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Abstract

Key message Identification of three genomic regions

and underlying candidate genes controlling the high

level of resistance to ToLCNDV derived from a wild

melon. SNP markers appropriated for MAS manage-

ment of resistance.

Abstract Tomato leaf curl New Delhi virus (ToLCNDV) is

a bipartite begomovirus that severely affects melon crop

(Cucumis melo) in the main production areas of Spain since

2012. In this work, we evaluated the degree of resistance of

four accessions (two belonging to the subsp. agrestis var.

momordica and two to the wild agrestis group) and their

corresponding hybrids with a susceptible commercial melon

belonging to the subsp. melo (Piel de Sapo, PS). The anal-

ysis using quantitative PCR (qPCR) allowed us to select one

wild agrestis genotype (WM-7) with a high level of resis-

tance and use it to construct segregating populations (F2 and

backcrosses). These populations were phenotyped for

symptom severity and virus content using qPCR, and

genotyped with different sets of SNP markers. Phenotyping

and genotyping results in the F2 and BC1s populations

derived from the WM-7 9 PS cross were used for QTL

analysis. Three genomic regions controlling resistance to

ToLCNDV were found, one major locus in chromosome 11

and two additional regions in chromosomes 12 and 2. The

highest level of resistance (no or mild symptoms and very

low viral titer) was obtained with the homozygous WM-

7WM-7 genotype at the major QTL in chromosome 11,

even with PSPS genotypes at the other two loci. The resis-

tance derived from WM-7 is useful to develop new melon

cultivars and the linked SNPs selected in this paper will be

highly useful in marker-assisted breeding for ToLCNDV

resistance in melon.

Keywords ToLCNDV � Cucumis melo � Resistance �
Genetic control � Breeding � Linked SNPs

Introduction

Tomato leaf curl New Delhi virus (ToLCNDV) causes a

devastating viral disease that threatens the main cucurbit

crops in Spain since 2012 (Juárez et al. 2014). It is a Be-

gomovirus (family Geminiviridae) with two circular single-

stranded DNA molecules of about 2.6–2.7 kb, referred to

as DNA-A and DNA-B, both required for essential viral

functions and encapsidated in geminate particles (Papidam

et al. 1995; Jyothsna et al. 2013). The virus is transmitted

by the whitefly Bemisia tabaci Genn. in a persistent manner

(Chang et al. 2010; Rosen et al. 2015) and it can be arti-

ficially inoculated mechanically (López et al. 2015).

ToLCNDV was first detected on tomato (Solanum

lycopersicum L.) in 1995 in north India (Srivastava et al.
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1995) and soon after was found in other south and south-

east Asian countries. The host range was extended to other

plant species, mainly crops of the Cucurbitaceae and

Solanaceae families (Chang et al. 2010; Pratap et al. 2011;

Khan et al. 2012; Jyothsna et al. 2013; Bandaranayake

et al. 2014). Before 2012, ToLCNDV was limited to Asian

countries; thereafter, it was reported in different Mediter-

ranean countries, affecting cucurbits [mainly zucchini

(Cucurbita pepo L. subsp. pepo), melon (Cucumis melo

L.), and cucumber (Cucumis sativus L.)]. It was initially

detected in Spain and more recently in Tunisia and Italy

(Juárez et al. 2014; Mnari-Hattab et al. 2015; Panno et al.

2016). In the background of its potential spread, European

and Mediterranean Plant Protection Organization (EPPO)

has added this virus to the EPPO Alert List (EPPO 2017).

The Spanish strain of ToLCNDV was first isolated from

zucchini plants grown in Murcia and Almerı́a in

2012–2013 (Juárez et al. 2014). Further analysis of Spanish

isolates from different regions and hosts showed genetic

uniformity, compatible with a recent introduction. This

uniformity contrasts with the high heterogeneity found in

isolates from other parts of the world (Fortes et al. 2016;

Ruiz et al. 2016).

In southern Spain, severe epidemic outbreaks of the

disease cause serious economic losses to greenhouses and

open field zucchini squash and melon crops. In melon, the

disease has spread to open fields in central Spain, the most

traditional Spanish area of extensive melon cultivation.

