al., 2016;
Pandey et al., 2019). In pepper (Capsicum annuum) and potato
(Solanum tuberosum) NBS-LRR genes are found induced in
resistant genotypes after ToLCNDV infection (Kushwaha et al.,
2015; Jeevalatha et al., 2017).

Román et al. (2019) measured expression differences of 12
candidate genes between a ToLCNDV resistant and a susceptible
melon accession. Two genes, an a NAC TF and an actin related
protein, were strongly induced in the susceptible genotype and
were associated with disease development. Apart from those
studies, global transcriptional and molecular characterization of
ToLCNDV resistance in cucurbits has not been conducted.

In this study, we performed an RNA-seq assay to compare
transcript levels between mock-inoculated and ToLCNDV-ES-
infected melon plants between the resistant WM-7 genotype and
a susceptible accession from day 0 to 12 days after treatment to
identify candidate genes for resistance.

MATERIALS AND METHODS

Plant Material and Mechanical
Inoculation
The ToLCNDV-resistant wild accession WM-7 (C. melo, kachri
group) and the susceptible traditional Spanish cultivar Piñonet
Piel de Sapo (PS) (C. melo, ibericus group) were used as plant
materials in this study. WM-7 is an Indian accession (Roy et al.,
2012), selfed in successive growing cycles to increase the level of
homozygosity. Seeds of both accessions were disinfected in a 10%
sodium hypochlorite solution for 1 min and washed twice with
distilled water for 5 min. To ensure homogenous germination, all
seeds were opened using forceps, placed over moistened cotton
in Petri dishes and incubated in the dark at 37◦C for 48 h.
Seedlings were transplanted into pots containing commercial
substrate (Humin-substrat N3, Neuhaus Klasmann-Deilmann,
Germany) and growth in a climate chamber at 25◦C and 60%
relative humidity under a photoperiod of 16 h/8 h (day/night).
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At the two true-leaves stage, 108 seedlings of both resistant
and susceptible accessions were mechanically inoculated with
ToLCNDV-ES following the procedure described in López
et al. (2015). Symptomatic leaf tissue from zucchini plants
agroinfiltrated with an infective ToLCNDV-ES clone (Sáez
et al., 2016) was used as the inoculum source. The tissue was
mashed in an iced mortar together with inoculation buffer
in a 1:4 (w:v) proportion (López et al., 2015), and the mix
was scrubbed with a cotton swab over one cotyledon and
one true leaf, previously dusted with Carborundum 600 mesh.
The same number of plants were mock-inoculated following
the same protocol but rubbing with only inoculation buffer
and Carborundum. Seedlings were cultivated for 20 days after
mechanical inoculation (dpi) under controlled conditions as
described above.

Sampling Design
At 0 dpi (two true-leaves stage), all expanded leaves of
six healthy seedlings were sampled and used as the control
treatment, maintaining seedlings alive with their apex intact.
The remaining seedlings were mock- or virus-inoculated and
sampled following the same procedure as the 0 dpi control
but avoiding the inoculated leaves. Six different seedlings were
sampled at each stage corresponding to 3, 6, 9, 12, 15, and 18 dpi.
Samples were frozen immediately in liquid nitrogen before
storage at –80◦C. Once sampled, all plants were maintained
until 20 dpi to test virus accumulation or absence by tissue-
printing hybridization as described below. Then, the tissue
of the six plants of each time point was pooled to a single
sample. For each time point, three biological replicates were
processed independently.

After evaluation of viral load by quantitative polymerase chain
reaction (qPCR), samples of two biological replicates at 0, 3, 6,
and 12 dpi were selected to be included in the RNA-seq assay,
corresponding to a total of 28 samples (Table 1). The third
replicate was included in qRT-PCR validation along with the two
sequenced biological replicates.

Evaluation of Response to Tomato Leaf
Curl New Delhi Virus
Symptoms of ToLCNDV were assessed in all plants at each
sampling stage and at 20 dpi, according to the visual scale
described in López et al. (2015), in which score 0 means absence
of symptoms and score 4 very severe symptoms. Quantitative
PCR (qPCR) was used to determine the viral titer evolution at
the different stages analyzed (0, 3, 6, 9, 12, 15, and 18 dpi).
Total DNA was extracted from each pooled sample of inoculated
WM-7 and PS accessions in the three biological replicates using
the Cetyltrimethyl ammonium bromide (CTAB) method (Doyle
and Doyle, 1990). ToLCNDV amount was analyzed by qPCR in
two technical replicates, following the same procedure described
in Sáez et al. (2017).

Additionally, to verify the presence or absence of ToLCNDV
infection in all plants at 20 dpi, tissue-printing hybridization
by digoxigenin-labeled ToLCNDV-RNA probe was performed
following the procedure described in Sáez et al. (2021).

RNA Extraction
The 28 samples of processed leaf tissue were sent to the
Genomics4All Company (Universidad Politécnica de Madrid,
Spain) for cDNA library construction. Total RNA extraction
and DNAse treatment was performed with TURBO DNA-freeTM

kit (Ambion, Life technologies), following the manufacturer’s
protocol. RNA was purified with RNeasy Kit columns (Qiagen),
and RNA integrity was checked on a Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, United States) to ensure an
RNA integrity number (RIN) score of ≥7. Total RNA (500 ng)
were used to prepare RNA-seq libraries using the TruSeq
Stranded mRNA Library Prep Kit (Illumina) according to the
manufacturer’s protocol.

For qRT-PCR validation, total RNA was isolated using
700 µL of Extrazol R© EM30 (Blirt DNA, Gdansk, Poland),
according to the manufacturer’s specifications. Integrity was
checked by 1% agarose gel electrophoresis, and purity and
quantity were determined spectrophotometrically at 260 and
280 nm using a NanoDrop 1000 (Thermo Scientific, Waltham,
MA, United States). Total RNA (1 µg) treated with PerfeCTa R©

DNase I (RNAse-free) (Quanta Biosciences, Gaithersburg, MD,
United States) was used as template with the RevertAidTM

First Strand cDNA Synthesis Kit (ThermoFisher Scientific) with
Oligo dT primers.

RNA-Seq Data Analysis and Evaluation
of Expression Differences
RNA-seq libraries were sequenced (single-end 50 pb) using
a HiSeq 2500 Illumina (Illumina, CA, United States). Raw
sequences were processed using Trimmomatic (Bolger et al.,
2014) to remove adapters and low-quality reads. Quality of clean
reads was checked by FastQC (Andrews, 2010).

Trimmed reads were mapped to the last version of the melon
reference genome (v.4.0), recently updated and publicly available
at the melonomics.net website (Castanera et al., 2020), using
STAR v. 2.02.01 (Dobin et al., 2013). Subsequently, RSEM v. 1.3.1
was used to quantify the abundance of transcript reads assigned
to each of the 28.299 genes included in the complete genome
annotation according genome assembly v. 4.0 (Li and Dewey,
2011).

Clusters of genes sharing similar expression profiles across
all samples were obtained by performing a weighted gene co-
expression network analysis (WGCNA), using the R package
WGCNA v.1.69 (Langfelder and Horvath, 2008). To test for
statistical differences due to the effects of genotype, treatment,
and time after inoculation, a generalized linear model using
the cluster’s eigengenes was performed. Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis (Kanehisa
and Goto, 2000) of genes that were significantly correlated at
p-value < 0.01 with each gene cluster was performed using
clusterProfiler (Yu et al., 2012).

Differentially expressed genes (DEGs) were detected using the
DESeq2 package (version 1.26.0) (Love et al., 2014), comparing
raw counts of samples at 3, 6, or 12 dpi against 0 dpi.
Genes with p-values under 0.05 and | log2 (fold changes)|
≥ 1 were considered as significant, assigning those presenting
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TABLE 1 | Summary of the RNA-Seq experimental design, read alignment, and differentially expressed genes (DEGs).

Sample name Inoculation treatment Time point dpi Replicate Cleaned reads Mapped reads % Mapped reads DEGs

WM-7_0dpi_1 Uninoculated 0 1 96,571,093 92,933,140 96.23 –

WM-7_0dpi_2 0 2 89,738,162 86,520,235 96.41

WM-7_I3dpi_1 ToLCNDV inoculated 3 1 96,017,670 92,139,780 95.96 292

WM-7_I3dpi_2 3 2 90,412,987 87,094,110 96.33

WM-7_B3dpi_1 Mock inoculated 3 1 97,337,221 93,893,779 96.46

WM-7_B3dpi_2 3 2 90,083,950 53,101,818 58.95

WM-7_I6dpi_1 ToLCNDV inoculated 6 1 95,502,062 88,222,091 92.38 354

WM-7_I6dpi_2 6 2 89,625,183 74,603,092 83.24

WM-7_B6dpi_1 Mock inoculated 6 1 96,044,324 92,625,513 96.44

WM-7_B6dpi_2 6 2 90,375,930 86,463,397 95.67

WM-7_I12dpi_1 ToLCNDV inoculated 12 1 96,637,024 92,925,369 96.16 558

WM-7_I12dpi_2 12 2 90,324,017 86,939,559 96.25

WM-7_B12dpi_1 Mock inoculated 12 1 97,444,807 94,078,242 96.55

WM-7_B12dpi_2 12 2 91,063,342 87,570,888 96.16

PS_0dpi_1 Uninoculated 0 1 102,027,470 95,339,552 93.44 –

PS_0dpi_2 0 2 90,578,076 87,236,559 96.31

PS_I3dpi_1 ToLCNDV inoculated 3 1 95,503,001 91,778,653 96.1 404

PS_I3dpi_2 3 2 60,411,004 57,587,132 95.33

PS_B3dpi_1 Mock inoculated 3 1 97,063,008 93,062,108 95.88

PS_B3dpi_2 3 2 92,073,644 88,433,510 96.05

PS_I6dpi_1 ToLCNDV inoculated 6 1 96,678,397 92,088,929 95.25 752

PS_I6dpi_2 6 2 93,655,611 89,233,728 95.28

PS_B6dpi_1 Mock inoculated 6 1 96,653,614 92,903,742 96.12

PS_B6dpi_2 6 2 91,746,137 88,232,317 96.17

PS_I12dpi_1 ToLCNDV inoculated 12 1 95,935,797 92,131,302 96.03 981

PS_I12dpi_2 12 2 91,460,724 87,827,401 96.03

PS_B12dpi_1 Mock inoculated 12 1 96,368,610 92,693,418 96.19

PS_B12dpi_2 12 2 89,485,860 85,736,511 95.81

Assigned name to each sample, their temporal and inoculation treatment, and replicates performed are shown. Proportion of uniquely clean reads mapped against
the reference melon genome (v4.0), and differentially expressed genes comparing firstly with 0 dpi control and then between mock and ToLCNDV inoculated
treatments are provided.

log2 (fold change) ≥ 1 to the “upregulated” group and those
with values ≤ –1 to the “downregulated” group, compared to
the 0 dpi stage.