Yield losses around 20% have been reported in that area

(Hernández 2016). Melon plants affected by ToLCNDV

show curled leaves with yellow mosaic, stunted growth,

and longitudinal cracking of ovaries and fruits (Juárez et al.

2014; Font et al. 2015; EPPO 2017). Some control strate-

gies are being applied to prevent infections, relying on

whitefly control, structural measures in greenhouses, and

elimination of infected plants, but resistant commercial

cultivars have not been released yet (EPPO 2017).

The knowledge of the genetic basis of the resistance to

ToLCNDV is necessary to perform breeding programs.

Only in sponge gourd (Luffa cylindrica M. Roem.) and in

some Solanum species, the resistance to ToLCNDV has

been characterized. This resistance has been found to be

monogenic in Luffa cylindrica and polygenic in Solanum

spp. (Islam et al. 2010, 2011; Rai et al. 2013). In Cucumis

melo, López et al. (2015) screened a large germplasm

collection representing the diversity of the species as a

previous step. They identified resistance to the Spanish

isolate of ToLCNDV in five melon genotypes, all from

India and belonging to the subsp. agrestis (Naudin) Pan-

galo (three accessions of the momordica horticultural group

and two wild agrestis). In this work, we aimed to identify

QTLs controlling the resistance to ToLCNDV in C. melo

using segregating populations derived from one of these

resistant sources and a susceptible Piel de Sapo melon

(belonging to the subsp. melo).

Materials and methods

Plant material

Five Indian accessions of Cucumis melo subsp. agrestis

were identified as resistant by López et al. (2015) after

mechanical inoculation with ToLCNDV: three cultivated

momordica and two wild agrestis types. In this work, to

validate the resistant response to the virus infection, we

assayed two momordica (PI-414723 and Kharbuja) and two

wild types (WM-7 and WM-9). The cultivated accession

Piñonet Piel de Sapo (PS) (Cucumis melo subsp. melo var.

inodorus) was used as susceptible control.

Seeds of PI-414723 and Kharbuja were supplied by

USDA-NPGS and PS by COMAV genebanks, and seeds of

WM-7 and WM-9 came from the Indian collection

described in Roy et al. (2012). All accessions were multi-

plied by selfing at COMAV. Seeds were disinfected in a

5% solution of sodium hypochlorite for 3 min and washed

for 5 min in distilled water. Germination was performed in

Petri plates with moistened cotton at 37 �C for 48 h.

Seedlings were transplanted to pots in a growth chamber

under a photoperiod of 16 h day at 25 �C and 8 h night at

18 �C and 70% RH. Eight plants per genotype were

mechanically inoculated and assessed for resistance, using

symptom scores and quantitative PCR (qPCR). Six addi-

tional plants per genotype were grown in a greenhouse with

plants of the PS cultivar to generate the four F1 hybrid

progenies. Eight plants of each hybrid were phenotyped for

resistance to ToLCNDV. Six plants of the PS cultivar were

used as susceptible controls in each inoculation assay. The

screening results suggested that wild agrestis had better

resistance levels than momordica sources, so we selected

one of the wild accessions (WM-7) to generate the segre-

gating populations for genetic studies. We selected WM-7

after genotyping both wild accessions, because WM-9 was

highly heterozygous, whereas WM-7 was homozygous for

most of the analyzed loci. Plants of WM-7, PS, and their F1

generation were cultivated in a greenhouse to generate F2,

BC1PS, and BC1WM-7 (backcrosses to PS and to WM-7,

respectively) segregating populations. Both F2 and BC1

populations were screened against ToLCNDV (158 plants

of the F2 and 70 of each BC1PS and BC1WM-7 populations,

respectively).

Inoculation method

A ToLCNDV-infectious clone, with a 99% nucleotide

identity with the sequence of the Spanish isolate KF749224
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and KF749225 (Juárez et al. 2014), was agroinfiltrated by

injection into petioles of MU-CU-16 zucchini plants, which

showed ToLCNDV symptoms 15 days later (Sáez et al.

2016). ToLCNDV transmission to melon plants was per-

formed by mechanical inoculation as described by López

et al. (2015). Leaf tissue from the MU-CU-16 plants was

mashed in the presence of inoculation buffer in a 1:4

(w:v) proportion. All plants were mechanically inoculated

at the stage of two true leaves, leaving one not inoculated

as negative control. For each plant, one cotyledon and one

fully expanded leaf, previously dusted with carborundum

600 mesh, were gently rubbed with a cotton-swab dipped in

the homogenate inoculum. All plants were re-inoculated

10 days after the first mechanical inoculation to prevent

them from escaping to the infection.