Regarding the background “noise” encountered in previous
time course transcriptomic experiments (Nueda et al., 2012)
and with the view that eliminating as many false positives
from the final data set is key (Conesa et al., 2016; Giacomini
et al., 2018), we performed an additional filtering step to
optimize and add ruggedness to our analysis. In this approach,
the expression DEGs data sets obtained after comparing
expression levels of 3, 6, and 12 dpi time points to 0 dpi
were then further compared between mock and ToLCNDV
inoculated samples at the same dpi stage, selecting those
DEGs differing by at least ± 1.5 log2 (fold change) values
between ToLCNDV and mock treatments. Thus, developmental
changes of the melon plant along time are discarded, and
DEGs obtained here must be attributed to ToLCNDV infection
in each genotype.

Common DEGs at the different stages of the disease and those
shared between genotypes were represented by Venn diagrams,
displayed with the jvenn tool (Bardou et al., 2014), freely available
at http://bioinfo.genotoul.fr/jvenn.

The Cucurbits Genomics Database (CuGenDB1) was
employed to determine biological functions and pathways of the
identified DEGs. GO term enrichment analysis was performed
uploading DEGs lists, considering significantly enriched those
with an adjusted p-value < 0.05.

Validation of Differentially Expressed
Genes by Quantitative Polymerase Chain
Reaction
To validate the RNA-Seq data, expression of seven candidate
genes putatively associated to ToLCNDV resistance in melon was
evaluated by qRT-PCR in six out of the seven time points sampled
(0, 3, 6, 9, 12, and 18 dpi). Confirmation of the expression patterns
of these seven genes was performed in the three biological
replicates of mock and viral inoculated plants. cDNA for the
validation experiment was prepared as described in section “RNA
extraction.”

PCR reactions were performed on a Roche LightCycler R©

480 RT-PCR System (Roche Diagnostics, Rotkreuz, Switzerland)

1http://cucurbitgenomics.org/
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using the FastStart Essential DNA Green Master (Roche
Molecular Systems, Rotkreuz, Switzerland). Each qPCR reaction
contained 1.5 µL of cDNA, 7.5 µL of FastStart Essential
DNA Green Master (Roche Diagnostics, Rotkreuz, Switzerland)
and 1.5 µL (10 µM) of each primer and of H2O to a final
volume of 15 µL. Primer design was made using Primer 3Plus
software (Untergasser et al., 2007), and primer sequences are
listed in Supplementary Table 1. The corresponding specific
fragment was amplified in two technical replicates following
these conditions: 95◦C for 5 min, 40 cycles of 95◦C for
15 s, 60◦C for 30 s, and 72◦C for 15 s. A melting curve
analysis (60–95◦C) was performed after the amplification to
check specificity of the reaction. Expression levels were analyzed
using relative quantitative accumulation by the 2(−11Ct) method
(Schmittgen and Livak, 2008). As endogenous controls, the
melon Peptidyl-prolyl cis-trans isomerase gene (Cyclophilin
CYP7, MELO3C025848.2) (González-Ibeas et al., 2007), was used
as a reference for the expression level of each candidate gene in
every condition.

Transcript-Based Single Nucleotide
Polymorphism Identification
To study the potential effect of genetic changes in coding regions,
reads were aligned against the reference C. melo genome using
bowtie2 version 2.3.4.1 (Langmead and Salzberg, 2012), and
variant-calling of Single Nucleotide Polymorphism (SNPs) and
Indels was performed by Freebayes version 1.3.4 (Garrison and
Marth, 2012), setting a minimum mapping quality cutoff of
40, minimum base quality of 20 and minimum minor allele
frequency of 0.05. Variant annotation and its predicted functional
effect on the transcript were made using SNPEff version 5.0e
(Cingolani et al., 2012).

RESULTS

Assessment of WM-7 and PS Response
to Tomato Leaf Curl New Delhi Virus
Infection
All WM-7 plants inoculated with ToLCNDV remained
symptomless throughout the assay (Figure 1A). Conversely,
early mild symptoms (score 2) were identified in PS at 6 dpi on a
small number of plants. This score increased at 9 dpi. At 12, 15,
and 18 dpi all PS plants showed severe symptoms (scores from 3
to 4) including mosaic, curling, and yellowing (Figure 1A).

To quantify the relative viral accumulation of ToLCNDV in
both WM-7 and PS after infection, a qPCR assay was performed,
using healthy plants (0 dpi) as controls. ToLCNDV was identified
at all stages in both genotypes except at 0 dpi. Viral accumulation
was low in both WM-7 and PS at the early stage of 3 dpi, but
significant differences were observed in the course of the disease
(Figure 1B). Whereas WM-7 viral accumulation levels remained
low until the end of the assay, viral load in PS continued to
increase at 6 and 9 dpi, achieving the highest accumulation at
15 dpi (Figure 1B).

Qualitative viral titers at 20 dpi were determined by tissue-
printing hybridization (data not shown). No signal was detected

in control and mock-inoculated WM-7 and PS plants, whereas
in all PS infected plants, there was a high level of ToLCNDV.
Only some WM-7 plants exhibited slight hybridization signals,
suggesting low viral titers.

According to these results, ToLCNDV was capable of initially
infecting both resistant and susceptible genotypes. However,
virus replication and/or movement were restricted in WM-7,
whereas in PS, the infection became systemic after 6 dpi.

RNA Sequencing, Reads Alignment, and
Weighted Gene Co-expression Network
Analysis
Twenty-eight libraries were sequenced, generating almost 2.6
billion high-quality clean reads. On average, 94% of the clean
reads were mapped to the melon reference genome (v4.0)
unambiguously to a single locus (Table 1). Only in one sample,
corresponding to the second replicate of ToLCNDV inoculated
WM-7 at 6 dpi (WM7_I6dpi_Rep2), 58.95% of reads mapped to
a single locus as a consequence of the high content of ribosomal
RNA in this sample. This effect was corrected by the STAR
outfilter multimap nmax function, selecting only those reads
mapping to a single locus (Table 1). The 28 transcriptomes were
further analyzed to compare gene expression of resistant and
susceptible genotypes.

Weighted gene co-expression network analysis produced
21gene clusters (GCs) based on the expression profiles of the
28 samples (Supplementary Figure 1). Genes associated to
each GC as well as KEGG and GO term enrichments are
presented in Supplementary Tables 2, 3, respectively. Some of
the clusters clearly show a genotype-specific pattern of gene
co-expression (e.g., GC 8, 16, and 21) or plant age (e.g., GC4
and 7). But only GCs 19 and 20 showed statistically significant
differences regarding genotype × treatment × time (Figure 2A
and Supplementary Table 4). Most upregulated genes within
these GCs were enriched in KEGG pathways associated to
plant–pathogen interaction, whereas those with an expression
negatively correlated with the clusters were mainly classified
in “Ribosome” and “Photosynthesis” ontologies (Figure 2B).
Further, GO ontologies including upregulated co-expressed
transcripts in GC19 and GC20 were “Transmembrane transport”
in biological process and “ADP binding” and “Calmodulin
binding” in molecular function (Supplementary Table 3).
Conversely, “Hydrolase activity” and “GTP binding” of the
molecular function class and “Chloroplast” and “Thylakoid” in
the category cellular components included genes downregulated
(Supplementary Table 3).

Differential Expression Analyses and
Functional Classification by Gene
Ontology Enrichment
In total, 1204 genes were differentially regulated in the resistant
WM-7 genotype and 2137 genes in the susceptible PS genotype.
The number of DEGs increased with the course of the disease
for both genotypes (Table 1, gene lists are in Supplementary
Tables 5, 6). At 3 dpi, the lowest number of DEGs was
observed for both WM-7 and PS. At this stage, all plants were
asymptomatic and with low viral titers regardless the genotype.
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FIGURE 1 | Assessment of WM-7 and PS response to ToLCNDV-ES infection in the first total expanded apical leaf of each plant. Temporal evolution of
symptomatology (A) and mean of viral titers (B) in WM-7 and PS.

FIGURE 2 | Module eigengenes across samples for the gene clusters GC19 and GC20 (A). KEGG enrichment profile of up- and down-represented genes within
each cluster (B). I: ToLCNDV inoculated; B: mock inoculated; 01: 0 dpi, 3: 3 dpi, 6: 6 dpi, 12: 12 dpi.
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Interestingly, at all stages the number of DEGs was higher in PS
than in WM-7, and both genotypes showed a different pattern of
gene expression (Figure 3). Whereas the number of upregulated
genes in PS plants increased markedly as infection progressed
(159, 312, and 800 upregulated genes at 3, 6, and 12 dpi,
respectively), in WM-7, this increase was less profound (146,
222, and 343 DEGs, respectively). Contrastingly, the number of
downregulated genes in PS did not show this increasing pattern
with a maximum at 6 dpi (245, 440, and 181 downregulated
genes at 3, 6, and 12 dpi, respectively) although a slight increase
was found in WM-7 (146, 132, and 215 DEGs). These results
suggest that ToLCNDV infection causes a lower impact on the
transcriptomic reorganization in WM-7 than in PS, consistent
with similar studies comparing the response to begomoviruses in
resistant and susceptible accessions (Allie et al., 2014; Zaidi et al.,
2020).

PS and WM-7 shared 336 DEGs during ToLCNDV infection
(Figure 4A). Interestingly, 56 of these DEGs had an opposite
expression pattern with 26 induced in the susceptible genotype
and repressed in the resistant and 30 upregulated in WM-7 but
downregulated in PS (Figure 4A and Supplementary Table 7).
Both sets of common DEGs include genes related to resistance to
pathogens, host–pathogen systems, and components required to
accomplish viral infection.

To further analyze and understand this response, an
analysis of gene ontologies was performed, identifying GO
terms of DEGs shared between the resistant and susceptible
genotypes (Figure 5). Among the biological process group, those
terms involved in chromosome organization and replication,
metabolism, and conformation of DNA, contained DEGs that
were induced at 3 dpi in PS but were repressed in WM-
7 at 12 dpi. In the cellular component category, among the
upregulated genes, those encoding membrane components were
the most enriched in PS at 6 and 12 dpi. Although there
were WM-7 membrane-associated genes overexpressed too, the
number of these genes in PS was much greater than in the
resistant genotype. A high number of upregulated genes in WM-7
concerned intracellular organelles; a group of these was repressed
in PS at 6 dpi. Genes codifying proteins located in the nucleus
or chromosome organization were induced in PS at 3 dpi but
down-expressed at 6 dpi. By contrast, transcription of these
genes in WM-7 was suppressed at 12 dpi. Although less in
number represented, genes of the minichromosome maintenance
protein complex (MCM) were repressed in WM-7 at 12 dpi
and upregulated in PS at 3 dpi. MCM proteins interact with
Rep protein of geminiviruses to facilitate their replication (Rizvi
et al., 2015). Examining the GO terms concerning molecular
components, those related with “binding” were the most enriched
in PS, showing genes with highly altered expression patterns.
Some genes related to DNA helicase activity were induced early
in PS (3 dpi) but repressed at 12 dpi in WM-7.

Gene ontology terms including DEGs at 3 dpi in WM-7
and also in PS at any time point were not identified. REVIGO
(Supek et al., 2011) was used to group similar GO term
categories exclusively identified in WM-7 or PS but not in both
lines. Scatterplots were constructed to present these results in
Supplementary Figure 2. In total, 721 genes were exclusively

found expressed in WM-7 and 1531 genes in PS (Figure 4A).
In WM-7, nine of these genes showed differential expression at
the three time points (Figure 4B and Supplementary Table 8),
seven were upregulated, and two downregulated. A multiprotein-
bridging factor 1c (MELO3C004553.2) on chromosome 5 showed
the highest expression differences at 3, 6, and 12 dpi [log2
(fold change) of 3.525, 3.419, and 4.071, respectively]. A similar
response was observed for a gene codifying a cysteine proteinase
inhibitor (MELO3C002921.2) on chromosome 9. The cysteine
proteinase inhibitor gene family has been described conferring
resistance to viruses in plants (Gutiérrez-Campos et al., 1999;
Gholizadeh et al., 2005). Two cysteine-rich receptor-kinase-
like protein genes (CRKs) (MELO3C018796.2 on chromosome
1 and MELO3C002492.2 on chromosome 12) presented both
strongly induced and repressed expression patterns at different
stages in infected WM-7 plants. CRK involvement in pathogen
resistance and cell death in plants has been well described
(Lu et al., 2017; Yadeta et al., 2017; Quezada et al., 2019).
Additionally, another nine genes related to heat stress responses
were altered at some of the three stages, and a great number of
photosynthetic genes had enhanced expression at 6 and 12 dpi
(Supplementary Table 5). Another gene (MELO3C027682.2,
chromosome 7) encoding a DNA-directed RNA polymerase,
which has been associated with defense responses (Nemchinov
et al., 2016), was also remarkably overexpressed at 6 and 12 dpi
(Supplementary Table 8).

In PS plants, 10 genes were found to be DEGs at the
three evaluated stages of ToLCNDV disease development
(Figure 4B and Supplementary Table 9). The expression
profiles of two of them, an accelerated cell death 6-like
protein (MELO3C004399.2, chromosome 5) and a cysteine-rich
receptor-like kinase (MELO3C018799.2, chromosome 1), were
especially interesting as they were highly downregulated at 3 dpi
but changed to be overexpressed at 6 and 12 dpi when this
genotype developed symptoms and systemic infection of the
virus, conversely to what was found in WM-7 for some of
these types of genes.

Analysis of Differentially Expressed
Genes in the Candidate Regions for
Tomato Leaf Curl New Delhi Virus-ES
Resistance
We focused our expression analyses on those genes included in
the three candidate regions of the C. melo genome linked to
the resistance to ToLCNDV-ES, at the major resistance QTL on
chromosome 11, and on the minor QTLs on chromosome 2 and
12 (Sáez et al., 2017).

Transcription Changes on Chromosome 11
The main locus involved in the resistance identified in WM-
7 was located in chromosome 11 between positions 30,112,560
and 30,737,924 bp. In this interval, seven genes were found to be
differentially expressed in PS and three in WM-7 (Table 2).

Only one out of the seven genes in PS, a gene encoding a
Glutaredoxin protein (MELO3C022339.2), was downregulated
at 6 dpi; the other six genes were upregulated, especially at
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FIGURE 3 | Volcano plots display DEG distribution for each time point at 3, 6, and 12 dpi in both PS and WM-7. Orange dots represent the upregulated genes and
blue dots downregulated genes. The x-axis correspond to log2 (fold change) and the y-axis to –log10 (p-adjusted). Black dots represent those DEGs not considered
significant with p-adjusted ≥ 0.05 (green line shows the cutoff) and gray dots those DEGs differing from mock-inoculated treatments in 1.5 < log2 (fold
change) > 1.5.

FIGURE 4 | Venn diagrams representing common and specific up and down DEGs identified in WM-7 and PS (A); common and specific DEGs at 3, 6, and 12 dpi in
WM-7 (B) and PS (C).
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FIGURE 5 | Gene ontology (GO) classification. The number of upregulated or downregulated genes assigned to each class were calculated at 3, 6, and 12 dpi to
WM-7 and PS and represented in colors according with the legend.

12 dpi. The highest induced expression was detected for a
bidirectional sugar transporter SWEET (MELO3C022341.2)
with a log2 (fold change) of 10.806. Genes with a lower
induction were a proton pump-interactor 2-like isoform
X2 (MELO3C022324.2), described as a plasma membrane
regulator (Bonza et al., 2009), and an ethylene-responsive
TF ERF113-like (MELO3C022358.2) protein family

reported as induced in infected plants with TYLCV (Wu
et al., 2019). Between the other three induced genes,
MELO3C022365.2 and MELO3C022367 encode uncharacterized
proteins, and MELO3C022300.2 is a probably inactive
receptor-like protein kinase.

In WM-7, three DEGs identified in the candidate region for
resistance of chromosome 11 were downregulated (Table 2).
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A transmembrane protein, putative (MELO3C022327.2)
was repressed at 3 and 6 dpi, whereas Auxin-responsive
protein SAUR36 (MELO3C022337.2) was repressed only at
the beginning of ToLCNDV-ES infection (3 dpi). Auxins and
jasmonic acid (JA) pathways are interconnected, and both
regulate defense response to begomoviruses, particularly to
ToLCNDV in tomato (Ramesh et al., 2017; Vinutha et al.,
2020). Further interesting was a downregulated at 12 dpi
DNA primase large subunit (MELO3C022319.2), protein
family associated with geminivirus replication (Gutierrez,
2000; Guilliam et al., 2015). DEGs identified in this region
must be regarded as the main candidate genes implicated
in triggering ToLCNDV infection and in the defense
response in melon.

Transcription Changes on Chromosomes 2 and 12
Candidate regions for ToLCNDV-ES resistance in chromosomes
2 and 12 were larger than the region of the major QTL (Sáez et al.,
2017), and hence, a larger list of DEGs was obtained for both
regions (Supplementary Table 10).

In chromosome 2, many of the DEGs were TFs and
disease-related proteins downregulated in PS at 3 dpi, but
subsequently upregulated at 6 and 12 dpi. In the case of NAC
(MELO3C017185.2) and bHLH35 (MELO3C017424.2) TFs,
high induction was observed in PS after 6 dpi. A transmembrane
protein (MELO3C017283.2) was highly induced at 12 dpi in PS,
whereas at 3 dpi, a phosphoethanolamine N-methyltransferase
(MELO3C017356.2) implicated in DNA methylation was
upregulated. In WM-7, photosynthetic proteins were highly
induced at 6 and 12 dpi.

A second QTL linked to ToLCNDV-ES resistance was
mapped at the top of chromosome 12 (Sáez et al., 2017;
Supplementary Table 10). In this region, a cytochrome P450
gene (MELO3C004742.2) was strongly repressed at 3 dpi in PS,
whereas the gene Photosystem II protein D1 (MELO3C027714.2)
located in the same region was over-expressed in WM-7 at 12 dpi.

Mitogen-activated protein kinases are proteins implicated in
the signal pathway of JA biosynthesis and interact with MYC2.
Overexpression of these proteins induces salicylic acid (SA)
and JA gene expression and promotes TYLCV resistance (Li
et al., 2017b). MELO3C026848.2 encodes a mitogen-activated
protein kinase, which was downregulated in the susceptible
genotype PS at the beginning of infection (3 dpi). Also located
in this candidate region, a NAC-type TF (MELO3C004694.2)
was highly induced in PS at 12 dpi, while a DNA-directed RNA
polymerase II subunit E (MELO3C021758.2) was downregulated
in WM-7 at 6 dpi.

Expression of Known Genes Related to
Defense Response
To further investigate and identify candidate genes contributing
to ToLCNDV resistance or susceptibility, we analyzed
the expression profile of 70 R-genes of melon previously
characterized by Islam et al. (2020) and other categories of
genes related to the defense response in geminivirus infection,
including gene silencing, pathogen-resistant proteins, and
hormonal response.