To evaluate the behavior of the F1 WM-7 9 PS under

natural infection conditions, ten plants of the F1 and PS

were grown in a greenhouse located in El Ejido (Almerı́a)

along with 4000 commercial plans of Cucumis melo subsp.

melo var. cantalupensis. ToLCNDV infection in this

commercial greenhouse was due to the presence of vir-

uliferous whiteflies. The F1 plants and the PS controls were

planted at the end of February (2016) and evaluated for

symptomatology and virus titer at the beginning of May.

Disease assessment: symptoms and qPCR

All the mechanically inoculated plants and controls were

grown in a climatic chamber. Symptoms of ToLCNDV

were scored at 15 and 30 day post-inoculation (dpi), fol-

lowing the visual scale described in López et al. (2015),

ranging from 0 (absence of symptoms) to 4 (highly severe

symptoms). We used the Chi-squared (v2) test to assess

whether the number of resistant/susceptible plants fitted the

expected segregation.

Quantitative PCR was used to quantify the amount of

virus. The five parents and the corresponding F1s were

analyzed at 15 and 30 dpi. Viral accumulation was also

analyzed at 30 dpi in all plants of the segregating popula-

tions derived from the WM-7 9 PS (F2, BC1PS, and

BC1WM-7). Total DNA from apical leaves was extracted

using the Cetyltrimethyl ammonium bromide (CTAB)

method (Doyle and Doyle 1990) and quantified using a

NanoDrop 1000 spectrophotometer (Thermo Scientific,

Waltham, MA, USA). DNA was diluted with sterile-

deionized water to a final concentration of 5 ng lL-1.

Equal amounts of genomic DNA (15 ng) were used as

templates in qPCR reactions of 15 lL, containing 7.5 ll of

29 iTaqTM universal SYBR� Green Supermix (Bio-Rad),

1.5 ll of each primer, and 1.5 ll of H2O. Primers

ToLCNDVF1 (50-AATGCCGACTACACCAAGCAT-30,
positions 1145–1169) and ToLCNDVR1 (50-GGATC

GAGCAGAGAGTGGCG-30, positions 1399–1418) were

used for the amplification of a 273 bp fragment of viral

DNA-A. The two single copy Cucumis melo genes

CmPEROX and CmWIP1 (Mascarell-Creus et al. 2009)

were amplified in all samples as internal DNA extraction

controls using the primers CmPEROXF (50-ACTCGAT

CAACTTCGAGCAAA-30), CmPEROXR (50-GCCTATC

CAAAGACCTCGGCCTTCCC-30), CmWIP1F (50-TAGG

GCTTCCAACTCCTTCCTCTT-30), and CmWIP1R

(50CTTGCAATTGATGGGTGTGATCTTCTTG-30). All

samples were run in triplicate in a Roche Lightcycler 480.

Cycling conditions consisted on an incubation step at

95 �C for 5 min, and 45 cycles at 95 8C for 5 s and 60 8C
for 30 s to amplify CmPEROX and CmWIP1, and 40 cycles

at the same conditions to amplify ToLCNDV DNA. The Ct

(cycle threshold), which is the cycle number at which the

fluorescence passes the threshold, was calculated for the

viral target and the internal control genes in each sample.

Relative accumulation of ToLCNDV was estimated by the

comparative Ct method, using the formula 2-DDCt, where

DDCt is the difference between the DCt of each sample

(DCtsample: Ctreference genes – Ctviral target) and the DCt of the

calibrator sample (DCtcalibrator). The resistant parental WM-

7 at 15 dpi was used as the calibrator sample in all assays.