R-genes
Of the characterized 70 R-genes in C. melo, 19 of them,
distributed on chromosomes 1, 3, 4, 5, 7, 9, and 12 were
differentially expressed in the susceptible genotype, whereas only
three of them, located on chromosomes 4, 5, and 11, presented
an altered expression in the resistant genotype (Table 3). In PS,
all DEGs followed the same trend with repressed expression
at 3 dpi but upregulation at 6 and 12 dpi. Similarly, in
WM-7, one R-gene with LRR domain on chromosome 11
was strongly repressed at 6 dpi near the candidate region of
resistance to ToLCNDV-ES described in Sáez et al. (2017), but the
remaining two (MELO3C009694.2 and MELO3C004309.2) were
upregulated at 12 dpi.

The expression pattern of other genes annotated with a
resistance to pathogens function was also studied (Table 4).
Most of these genes presented an altered expression pattern in
PS as shown in the R-genes described above, whereas WM-7
exhibited a more diverse regulation pattern. In both genotypes,
pathogenesis-related protein 1 (PR-1) family genes were altered.
These proteins are the most abundantly produced when
pathogens infect plants and have been considered as hallmarks of
hypersensitive response and broad-spectrum systemic acquired
resistance in association with salicylic acid (SA) (Balint-Kurti,
2019; Guerrero et al., 2020).

Some defense-related proteins were upregulated at 6 and
12 dpi in PS, including seven tobacco mosaic virus (TMV)
resistance genes (chromosomes 5 and 9) and several TFs,
such as NAC, MYB, bHLH, genes of hormonal response
to ethylene, and a negative regulator of resistance protein
(Supplementary Table 9).

Transcription Factors
In geminivirus infections, TFs involved in plant development are
differentially regulated (Kumar, 2019). We searched for DEGs
coding TFs, and 17 MYB were altered at all stages in both
genotypes (Supplementary Tables 5, 6). In PS, 23 DEGs were of
WRKY type, and 16 were NAC TFs, all differentially regulated at
mainly 6 and 12 dpi. Out of 16 NACs with altered expression,
12 were upregulated (Supplementary Table 5). Conversely, only
four WRKY genes showed transcription changes in WM-7, one
repressed at 3 dpi (Supplementary Table 6). In this genotype,
there were also three altered NAC TFs; out of them, two were
downregulated (Supplementary Table 6). Only one MYC-2 TF
(MELO3C022250.2) was suppressed at 6 dpi in chromosome 11
of PS (Supplementary Table 5). MYC-2 belongs to the basic
helix-loop-helix (bHLH) TF family and interacts with the BV1
protein of bipartite begomoviruses (Li et al., 2014). This protein
directly regulates terpene transcription genes and mediates
whitefly resistance achieving vector-virus mutualism. A member
of the terpene cyclase/mutase genes family (MELO3C022374.2)
was strongly suppressed in PS at 6 dpi but highly induced in
WM-7 at 12 dpi (Supplementary Table 7). Similarly, 11 DEGs
were bHLH in PS at 6 or 12 dpi (seven downregulated). In
WM-7 plants, six bHLH genes were identified, all upregulated
when compared with healthy controls. Therefore, ToLCNDV-
ES generates a stronger readjustment of TF expression in
PS than in WM-7.
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TABLE 2 | Differentially expressed genes in the candidate region for ToLCNDV resistance of C. melo chromosome 11.

Log2 (Fold Change)

Gen Stage dpi ToLCNDV inoculated Mock inoculated Start End Function

PS MELO3C022339.2 6 –3.08 – 30,494,799 30,495,239 Glutaredoxin

MELO3C022300.2 12 2.179 – 30,156,612 30,160,071 Probably inactive
receptor-like protein kinase
At2g46850

MELO3C022324.2 12 1.888 – 30,394,274 30,397,789 Proton pump-interactor
2-like

MELO3C022341.2 12 10.806 – 30,509,871 30,512,205 Bidirectional sugar
transporter SWEET

MELO3C022358.2 12 1.451 – 30,691,737 30,692,270 Ethylene-responsive
transcription factor
ERF113-like

MELO3C022365.2 12 1.743 – 30,715,606 30,716,293 UPF0481 protein

MELO3C022367.2 12 1.168 – 30,725,006 30,743,460 UPF0481 protein
At3g47200

WM-7 MELO3C022327.2 3 –2.809 – 30,409,446 30,410,934 Transmembrane protein,
putative

MELO3C022337.2 3 –1.075 – 30,481,662 30,482,590 Auxin-responsive protein
SAUR36

MELO3C022327.2 6 –3.596 – 30,409,446 30,410,934 Transmembrane protein,
putative

MELO3C022319.2 12 –1.075 – 30,347,186 30,355,934 DNA primase large subunit

Hormones
Lipoxygenases (LOX) are essential enzymes required in the JA
hormone synthesis (Wasternack and Song, 2017) and associated
with systemic defense, hypersensitive response, and cell death
when pathogens infect plants (Hwang and Hwang, 2010; Vicente
et al., 2012). LOX genes differentially regulated have been
reported after geminivirus infection (Góngora-Castillo et al.,
2012; Allie and Rey, 2013). In the susceptible and resistant
genotypes, 13 and 6 LOXs presented altered expression at all
stages, respectively. Interestingly, all the genes coding these
proteins were located in two clusters on chromosome 5
(Supplementary Tables 5, 6). Among them, four were common
DEGs to PS and WM-7 (MELO3C004244.2, MELO3C014630.2,
MELO3C027325.2, and MELO3C031318.2) (Supplementary
Table 7) and were induced early in the resistant genotype but
suppressed in the susceptible melon.

Salicylic acid and JA pathways promote resistance to
begomoviruses and also to heat stress, and both responses are
mediated by common gene families (Tsai et al., 2019). The
geminivirus coat protein interacts with heat shock proteins
(HSPs) and recruits them to their own viral regulation, interfering
with the host antiviral response (Gorovits et al., 2013; Gorovits
and Czosnek, 2017; Jeevalatha et al., 2017; Kumar, 2019).
HSP downregulation in resistant plants restricts begomovirus
movement through plasmodesmata (Naqvi et al., 2017). However,
out of 19 and 32 HSPs differentially regulated in PS and WM-7,
17 and 30 had a strong induction, respectively (Supplementary
Tables 5, 6).

Some defense-related proteins were upregulated at 6
and 12 dpi in PS, including genes of hormonal response
to ethylene and a negative regulator of resistance protein
(Supplementary Table 9).

Ubiquitination and Ubiquitin/Proteasome System
Complex
In plants, ubiquitination contributes to resistance to geminivirus
(Czosnek et al., 2013). RING-type E3 ubiquitin ligase and
F-box genes are components of the proteasomal ubiquitination
complex (UP) and have been described interacting with
begomovirus infection (Correa et al., 2013). Nine RING-type
E3 ubiquitin ligase genes were altered in PS, five of them
downregulated and four induced, whereas only one RING-type
E3 ubiquitin transferase (MELO3C003458.2) was repressed in
WM-7 (Supplementary Tables 5, 6). F-box genes were altered in
both susceptible and resistant genotypes. In PS, eight F-box genes
were induced and five underexpressed, and similarly, three F-box
genes had repressed expression in WM-7 and four were induced
(Supplementary Tables 5, 6). F-box proteins regulate diverse
cellular processes, including cell cycle transition, transcriptional
regulation, and signal transduction, and mediate ubiquitination
of proteins targeted for degradation by the proteasome, playing
an essential role in many cellular processes.

RNA Silencing
As RNA silencing constitutes one of the major strategies to
develop resistance against geminiviruses, we searched for DEGs
involved in this mechanism.

Calmodulin proteins regulate the RNA-silencing machinery,
and their induction increases geminivirus accumulation in plants
(Chung et al., 2014). Calmodulin proteins can reduce the
expression of RNA-dependent RNA polymerase (RDRs) proteins
and interact with suppressor of gene silencing 3 (SGS3) and
degrade it by autophagy. Despite the fact that Calmodulin
binding was one of the enhanced GO categories in GC19 (see
section “RNA sequencing, reads alignment and WGCNA”), we
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TABLE 3 | Differentially expressed genes identified between the 70 R-genes of the melon genome characterized in Islam et al. (2020).

log2 (Fold Change) Gene

3 dpi 6 dpi 12 dpi

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

Chromosome Start End Function Functional
disease
resistance-
related
domains

PS MELO3C023579.2 1.305 – 1.492 – 1 32,573,956 32,576,619 Disease
resistance
protein
RGA2-like
isoform X1

LRR

MELO3C023578.2 –1.063 – 1 32,588,913 32,593,637 Disease
resistance
protein

NB-ARC

MELO3C023441.2 –1.232 – 1 33,623,112 33,627,816 Receptor-
kinase,
putative

LRR

MELO3C010826.2 3.548 – 3 28,214,790 28,218,285 Receptor-
kinase,
putative

LRR

MELO3C010825.2 6.754 4.610 3 28,218,855 28,226,256 Receptor-
kinase,
putative

LRR

MELO3C009693.2 1.112 – 1.407 – 4 28,945,912 28,948,344 Disease
resistance
protein

NB-ARC

MELO3C009179.2 1.429 – 4 32,531,221 32,534,345 Receptor-
kinase,
putative

LRR

MELO3C004289.2 –1.145 – 1.062 – 5 25,863,643 25,869,731 TMV resistance
protein N-like

TIR-NBS-LRR

MELO3C004303.2 1.697 – 1.664 – 5 26,036,017 26,040,632 TMV resistance
protein N-like

LRR

MELO3C004311.2 1.560 – 2.700 – 5 26,076,967 26,095,083 TMV resistance
protein N-like

TIR-NBS-LRR

MELO3C004313.2 2.177 – 1.771 – 5 26,106,563 26,109,785 TMV resistance
protein N-like

TIR-NBS-LRR

MELO3C017703.2 –1.062 – 7 24,126,814 24,129,634 Disease
resistance
protein
RGA2-like

NB-ARC
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TABLE 3 | (Continued)

log2 (Fold Change) Gene

3 dpi 6 dpi 12 dpi

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

Chromosome Start End Function Functional
disease
resistance-
related
domains

MELO3C022146.2 2.410 – 9 744,523 750,028 TMV resistance
protein N-like

TIR-NBS-LRR

MELO3C022144.2 1.048 – 1.406 – 9 767,040 775,410 TMV resistance
protein N-like

TIR-NBS-LRR

MELO3C005450.2 2.717 – 3.153 – 9 20,427,143 20,430,013 LRR
receptor-like
kinase family
protein

LRR

MELO3C005451.2 5.330 – 7.293 3.030 9 20,434,381 20,437,380 LRR
receptor-like
kinase

LRR

MELO3C002506.2 1.722 – 3.179 – 12 22,229,817 22,238,994 Receptor-like
protein kinase

RLK

MELO3C002504.2 –1.634 – 2.234 – 12 22,242,891 22,252,225 Cysteine-rich
receptor-like
protein kinase
28

RLK

MELO3C002501.2 2.578 – 12 22,262,412 22,265,400 Cysteine-rich
receptor-like
protein kinase
26isoform X1

RLK

WM-7 MELO3C009694.2 1.795 – 4 28,938,791 28,941,261 Disease
resistance
protein

NB-ARC

MELO3C004309.2 2.092 – 5 26,060,336 26,066,739 TMV resistance
protein N-like

TIR-NBS-LRR

MELO3C022449.2 –4.838 – 11 31,293,359 31,296,020 Receptor-like
protein

LRR

Expression pattern of each gene is presented as log2 (fold change) at 3, 6, and 12 dpi stages. Physical position of genes according to v4.0 of melon genome, functional annotation, and disease resistance–related
domain are included.
TIR-NBS-LRR: Toll/interleukin-1 receptor homology nucleotide-binding site leucine-rich repeat. Function: pathogen specificity and defense.
LRR: Leucine-rich repeat. Function: Recognition of pathogen and Plant Defense.
NB-ARC: Nucleotide-binding adaptor shared by APAF-1, R proteins and CED-4. Function: molecular switch in activating defenses.
RLK: Protein kinase. Function: Signaling and plant.defense.
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TABLE 4 | Expression pattern of additional selected genes conferring resistance to pathogens.

log2 (Fold Change) Gene

3 dpi 6 dpi 12 dpi Chr Start End Function

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

PS MELO3C018539.2 6.232 – 1 1,023,454 1,024,330 Pathogenesis-related protein 1-like

MELO3C018540.2 4.757 – 1 1,030,810 1,031,348 pathogenesis-related protein 1-like

MELO3C018544.2 1.148 – 1 1,042,545 1,043,212 Pathogenesis-related protein 1

MELO3C018547.2 2.416 – 1 1,051,651 1,052,250 Pathogenesis-related protein 1

MELO3C018878.2 3.820 – 1 3,559,447 3,560,191 Pathogen-induced protein CuPi1

MELO3C023694.2 3.590 – 1 6,394,591 6,396,233 Pathogen-related protein

MELO3C023578.2 –1.063 – 1 32,588,913 32,593,637 Disease resistance protein

MELO3C017322.2 –1.803 – 2 24,275,353 24,280,275 LEAF RUST 10
DISEASE-RESISTANCE LOCUS
RECEPTOR-LIKE PROTEIN
KINASE-like 1.2 isoform X2

MELO3C008149.2 1.310 – 2.130 – 3 1,163,259 1,172,229 LEAF RUST 10
DISEASE-RESISTANCE LOCUS
RECEPTOR-LIKE PROTEIN
KINASE-like 1.4 isoform X1

MELO3C031443.2 1.049 – 5 18,385,406 18,392,554 TMV resistance protein N

MELO3C004262.2 4.967 – 7.110 – 5 25,614,803 25,621,533 TMV resistance protein N-like

MELO3C004265.2 –3.999 – 5 25,650,358 25,651,288 TMV resistance protein N-like
isoform X2

MELO3C004291.2 3.994 – 5.272 – 5 25,906,332 25,908,625 TMV resistance protein N-like

MELO3C031332.2 6.714 4.701 5 26,375,103 26,376,034 Disease resistance protein

MELO3C004354.2 1.032 – 1.137 – 5 26,592,987 26,596,766 CC-NBS-LRR resistance protein

MELO3C004385.2 5.488 – 5 26,848,627 26,849,611 Pathogenesis-related protein
PR-4-like

MELO3C019482.2 –1.096 – 6 10,571,172 10,573,959 Pathogenesis-related
thaumatin-like protein

MELO3C016941.2 1.139 – 7 947,005 948,144 Protein ENHANCED DISEASE
RESISTANCE 2

MELO3C017692.2 4.161 – 7 24,081,397 24,084,555 Disease resistance protein
RGA2-like

MELO3C017703.2 –1.062 – 7 24,126,814 24,129,634 Disease resistance protein
RGA2-like
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log2 (Fold Change) Gene

3 dpi 6 dpi 12 dpi Chr Start End Function

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

ToLCNDV
inoculated

Mock
inoculated

MELO3C033615.2 1.350 - 1.808 – 9 6,658,398 6,659,268 Disease resistance protein
RGA2-like

MELO3C029858.2 –1.042 – 9 20,748,481 20,749,427 NBS resistance-like protein

MELO3C020880.2 –1.323 – 11 3,294,068 3,294,968 Pathogenesis-related protein 1

MELO3C024731.2 3.364 – 11 7,170,632 7,173,642 Disease resistance protein
RGA2-like

MELO3C002084.2 2.412 – 2.657 – 12 24,991,237 24,991,695 Protein NEGATIVE REGULATOR
OF RESISTANCE

WM-7 MELO3C018796.2 –2.636 – –6.437 – 1 2,864,020 2,864,927 Cysteine-rich receptor-kinase-like
protein

MELO3C018540.2 5.297 – 5.506 – 1 1,030,810 1,031,348 Pathogenesis-related protein 1-like

MELO3C018539.2 5.704 – 1 1,023,454 1,024,330 Pathogenesis-related protein 1-like

MELO3C012701.2 1.438 – 1 21,798,030 21,798,830 Cysteine proteinase inhibitor

MELO3C012702.2 1.869 – 1 21,826,195 21,827,118 Cysteine proteinase inhibitor

MELO3C017497.2 5.171 – 2 22,319,516 22,320,537 Pathogenesis-related protein PR-1

MELO3C008149.2 1.128 – 3 1,163,259 1,172,229 LEAF RUST 10
DISEASE-RESISTANCE LOCUS
RECEPTOR-LIKE PROTEIN
KINASE-like 1.4 isoform X1

MELO3C031111.2 1.548 – 1.533 – 5 7,065,995 7,068,688 Negative regulator of systemic
acquired resistance SNI1

MELO3C004261.2 2.559 – 5 25,594,168 25,594,730 TMV resistance protein N-like

MELO3C004309.2 2.056 – 2.092 – 5 26,060,336 26,066,739 LOW QUALITY PROTEIN: TMV
resistance protein N-like

MELO3C016128.2 –1.373 – 7 19,211,072 19,212,632 Pathogen-related protein

MELO3C017071.2 1.514 – 7 123,638 125,187 Cysteine/Histidine-rich C1 domain
family protein

MELO3C022150.2 2.260 – 9 703,234 708,384 TMV resistance protein N-like

MELO3C033944.2 –3.577 –7.025 –4.180 – 9 16,122,393 16,123,197 NBS-LRR type resistance protein

MELO3C002921.2 1.250 – 1.610 – 1.477 – 9 7,641,728 7,642,167 Cysteine proteinase inhibitor

MELO3C002492.2 4.266 – 3.409 – 12 22,299,334 22,300,624 Cysteine-rich receptor-like protein
kinase 25
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detected only four calmodulin DEGs downregulated at 3 dpi
in PS and four upregulated at 6 and 12 dpi. In WM-7, just
one calmodulin gene was induced at 12 dpi (Supplementary
Tables 5, 6). One autophagy protein (MELO3C031521.2) was also
upregulated in WM-7 at 12 dpi.

Expression of two cytosine-specific methyltransferases
(CMT3), implicated in transcriptional gene silencing (TGS),
was altered in PS and WM-7 (Supplementary Tables 5, 6).
In the susceptible genotype, the gene MELO3C015649.2
on chromosome 2 encodes this kind of enzyme and was
repressed at 6 dpi. Conversely, a gene with similar function
(MELO3C026448.2, chromosome 10) was induced early at
3 dpi in WM-7. CMT3 also interacts with autophagy and
ubiquitin pathways (You et al., 2019). Two cytosine-specific
methyltransferases are also deregulated: one induced in WM-7
at 3 dpi (MELO3C026448.2) and one repressed in PS at 6 dpi
(MELO3C015649.2) (Supplementary Tables 5, 6). These
enzymes have homology with MET1, also a methyltransferase
involved in TGS.

Chromatin and histone methylation are mechanisms
used by plants to regulate gene expression of invasive viral
DNAs (Castillo-González et al., 2015). A histone-lysine
N-methyltransferase (MELO3C025676.2) was induced in PS at
3 dpi, whereas the same gene was repressed in WM-7 at 12 dpi
(Supplementary Table 7). In the resistant WM-7 genotype,
two additional Histone-lysine N-methyltransferase genes,
MELO3C011304.2 and MELO3C012115.2, were, respectively,
induced and repressed at 12 dpi (Supplementary Table 6).
A histone acetyltransferase coding gene (MELO3C011266.2)
was also repressed at 3 dpi in this genotype. Additionally, in
the course of assay, seven genes codifying histones appeared
downregulated, and two were induced in the resistant accession.
In PS (Supplementary Table 5), MELO3C022387.2 another
histone-lysine N-methyltransferase was induced at 3 dpi in
chromosome 11. A histone acetyltransferase and a histone
demethylase (MELO3C018028.2 and MELO3C017723.2,
respectively) were also repressed in this genotype at 6 dpi, and
10 genes coding histones were deregulated, five induced and five
under-expressed. Reduction in transcript levels of genes related
to histone is associated to suppression of chromatin organization
and DNA methylation (Choi et al., 2015).