SNP genotyping and QTL analysis

Plants of the WM-7 and PS parental accessions, and the

derived F1, F2, BC1PS, and BC1WM-7 populations, were

genotyped with a set of 124 SNPs evenly distributed

throughout the melon genome. This SNP panel was

designed in previous studies and validated to perform QTL

analysis in subsp. melo 9 subsp. agrestis melon crosses

and to perform association studies (Leida et al. 2015;

Perpiñá et al. 2016). The genomic position in the melon

genome version 3.5.1 (Garcı́a-Mas et al. 2012) of the

polymorphic markers and their genetic position, estimated

with the genotype of the F2 population employing MAP-

MAKER 3.0 (Van Ooijen and Voorrips 2001) with the

Kosambi map function, are indicated in Additional file 1,

along with their flanking sequences. Total DNA was

extracted from young leaves tissue before inoculation,

using the protocol described in Esteras et al. (2012). DNA

was quantified and adjusted to 15 ng lL-1. Genotyping

was done using the iPLEX� Gold MassARRAY� Seque-

nom system at the Epigenetic and Genotyping unit of the

University of Valencia (Unitat Central d́Investigació en

Medicina (UCIM), Spain).

To identify markers linked to the resistance to

ToLCNDV derived from WM-7, a QTL analysis was

performed using symptom score at 15 and 30 dpi and

ToLCNDV relative accumulation at 30 dpi of the F2

population. We used the Kolmogorov–Smirnov test to

check the normality assumption of traits distribution. Since
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the traits were not normally distributed, Kruskal–Wallis

non-parametric test was used for quantitative trait loci

(QTL) detection using the MapQTL version 4.1 software

(Van Ooijen 2009), considering as significant associations

those with p\ 0.05.

In addition, a composite interval mapping approach

(CIM, Zeng 1994) was applied. For the relative viral

accumulation, the transformed distribution of DDCt (ln

(DDCt) ?2) instead of 2-DDCt was used. It was imple-

mented in Windows QTL Cartographer 2.5 (Wang et al.

2012), using a windows size of 15 cM and five cofactors.

QTLs having LOD scores greater than a threshold value

that had been determined by a permutation test were

retained (1000 permutations were applied at the genome-

wide level or each linkage group separately). Loci identi-

fied with both methods (Kruskal–Wallis and CIM) were

considered true QTLs. For each QTL peak, we estimated

the percentage of phenotypic variation explained (R2), the

additive and dominance effects, as well as the degree of

dominance. A drop interval of 1.5 from the peak LOD was

used to map the position of QTLs.

Additional mapping in chromosome 11

A new set of SNPs was designed to confirm QTL analysis

and refine the position of the main locus associated with

resistance to ToLCNDV located in chromosome 11. These

new SNPs were obtained from a resequencing assay of the

two parents, WM-7 and PS, which provided 12,927 poly-

morphisms between them. A set of 19 SNPs uniformly

covering the chromosome 11 was implemented in a new

Sequenom assay and used to genotype parents, F1 and F2

populations. These genotyping results were used to con-

struct a new genetic map of chromosome 11. MAP-

MAKER 3.0 (Van Ooijen and Voorrips 2001) software and

the Kosambi map function was employed to generate the

new map. The genetic distances of the new map were used

in a second QTL analysis following the same procedure

described above. The genetic and genomic positions of

these markers and their flanking sequences are shown in

Additional file 2. Increasing the marker density in the

candidate region is useful to narrow the size of the QTL

confidence interval. However, CIM results can be affected

by an uneven distribution of markers. We adjusted the CIM

model to these new set of markers. The best results were

obtained using a windows size of 10 cM and three cofac-

tors. Those markers closely linked (\1 cM) that cause

collinearity, and those having more than a 10% of missing

data were removed from the analysis. In addition, 50 plants

of the BC1PS and 50 of BC1WM-7 populations were geno-

typed to validate QTL analysis with both SNPs sets (the

first background SNPs and the additional set of chromo-

some 11 SNPs).

Study of QTL interactions

Epistatic interactions between the main QTLs involved in

ToLCNDV resistance were investigated by two-way

ANOVA with the STATGRAPHIC Centurion XVI.I

statistic software and using the genotypic data from the

linked markers in the F2 population. These markers were

D16 for the QTL in chromosome 11, CMPSNP658 for the

QTL in chromosome 2, and AI_35-A08 for the QTL in

chromosome 12. Interactions were considered to be sta-

tistically significant when p B 0.05.