AGO4 reduces geminivirus infection by viral DNA
methylation (Mallory and Vaucheret, 2010), but this protein may
also be recruited by geminiviruses to enhance its transcription
(Vinutha et al., 2018). ToLCNDV AC4 protein suppresses
RNA silencing by interaction with the host argonaute 4 protein
(AGO4) of tomato (Vinutha et al., 2018). Its ortholog protein
in melon (MELO3C014440.2) was upregulated at 3 dpi in both
susceptible and resistant genotypes.

RNA-dependent RNA polymerase play a key role impairing
resistance to geminiviruses, amplifying RNA antiviral silencing
(Prakash et al., 2020). In the melon genome, there are eight
genes functionally annotated as RDRs and distributed by
chromosomes 2, 9, and 10. Two of them were highly upregulated
at 6 and 12 dpi in chromosome 9 of PS (MELO3C005284.2
and MELO3C005257.2). An additional one (MELO3C015406.2,
chromosome 2) was also induced in this genotype at only 12 dpi.

Changes of transcript level in these genes were not observed in
the ToLCNDV-resistant genotype WM-7.

Numerous genes coding polymerase enzymes were
deregulated in both resistant and susceptible genotypes
(Supplementary Tables 5, 6), but a DNA-directed RNA
polymerase gene (MELO3C027682.2) was induced at 6 and
12 dpi in the WM-7 genotype.

Differentially Expressed Genes Validation
by qRT-PCR
Seven genes were selected for qRT-PCR validation of the
differential response observed in the 28 transcriptomes
analysis. Six genes (MELO3C022319.2, MELO3C022313.2,
MELO3C022315.2, MELO3C022322.2, MELO3C022327.2,
and MELO3C022341.2) were located in the QTL region of
chromosome 11 linked to the resistance to ToLCNDV and one
gene on chromosome 9 (MELO3C005257.2), and both have been
previously described in resistance to other begomoviruses.

Relative transcript accumulation observed for these genes
by qPCR was correlated to the RNA-seq data (Figure 6).
These results confirm the high reproducibility between replicates
of the transcriptome analysis. MELO3C022327.2 coding a
transmembrane protein putatively was the only gene in which low
variances were observed between both analysis methodologies.
Downregulation of this gene was identified by RNA-seq in only
ToLCNDV-inoculated WM-7 samples at 3 and 6 dpi with log2
(fold change) of –1.075 and –3.596, respectively. However, qPCR
analysis also detected high downregulation of this same gene
in mock-inoculated WM-7 samples at similar levels to virus-
inoculated plants. The small transcript level of this gene could
be missed in sequencing assay but specifically amplified by qRT-
PCR and overrepresented by the 2−11Ct method to determine
the relative amount of expression.

Single Nucleotide Polymorphism Linked
to Differentially Expressed Genes
Associated With Tomato Leaf Curl New
Delhi Virus Response
Out of 121,509 total genetic transcriptome-based variant
positions found comparing WM-7 and PS, only 31,070
homozygous polymorphisms between both genotypes
were considered in this study, excluding common variants
(Supplementary Table 11). There were 128 variants located in
the major candidate region in chromosome 11, and 951 and
847 were located within the QTL regions with a minor effect in
chromosomes 2 and 12, respectively (Supplementary Table 11).

A predicted high impact over genes of the candidate
region in chromosome 11 was not associated to any SNP.
However, 23 SNPs had a moderate impact on 16 genes,
causing a missense change that produces a different amino
acid. Three of these SNPs were affecting a GYF domain-
containing protein (MELO3C022336.2). A low effect was
predicted in 46 SNPs producing in most cases synonymous
variants, four of them located in DEGs coding for an Auxin-
responsive protein SAUR36 (MELO3C022337.2), a Glutaredoxin
protein (MELO3C022339.2), and an ethylene-responsive
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FIGURE 6 | Relative expression 2(−11Ct) of seven candidate genes for ToLCNDV resistance determined by qRT-PCR.

TF ERF113-like (MELO3C022358.2). In addition, three
SNPs with low impact changed a region of the splice
site of three genes (MELO3C022343.2 coding a Pyruvate
dehydrogenase E1 component subunit beta, MELO3C022352.2
coding a coiled-coil domain-containing protein SCD2, and
MELO3C022360.2 coding a Glycosyl transferase). The remaining
SNPs identified within this region had a modifier effect, and
therefore, their impact is difficult to predict. Four modifier
SNPs interestingly affected two DEGs (Supplementary
Table 11). In MELO3C022337.2, one SNP was a modifier
of the 5′-UTR region. Conversely, in the DNA primase large
subunit gene (MELO3C022319.2, down-regulated in WM-7),
one SNP affected the 3′-UTR region and a second one had
upstream predicted effect. Additional variants in DEGs with
downstream effects or in heterozygosity were assumed to have
a minimal impact in molecular functionality associated to
ToLCNDV response.

In chromosome 2, there were six SNPs with high impact.
Three of these variants caused a STOP codon in a 7SK
snRNA methylphosphate capping enzyme (MELO3C024707.2)
and in two unknown proteins (MELO3C017337.2 and
MELO3C029555.2). Furthermore, one splice acceptor and
intron variant hit the 5-formyltetrahydrofolate cyclo-ligase
(MELO3C017137.2), whereas one insertion caused a frame
shift in an unknown protein (MELO3C029754.2). However,
the most significant variant conferring a high impact in a DEG
of this region (25,433,111 bp) set a mutation of a stop codon
into a non-stop codon and, moreover, hit a splice region of
the TF bHLH47 (MELO3C017166.2), a gene upregulated in

WM-7 at 12 dpi. Between the remaining DEGs of this region,
in 40 genes, there were variants with moderate, low, or modifier
impact. The upregulated gene in PS MELO3C017364.2 that
encodes Ribosomal protein L19 was the DEG affected by the
higher number of SNPs (22) in this region, including both
missense variants and variants with impact on the 3′-UTR and
5′-UTR.

In the chromosome 12 candidate region, five SNPs had
high impact (7,243,329, 9,455,480, 9,746,781, 10,176,940, and
15,255,896 bp), but only one (9,746,781 bp) was located on
a DEG coding a splicing factor U2af small subunit B-like
(MELO3C004799.2) upregulated in WM-7 at 6 dpi. In addition,
this region included 48 DEGs affected by SNPs with moderate,
low, or modifier impact, including DEGs described above, such
as both DNA-directed RNA polymerases II and IV subunit
5A (MELO3C021758.2) and a Mitogen-activated protein kinase
(MELO3C026848.2). It is worth highlighting that 17 SNPs
generated different levels of impact on a serine carboxypeptidase-
like protein (MELO3C004946.2), repressed in PS at 3 dpi.
Moreover, in genes with not altered expression, six variants
were within regions of the splice site, and three hit a splice
donor or acceptor site, entailing predicted low and high
impact, respectively.

DISCUSSION

ToLCNDV strains generate devastating damage in solanaceaous
and cucurbitaceous crops, mainly in the Indian subcontinent
and in the Mediterranean basin. Genetic resistance has been
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previously identified in different species of both horticultural
families, but characterization of the molecular mechanism
regulating resistance is preferentially studied in Solanaceaous
crops (Sahu et al., 2010, 2016; Kushwaha et al., 2015; Jeevalatha
et al., 2017).

Recessive resistance or incomplete dominance to ToLCNDV is
reported as the main inheritance model controlling the resistance
in cucurbits (Sáez et al., 2017, 2020, 2021). In this study, we
investigate the process of ToLCNDV infection in a resistant and
susceptible C. melo genotype, trying to correlate resistance or
susceptibility with changes in transcript expression patterns and
comparing them at different temporal stages. The accession WM-
7 is resistant to ToLCNDV, remaining symptomless till 30 days
after mechanical inoculation, and this resistance is controlled by a
major QTL in chromosome 11 with intermediate dominance and
two additional QTLs in chromosomes 2 and 12 (López et al., 2015;
Sáez et al., 2017; Romay et al., 2019). Using both approaches,
time course infection and quantitative detection of viral load,
we observed that virus replication in WM-7 takes place at the
beginning of the infection, but its propagation and/or replication
is impaired at early stages. Conversely, systemic infection and
symptom development progresses in PS with an enhancement
of ToLCNDV accumulation in the course of the disease. The
behavior observed in WM-7 reflects a fast and time-persistent
defense response.

We identified 10 candidate DEGs within the region covering
the QTL for ToLCNDV resistance in chromosome 11, most of
them associated with a defense response against geminiviruses.
The expression of a glutaredoxin protein (MELO3C022339.2) is
inhibited in PS at 6 dpi. This gene family is associated with JA-
SA pathway (Li et al., 2017c), and moreover, MELO3C022339.2
is an ortholog to the Thioredoxin superfamily proteins of
A. thaliana. Thioredoxin proteins are described as interacting
with begomoviruses and also impairing resistance to potyviruses
(Luna-Rivero et al., 2016; Liu et al., 2017; Mathioudakis
et al., 2018). In response to TYLCV, thioredoxin and TCP
proteins in tomato interact with TFs that regulate defense
mechanisms (Huang et al., 2016). TCP TFs are linked to
ubiquitination, SUMO, MYC2 pathways, lipooxygenases encoded
at chloroplast, and JA biosynthesis and are proposed as
responsible candidates for leaf curling during ToLCNDV
infection in tomato (Schommer et al., 2008; Naqvi et al., 2010).
Although a TCP20-like TF (MELO3C022331.2) is located within
the candidate region for ToLCNDV resistance in chromosome 11
of C. melo, we have not identified expression changes during the
viral infection course.

Within the same candidate region in chromosome 11, a
bidirectional sugar transporter SWEET (MELO3C022341.2) is
the gene with higher induction in the susceptible response of
PS at 12 dpi. SWEET transporters facilitate sugar transference
into the phloem and promote their transport (Chen, 2014).
Some studies report transcription changes of SWEET genes
in several crops after pathogens attack, including plant–
begomovirus interactions (Antony et al., 2010; Chen, 2014;
Chandran, 2015; Naqvi et al., 2017; Breia et al., 2020). In
melon, plants infected with CMV accumulated more sugars
in the phloem of leaves as result of the sucrose transporter

effect (Gil et al., 2011). In cotton (Gossypium spp.), a SWEET
transporter gene was downregulated in resistant plants after
cotton leaf curl disease (CLCuD) infection (Naqvi et al., 2017), and
involvement of sugar-signaling mechanisms has been observed
in resistance plants to TYLCV (Sade et al., 2020). Out of
the 24 genes coding for SWEET transporters in the C. melo
genome, three DEGs of PS were located outside the QTL
regions: on chromosome 12, MELO3C001650.2 was repressed
at 12 dpi, whereas MELO3C005869.2 and MELO3C002381.2
were upregulated at 6 and 12 dpi in chromosomes 9 and
12, respectively.

Another DEG identified in this region encodes a DNA primase
large subunit (MELO3C022319.2), which is downregulated in
WM-7 after ToLCNDV inoculation, whereas in PS, it is induced.
Interestingly, this gene is syntenic with the DNA primase gene
in chromosome 8 of Cucurbita moschata, in which a mayor
QTL controlling resistance to ToLCNDV has been identified
(Sáez et al., 2020). Indeed, this is the only DEG shared between
both syntenic regions in which we have also identified genetic
polymorphisms between WM-7 and PS. Geminiviruses employ
the host mechanism for triggering their own replication. Plant
DNA primases are described as catalyst enzymes used in the first
step of geminivirus replication (Saunders et al., 1992; Alberter
et al., 2005). Thus, the reduced expression of MELO3C022319.2
in WM-7 likely contributes to disrupting transcription of
ToLCNDV, which appears as a promising mechanism of
resistance, developing a downstream defense response.

It is worth mentioning that the candidate region on
chromosome 12 includes an NAC TF (MELO3C004694.2), highly
induced in PS at 12 dpi. The same induction is reported for
two NAC TF membranes upon ToLCNDV infection in tomato
(Bhattacharjee et al., 2017) and, in prior works, Román et al.
(2019) validates by qPCR a, NAC TF highly induced in PS
accession. ToLCNDV accumulation and symptom severity seem
to correlate with the expression of the NAC TF.

Most of the recessive genes involved in resistance to RNA
plant viruses codify for eukaryotic translation initiation factors
eIF4E/G, a protein complex that mediates recruitment of
ribosomes, in which natural mutations lead to resistance by loss
of function (Kachroo et al., 2017; Machado et al., 2017). In the
case of begomoviruses, six loci are described conferring resistance
to Tomato yellow leaf curl virus (TYLCV) in tomato, one has a
recessive inheritance pattern (ty-5) (Anbinder et al., 2009; Hutton
et al., 2012), and two of them have incomplete dominant control
(Ty-4 and Ty-6) (Yan et al., 2021). The ty-5 locus causes resistance
by the loss of function of the messenger RNA surveillance factor
Pelota (Pelo), which is involved in biosynthesis of ribosomes,
and its dysfunction compromises the translational machinery and
replication of begomoviruses (Lapidot et al., 2015). This gene
is also reported in Capsicum annuum conferring resistance to
mono and bipartite begomoviruses (Prins et al., 2019; Koeda
et al., 2021). Furthermore, NIK1 (NSP-interacting kinase 1) or
RIP (Ribosome-inactivating) proteins are associated with the
prevention of the spread of geminiviruses through translational
suppression or repression of components of the translational
machinery, such as ribosomes (Hong et al., 1996; Zorzatto et al.,
2015; Musidlak et al., 2017; Citores et al., 2021). In contrast to
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what was expected, changes in the transcript level orthologous
to these genes in melon after ToLCNDV infection were not
identified in this study. However, an important number of genes
related to ribosomal pathways were downregulated in WM-
7. Moreover, the minor region modulating the response to
ToLCNDV in chromosome 2 of C. melo includes a Ribosomal
protein L19 (MELO3C017364.2) remarkably affected by a high
number of SNPs, upregulated at 6 and 12 dpi in PS. As viruses
require host enzymes for translation (Ignacio-Espinoza et al.,
2020; Dong et al., 2021; Xiong et al., 2021), evolutionarily
conserved genes involved in ribosome recruitment might be
a plausible mechanism triggering the resistance response to
ToLCNDV in melon.

Prior works suggest an interconnection between loss of
function of translation factors and replication of the viral
genomes, changes in the cell wall affecting viral movement and
activation of immunity pathways (Sanfaçon, 2015; Ding et al.,
2018). Indeed, geminiviruses not only recruit plant translational
components, but also enhance their replication and spread using
and relocalizing host genes involved in DNA replication and
transcription (Preiss and Jeske, 2003; Kushwaha et al., 2017;
Wu et al., 2019; Maio et al., 2020). The interference with
this viral strategy is widely described conferring resistance to
begomoviruses (Ullah et al., 2014; Chakraborty and Basak, 2018).
In tomato, both 26S proteasomal subunit RPT4a (SlRPT4) and
DEAD-box RNA helicase genes are described as interfering in
ToLCNDV transcription and replication, respectively (Sahu et al.,
2010, 2016; Pandey et al., 2019). In this study, none of their
orthologs in melon showed differences in their transcription
upon ToLCNDV infection. However, genes belonging to the RNA
helicase gene family have altered expression in PS at all analyzed
stages, and GO ontologies related to DNA conformation,
replication, unwinding, cell cycle, DNA helicase activity, and
MCM complex were enriched, including upregulated genes in PS
that were repressed in WM-7. DNA helicases are required for
strand separation during DNA replication. Their analogs, RNA
helicases, are described as proteins hijacked by plant viruses to
assist their replication (Ranji and Boris-Lawrie, 2010; Sharma
and Boris-Lawrie, 2012). Although little research about host
DNA helicases and geminiviruses has been reported, interaction
between geminiviral proteins and DNA helicases is described
as assisting DNA replication (Pradhan et al., 2017). Host DNA
helicase proteins can be used by the virus to further strengthen
the helicase activity of the geminiviral Rep protein and, therefore,
generate unwinding and initiate the stem-loop formation on the
viral DNA (Brister and Muzyczka, 1999; Kazlauskas et al., 2016).
Furthermore, the MCM complex has a role in maintaining the
minichromosome and is directly implicated with the initiation of
DNA synthesis at replication origins (Forsburg, 2004; Bochman
and Schwacha, 2008). There are reports pointing out the role of
the MCM2 protein in geminivirus replication efficiency (Rizvi
et al., 2015), but molecular mechanisms remain unknown (Cho
et al., 2008; Suyal et al., 2013). Overall, induced DNA replication
transcriptional pathways in PS are likely promoting ToLCNDV
multiplication and systemic propagation.

To further analyze the changes of expression patterns
regarding plant pathogen interaction between melon and

ToLCNDV, we studied defense genes and pathways activated in
similar pathosystems. In a recent work (Sharma et al., 2021), the
Sw5a locus is reported as an R gene that recognizes ToLCNDV
AC4 protein and restricts viral spread. Although the melon
ortholog to this gene (MELO3C006780.2) is not differentially
expressed in our system, it appears positively correlated to PS
in CG19 and CG20, indicating that defense responses against
ToLCNDV are not efficiently activated in this genotype. In
addition, we identified other DEGs implicated in virus resistance
distributed over the melon genome, most of them located in
clusters at chromosomes 1, 5, and 9. The two largest NBS-
LRR gene clusters in melon are located at chromosomes 5 and
9, where resistance to other cucurbit viruses has been mapped
(Morata and Puigdomènech, 2017; Pérez-de-Castro et al.,
2020). Chromosome 5 not only includes differentially regulated
pathogenesis and R genes, but also lipoxygenase hormone
biosynthesis genes induced in WM-7 and downregulated in
PS. These hormones regulate cell death and JA biosynthetic
routes and conduct lipid peroxidation as a response to pathogen
infection (Hwang and Hwang, 2010). Plant–virus interaction
studies evidence how geminiviruses regulate JA signaling,
hijacking implicated genes and increasing susceptibility (Yan and
Xie, 2015; Zhang et al., 2017; Guerrero et al., 2020). In this
work, we identify transcriptional changes in JA genes required
for resistance to viruses. MYC-2 TF (MELO3C022250.2),
mitogen-activated protein kinases (MELO3C026848.2), and
the terpene cyclase/mutase gene family (MELO3C022374.2)
are downregulated in the susceptible genotype PS at the
beginning of infection (3 and 6 dpi). Conversely, some
of these genes are induced in WM-7 at same stages. In
tomato (Solanum lycopersicum), induction of a mitogen-activated
protein kinase 3 (SlMPK3) ortholog to MELO3C026848.2
here identified enhanced TYLCV resistance by an increase of
SA/JA-gene expression as PR-1 or leucine aminopeptidases (Li
et al., 2017b). Leucine aminopeptidases control the defense
machinery in tomato, downstream of JA (Fowler et al., 2009).
Here, we identify one gene (MELO3C004135.2) codifying
this protein located on chromosome 5 of C. melo, highly
induced in WM-7 at 3 dpi but downregulated in PS at
6 dpi (Supplementary Table 7). Additionally, we observed
differential regulation at early stages of other genes, such as
E3 ligases, LAF 1, and TFs participating in ubiquitination and
photomorphogenesis, all interconnected with jasmonic signaling
(Seo et al., 2001; Kazan and Manners, 2011; Lozano-Durán
et al., 2011; Correa et al., 2013). Viral replication, cell-to-
cell movement, and long-distance propagation are inhibited
by SA and JA (Shang et al., 2011; Tsai et al., 2019).
Thus, implication of all described genes in the JA pathway
indicates either an interference or perhaps a recruitment of
this route by ToLCNDV in PS as a strategy to increase
the susceptible response at early stages. Instead, the opposite
response shown over this hormonal pathway in WM-7 likely
promotes resistance.