Results

Resistance of the different melon sources and their

F1 progeny

All the assayed accessions showed resistance to

ToLCNDV, with no symptoms or only mild-to-moderate

symptoms (most scores from 0 to 2), compared to the

severe symptoms found in the susceptible PS cultivar

(scores from 3 to 4), and with viral titers that were on

average 15 times lower than those of the PS control

(Fig. 1). However, differences in the response to

ToLCNDV infection were observed between the wild

agrestis and the momordica types. Plants of the Kharbuja

accession developed mild symptoms at 30 dpi, and showed

the highest ToLCNDV virus titer among the assayed

resistant sources (Fig. 1). Most plants of PI-414723

remained symptomless, and although a few showed mod-

erate symptoms at 15 dpi, all recovered and were symp-

tomless at the end of the assay. The F1 hybrids of these two

momordica accessions with PS showed similar behavior. In

general, symptoms in F1 plants were slightly more severe

than those of the corresponding resistant parents, but

remained mild to moderate at the end of the assay. These

momordica derived F1 had viral titers significantly higher

than those of the resistant parents, increasing from 15 to

30 dpi, but still around 4–6 times lower than PS.

The two wild agrestis WM-7 and WM-9 exhibited a

higher level of resistance. Symptoms were milder (scores

0–1) than those of the momordica accessions, and viral

titers were very low, both in the parents and F1 progenies

(Fig. 1). The fact that resistance to ToLCNDV remained in

F1 progenies suggests a dominant genetic control of this

trait. The genetic control of virus resistance was studied in

the F2 and BC1 populations obtained from WM-7 9 PS.

In the greenhouse assay, F1 plants derived from WM-7

remained symptomless and with a low viral titer in the

greenhouse (symptom score of 0 and 2-DDCt value of

210 ± 35), whereas the PS controls and the commercial

cantaloupes showed severe symptoms (including fruit
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cracking) and high viral accumulation (scores 1–3, and

3–4, and 2-DDCt values 11,250 ± 532 and 14,325 ± 450,

respectively) after the natural infection with viruliferous

whiteflies.

Response of segregating populations

The F2 and BC1PS populations derived from WM-7 9 PS

segregated for both symptoms severity and ToLCNDV

accumulation. All plants of the BC1WM-7 generation

remained symptomless at the end of the assay.

In the F2 population, 108 plants remained symptomless or

with mild symptoms at the end of the assay (scores 0 and 1),

whereas 50 plants showed moderate to very severe symp-

toms at 30 dpi (scores 2–4), with leaf curling and yellow

spotting typical of ToLCNDV infection. Plants with symp-

tom scores of 0 and 1 (similar to those found in the resistant

parent and in the corresponding F1) were classified as

resistant, and those with symptom scores between 2 and 4 as

susceptible. The v2 test indicated that this segregation fitted

to a 3:1 (resistant:susceptible) ratio expected for a single

dominant gene for resistance (p = 0.07) (Table 1).

BC1PS also segregated for symptoms severity with 38

resistant (scores 0–1) and 32 susceptible (scores 2–4) plants

at 30 dpi. This segregation also fitted to a 1:1 ratio

expected for a single dominant gene (p = 0.4) (Table 1).

To further characterize the response to ToLCNDV, virus

accumulation was estimated in segregating populations by

qPCR (Fig. 2). Viral titer positively correlated with

symptoms severity (r2 = 0.9301 and 0.978, p = 0.0002

and 0.0215, in F2 and BC1PS, respectively). In both pop-

ulations F2 and BC1PS, the resistant plants had viral

amounts significantly lower than susceptible plants (mean

2-DDCt values 263.7 versus 1037.8, and 1687.8 versus

5778.4 for F2 and BC1PS, respectively), and a high vari-

ability in the viral titer was found in susceptible plants.

Mean viral titer of the BC1PS population was signifi-

cantly higher than that of the F2. This effect was observed

in the resistant and susceptible categories (Fig. 2). Vari-

ability was also found in virus titer among plants of the

BC1WM-7 population, with a mean 2-DDCt value of 140.75,

ranging from 0.002 to 4083.8. Taking together all these

results, an effect of the genetic background (additional

genes from the resistant parent) on the viral accumulation

is suggested.

QTL analysis of F2 population

To study the contribution of different genomic regions to

ToLCNDV resistance, a QTL analysis was performed,

using genotypic and phenotypic data of the F2 population.

Genotyping results of the F2 population with the

Fig. 1 Relative ToLCNDV accumulation (calculated as 2-DDCt) at

15 and 30 days after mechanical inoculation (dpi) with ToLCNDV

(light and dark bars, respectively), in four Cucumis melo subsp.

agrestis resistant accessions (two momordica, Kharbuja and

PI414723, and two wild types WM-7 and WM-9), the susceptible

control C. melo subsp. melo Piñonet Piel de sapo (PS) and their

respective hybrids. Mean and range of symptom score at 15/30 dpi

are indicate in the x axis legend
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background set of SNPs and phenotypes for symptom score

at 15 and 30 dpi and virus titer at 30 dpi were used for the

analysis. Since the studied traits did not fit to a normal

distribution, the non-parametric Kruskal–Wallis test (KW)

was used to identify QTLs using untransformed data, and

Composite Interval Mapping Method (CIM) was used with

transformed data. Three genomic regions involved in the

variation of these traits were detected with both methods

(Table 2).

Three major overlapping QTLs were found in chromo-

some 11, one for each trait (ToLCNDVSy15_11,

ToLCNDVSy30_11, and ToLCNDVVT30_11), located

between CMPSNP30 and CMPSNP475 markers, with

LOD peaks of 19.3, 50.7, and 12.9 (located at 60.5, 57.4,

and 59.5 cM). These QTLs explained 67, 67, and 54% of

the observed variation of symptoms at 15 dpi, 30 dpi, and

viral accumulation, respectively (Table 2). We found

additional overlapping QTLs for all traits in chromosome

12 (ToLCNDVSy15_12, ToLCNDVSy30_12, and

ToLCNDVVT30_12) and for viral accumulation in chro-

mosome 2 (ToLCNDVVT30_2). The QTLs in chromosome

12, with 5.3, 3.9, and 4.6 LOD scores were located close to

the AI_35-A08 marker (LOD peaks at 14.9, 15.7, and

12.9 cM), and explained percentages of variation of 18, 10,

and 10%, respectively, for each trait. The QTL in chro-

mosome 2 (LOD peak 4.8 at 82.1 cM, closest marker

CMPSNP658) was only significant for virus titer, and

explained 13% of the observed variance for this trait.

Further analysis of the major QTL in chromosome

11

The resequencing data of the parental lines provided

additional SNPs evenly distributed in the candidate region

of chromosome 11 that were used to genotype the F2

population. Genotyping results were employed to generate

a new genetic map of this region covering 112.2 cM, with

an average distance between consecutive markers of

4.7 cM (Fig. 3). The new QTL analysis confirmed the

occurrence of major QTLs in chromosome 11

(ToLCNDVSy15_11, ToLCNDVSy30_11, and

ToLCNDVVT30_11), with LOD scores of 3.2, 5.2, and 11.6

(LOD peaks located at 68.0, 69.0, and 68.4 cM) and 11, 21,

and 32 of explained variance, respectively (Table 3;

Fig. 3). Despite this second mapping experiment decreased

the proportion of explained variance, it allowed the

Table 1 Segregation of

resistant/susceptible plants in

F2, BC1PS, and BC1WM-7

progenies (derived from the

cross WM-7 9 PS) 30 days

after mechanical inoculation

with ToLCVND

Progeny Symptoms segregation Expected proportion v2 test*

Resistant Susceptible

F2 108 50 3:1 3.4 (p = 0.07)

BC1PS 38 32 1:1 0.7 (p = 0.4)

BC1WM-7 70 0 1:0 –

* Probability of the v2 value calculated for a dominant monogenic expected ratio

Fig. 2 Mean relative

ToLCNDV accumulation

(calculated as 2-DDCt) in plants

within each symptomatic class

in F2 and BC1PS populations

(derived from the cross WM-

7 9 PS) at 30 dpi
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delimitation of the position interval of the

ToLCNDVSy30_11 and ToLCNDVVT30_11 QTLs between

the new D14 and D23 markers (located in chromosome 11

physical positions 29,550,418 and 30,192,781, respec-

tively), being the D16 (29,690,406) the closest marker to

the LOD peaks.