In chromosome 9, where the second larger R-gene
cluster is located, two RDR genes were over-expressed in
PS (MELO3C005284.2 and MELO3C005257.2) at 6 and 12 dpi.
Those genes are orthologs to RDR1 (RDRα) of Arabidopsis
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thaliana, involved in amplification of the gene silencing signal at
the post-transcriptional level in virus infection (Qui et al., 2009;
Willmann et al., 2011; Islam et al., 2018). RDRs are well described
in the RNA silencing pathway, and their over-expression
enhances resistance to begomoviruses, particularly to those
of the tomato leaf curl viruses complex (Prakash et al., 2020).
This function of RDR1 in geminivirus resistance is variable
and depends on the virus species (Chen et al., 2010; Aregger
et al., 2012). In N. tabacum, RDR1 is associated with recovery
tomato leaf curl Gujarat virus (ToLCGV) infected plants,
generating hypermethylation of the viral genome. However, in
those N. tabacum plants infected with ToLCNDV, recovery is
inhibited by AV2 viral protein, resulting in susceptible plants
with high symptomatology and viral titers (Basu et al., 2018).
In N. benthamiana a natural mutation of 72 bp insertion in
the RDR1 gene promotes susceptibility to members of the
Tobamovirus genus (Yang et al., 2004) and might be responsible
for high susceptibility to numerous viruses observed in this
species, including geminiviruses (Akhtar et al., 2011). In
cucumber (Cucumis sativus L.), the RDR1 family has four
subclasses (RDR1a, RDR1b, RDR1c1, RDR1c2). RDR1c1 and
RDR1c2 are highly induced by geminivirus squash leaf curl virus
(SLCV) in susceptible plants, but their expression level remains
low in resistant plants (Leibman et al., 2018). Also, in C. sativus,
RDR1 is notably induced by a viroid infection, suggesting the
involvement of RDR1 in the antiviroid defense (Xia et al.,
2017). Our results concerning RDR1 expression in resistant
and susceptible melon genotypes follows a similar expression
trend with very high expression in PS but unaltered in WM-7.
However, polymorphic variations have not been identified in this
work affecting any of these both genes.

A third RDR gene (MELO3C015406.2) was upregulated
in PS in chromosome 2 at only 12 dpi. It is a RDR5
protein with a homologous sequence to the Ty1/Ty3 gene
conferring resistance to TYLCV by methylation of cytosines
in the viral genome (Verlaan et al., 2013; Butterbach et al.,
2014; Jackel et al., 2016; Gallego-Bartolomé et al., 2019).
Despite their homology, MELO3C015406.2 was over-expressed
in the susceptible genotype to ToLCNDV, conversely to what
was expected, as Ty1 expression is elevated in resistant lines
(Verlaan et al., 2013). Tomato cultivars carrying Ty1/Ty3 genes
are described as displaying resistant behavior after ToLCNDV
inoculation (Fortes et al., 2016; Hussain et al., 2019). However,
the genetic background effect might modulate the effectiveness
of Ty1/Ty3 for resistance to ToLCNDV in tomato (Rai et al.,
2013; Akhtar et al., 2019). In this work, we identify two SNPs
generating missense variations in MELO3C015406.2, but QTLs
linked to ToLCNDV resistance have not been mapped covering
this region in previous works. Results obtained here suggest
that infection of ToLCNDV induces and triggers the gene-
silencing machinery in PS, but it is not efficient in controlling
virus spread. Another approach to explain this behavior is
that RDRs are targeted and induced by ToLCNDV, interfering
with silencing mechanism for defense and deregulating host
factors, which result in symptomatology display. Further studies
must be conducted to characterize this process in begomovirus–
cucurbits interaction.

In TGS, DNA methylation plays crucial role inhibiting
viral DNA transcription and replication. Plant hosts with this
pathway suppressed are strongly susceptible to geminiviruses
(Raja et al., 2014). Besides RDRs, other genes involved in RNA
silencing–based resistance to geminiviruses are identified with
altered expression in this study, including histones, calmodulin
proteins, AGO4, and methyltransferases. MET1 and CMT3 DNA
methyltransferases are induced at early stages in WM-7 and
repressed in PS after ToLCNDV inoculation. In geminivirus
infection, Rep protein interacts with CMT3 and MET1 in
N. benthamiana and A. thaliana, suppressing their expression
and the maintenance of DNA methylation (Rodríguez-Negrete
et al., 2013). A phosphoethanolamine N-methyltransferase
(MELO3C017356.2) was upregulated in PS at early stages
in the candidate region of chromosome 2. This protein
has homology with the S-adenosyl-L-methionine-dependent
methyltransferases of A. thaliana. Methylation of DNA is
performed by cellular methyltransferases, using S-adenosyl
methionine (SAM). Arabidopsis plants with mutated genes of
SAM enzyme production are hypersensitive to geminiviruses
(Mäkinen and De, 2019). Beet severe curly top virus (BSCTV)
C2 protein interacts and inhibits SAM by decarboxylation,
reducing methylation of the viral DNA and promoting infection
(Zhang et al., 2011). C4 protein of cotton leaf curl multan
virus (CLCuMuV) interacts with SAMS of N. benthamiana,
reducing its activity and DNA methylation and promoting
accumulation of CLCuMuV (Ismayil et al., 2018). Expression
changes in PS of this kind of enzyme suggests its interaction
with ToLCNDV even in susceptible response. DNA-directed
RNA polymerases are components of the RNA-directed DNA
methylation (RdDM) epigenetic process, mediating geminivirus
silencing and conferring resistance (Jackel et al., 2016). Although
several genes of this family are differentially expressed in both
PS and WM-7 (Supplementary Tables 5, 6), three DNA-
directed RNA polymerases coding genes (MELO3C027682.2,
MELO3C000330.2, and MELO3C028015.2 clustering together on
chromosome 7) are highly induced only in WM-7 at 6 or 12 dpi.

Cell-to-cell movement and viral replication, encapsidation,
and suppression of host defenses are essential steps in the
infective cycle of plant viruses, and both are connected by means
of cellular membranes (Levy and Tilsner, 2020). Components
of membrane, membrane and transport activity GO categories
were found enriched in DEGs in both susceptible and resistance
genotypes. Interestingly, genes annotated in GO category
“Thylakoid” GO in GC20. Induction of the chloroplast thylakoid
membrane protein TMP14 in N. benthamiana increased disease
symptom severity and virus accumulation of Tomato Spotted Wilt
Virus (TSWV), evidencing that lack of this protein negatively
affects viral infection (Zhan et al., 2021). In WM-7, the GO
category “photosynthesis” was the most represented of the
upregulated genes at 6 and 12 dpi. In plant–virus interactions,
the chloroplast is strategically manipulated and damaged by
viruses, affecting large proportions of genes (Bhattacharyya
and Chakraborty, 2018; Rossitto de Marchi et al., 2020;
Zhai et al., 2020).

Chlorosis and mosaics in cucumber mosaic virus (CMV)
infected tobacco leaves (Nicotiana tabacum) are associated

Frontiers in Plant Science | www.frontiersin.org 20 January 2022 | Volume 12 | Article 798858

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-798858 January 17, 2022 Time: 14:15 # 21

Sáez et al. RNA-Seq Analysis ToLCNDV in Melon

with downregulation of photosynthetic and chloroplastic genes
(Mochizuki et al., 2014), and similar genes had a reduced
transcription in chlorotic tissues of watermelon [Citrullus
lanatus (Thunb.) Matsum. & Nakai] systemically infected with
Cucumber green mottle mosaic virus (CGMMV) (Sun et al.,
2019). Among begomoviruses, transcriptional reprogramming
caused by TYLCV infection in N. benthamiana generated an
expression reduction of photosynthesis genetic pathways (Wu
et al., 2019). Plant defense against virus infection usually involves
high energetic costs for the host, for example, for antiviral RNA
silencing. Consequently, multiple and complementary resistance
mechanisms are activated to minimize this energy consumption
(Souza et al., 2019). The high induction of chloroplastic and
photosynthetic genes detected in WM-7 takes place at the stages
when yellowing and mosaic symptoms are developed in PS.
These genes could provide additional energy to the resistant plant
cells to address the viral attack and avoid chloroplast damage
and symptom development. Moreover, a repression of genes
implicated with thylakoid membranes in WM-7 may indicate
an additional obstacle to ToLCNDV to reach the photosynthetic
machinery and components, increasing the resistance to this
virus and protecting fruit yield in melon.

CONCLUSION

The data reported in this study demonstrate that ToLCNDV
infection entails a complex and interconnected net of
transcriptional rearrangements in melon. Our findings advance
the molecular understanding underlying ToLCNDV infection
in melon. Combining both DEGs and polymorphic SNP
detection, we identify candidate genes linked to the three QTLs
for resistance in WM-7. The lack or decrease in ToLCNDV
replication is associated with the most promising candidate
in chromosome 11, a DNA primase protein. Whereas in
minor modifier regions of chromosomes 2 and 12, some of
the described bHLH47 or NAC TFs, Mitogen-activated kinase,
DNA-directed RNA polymerases, or alternative splicing
events likely might act as potential factors triggering a
transcriptomic cascade of genetic responses against viral
infection. Although promising, further studies based on genome
edition or induced gene silencing are required to functionally
characterize these target genes.
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Supplementary Table 8 | Common DEGs at different stages (3, 6, and 12 dpi)
after ToLCNDV inoculation in WM-7 genotype.

Supplementary Table 9 | Common DEGs at different stages (3, 6, and 12 dpi)
after ToLCNDV inoculation in PS genotype.

Supplementary Table 10 | DEGs at 3, 6, and 12 dpi in the candidate regions of
chromosomes 2 and 12 of PS and WM-7, conferring resistance to ToLCNDV.
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