Epistatic interactions between QTLs involved

in ToLCNDV resistance

To detect the putative effects of the regions of chromo-

somes 2 and 12 on the major QTL in chromosome 11, the

digenic interactions between them were studied. Those that

were statistically significant (p B 0.05) are shown in

Table 4.

QTL in chromosome 11 versus chromosome 12

Significant interactions were identified between

ToLCNDVSy15_11 and ToLCNDVSy15_12 (p = 0.005)

and between ToLCNDVSy30_11 and ToLCNDVSy30_12

(p = 0.0425) (Table 4; Fig. 4), which explained 10.8

and 7.12% of the variance of each trait, respectively.

The effect of interaction was similar for both traits

(Fig. 4). The occurrence of the WM-7 homozygous

genotype at D16 resulted in a high level of resistance

(no or mild symptoms), independently of the genotype at

the chromosome 12 locus. However, the symptom

severity of plants both heterozygous and PSPS at D16

was dependent on the genotype at locus AI_35-A08. The

D16 heterozygous plants displayed no or mild symptoms

when combined with WM-7WM-7 AI_35-A08 genotype,

but mild to moderate when combined with PSPS or

heterozygous genotype at chromosome 12. Only the D16

PSPS/AI_35-A08PSPS plants were highly susceptible

(severe symptoms) as the presence of the WM-7 alleles

at the AI_35-A08 locus (both in heterozygosity or

homozygosity) in D16 PSPS plants resulted in interme-

diate symptoms.

QTL in chromosome 11 versus chromosome 2

A significant interaction was also identified between

ToLCNDVVT30_11 and ToLCNDVVT30_2 (p = 0.0168)

(Table 4), which explained 2.8% of the genetic variance of

this trait. The homozygous plants for the WM-7 allele at

marker D16 were all resistant with a very low viral titer,

independently of the genotype at marker CMPSNP658

(Fig. 4). However, the response of the heterozygous

genotype at D16 was dependent on the genotype at

CMPSNP658. Viral titer was low, although higher than that

of the resistant WM-7WM-7 D16 genotype when the

genotype at the CMPSNP658 locus was homozygous for

Table 2 Quantitative trait loci (QTLs) identified in the F2 segregating population genotyped with background SNPs, using the non-parametric

Kruskal–Wallis test with untransformed data, and composite interval mapping method with transformed data

Trait Chra Intervalb

(cM)

Nearest

markerc
QTL name Kruskal–Wallis Composite interval mapping

K*d Mean

WM-7e
Mean

PSf
LODg Addh Domi d/aj R2 k

Symptoms

15 dpi

11 52.2–65.3 CMPSNP475 ToLCNDVSy15_11 ***** 0.035 1.29 19.3 1.14 -1.21 -1.06 0.67

12 0–34.5 AI_35-A08 ToLCNDVSy15_12 **** 0.087 1.25 5.3 0.63 -0.16 -0.25 0.18

Symptoms

30 dpi

11 51.0–63.8 CMPSNP475 ToLCNDVSy30_11 ****** 0 2 50.7 1.8 -2.00 -1.11 0.67

12 0–32.1 AI_35-A08 ToLCNDVSy30_12 *** 0.17 1.83 3.9 0.74 0.20 0.27 0.10

Mean of

DDCt

2 70.9–100.3 CMPSNP658 ToLCNDVVT30_2 ** -1.59 -4.76 4.8 -3.36 0.23 -0.07 0.13

11 46.9–68.8 CMPSNP475 ToLCNDVVT30_11 ******* 2.48 -5.21 12.9 -5.82 -0.53 0.09 0.54

12 0–18.7 AI_35-A08 ToLCNDVVT30_12 ** -0.007 -4.75 4.6 -2.71 -0.76 0.28 0.10

a Chromosome
b Interval position of the putative QTL, identified in the WM-7 9 PS F2 by CIM, in cM on the genetic map according with a LOD drop of 1.5
c The closest marker to LOD peak
d K*: significant level in the Kruskal–Wallis test **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001, ******: 0.0005, *******: 0.0001
e Mean of the genetic class WM-7 in each marker
f Mean of the genetic class PS in each marker
g LOD higher logarithm of the odds score
h Add additive effect of the PS allele
i Dom dominant effect of the PS allele
j d/a degree of dominance
k R2 percentage of phenotypic variance explained by the QTL
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the WM-7 allele or heterozygous, but high viral titers were

found when the CMPSNP658 genotype was homozygous

for the PS allele.

Validation of the resistance in the BC1PS

and BC1WM-7 populations

To confirm the effect of the chromosome 11 major QTL in

BC1PS and BC1WM-7 populations, the means of symptom

score at 15 and 30 dpi and viral accumulation (2-DDCt)

were calculated for each genotypic class of the D16 marker

(Fig. 5), and compared with those of the F2 generation. In

addition, interactions with QTLs of chromosomes 2 and 12

were studied in backcrosses (Fig. 6).

The high level of resistance of the WM-7 homozygous

genotype at D16 was confirmed at the BC1WM-7 popula-

tion. All the WM-7WM-7 BC1WM-7 plants had no symp-

toms and viral titers as low as the WM-7WM-7 F2 plants

(Fig. 5). Intermediate levels of resistance were also found,

as expected, in D16 heterozygous BC1WM-7 plants. The

heterozygous BC1WM-7 plants showed less symptoms than

F2 plants but similar viral titers. A reduction of viral titer,

similar to that found in the F2, was observed in the

BC1WM-7 population due to the presence of the WM-7WM-

7 genotype in the two additional loci, more pronounced

with locus CMPSNP658 (Fig. 6a, b).

The D16 heterozygous plants of the BC1PS generation

showed symptoms and viral titers significantly higher

Fig. 3 Genetic map of the chromosome 11 constructed with the

genotyping data of the F2 population (derived from the cross WM-

7 9 PS). The position of the major QTLs for the three traits

(symptoms at 15 and 30 dpi and virus titer at 30 dpi) associated with

ToLCNDV resistance are indicated. Map distances (cM) were

obtained using Kosambi’s function and QTL location was obtained

by Composite Interval Mapping (CIM) method
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than that of heterozygous F2 plants (Fig. 5). The effect

of the other two loci was also confirmed in BC1PS,

where a significant drop of virus titer caused by

heterozygous genotypes in chromosomes 2 and 12 was

observed (Fig. 6a, b).

Discussion

In the present work, we studied the genetic control of

resistance to ToLCNDV from the wild agrestis Indian

melon accession WM-7 using mechanical inoculation.

WM-7 was first selected as resistant after screening a wide

collection of C. melo (López et al. 2015). In agreement

with this previous work, the two agrestis accessions used

here were found to be more resistant that the two

momordica accessions. In the current paper, the resistant

response of the F1 derived from WM-7 to natural whitefly

inoculation is also demonstrated. Indian germplasm has

been previously used as source of resistances to viral and

fungal pathogens for breeding melons (Dhillon et al. 2012;

McCreight et al. 2017). However, this germplasm has not

yet been exploited for breeding melons against ToLCNDV.

Mendelian analysis of symptom segregation in F2 and

BC1s populations derived from WM-7, as well as QTL

results, suggested the presence of a major dominant gene in

chromosome 11 controlling symptoms development and

virus titer and an effect of additional genomic regions (in

chromosomes 12 and 2) on disease progress. Those results

are consistent with the existence of a major dominant gene

reported to control the resistance to whitefly transmission

of ToLCNDV in sponge gourd (Luffa cylindrica), another

cucurbit crop popular in India (Islam et al. 2010), for which

two linked SRAP markers have been reported (Islam et al.

2011). In our study, the use of mechanical inoculation

could have increased the genetic complexity of the trait.

Any of the minor genes could, for example, be implicated

in resistance to mechanical transmission (i.e., in the

restriction of the virus movement from cell to cell in the

leaf parenchyma), which would be not important for the

disease when inoculated in the phloem directly by the

whitefly. A similar oligogenic control, three dominant

Table 3 Confirmation of the major QTLs for ToLCNDV resistance

ToLCNDVSy15_11, ToLCNDVSy30_11, and ToLCNDVVT30_11 after

genotyping the F2 population with new markers evenly distributed in

chromosome 11 using the non-parametric Kruskal–Wallis test with

untransformed data and composite interval mapping method with

transformed data

Trait LGa Intervalb

(cM)

Nearest

markerc
QTL mane Kruskal–Wallis Composite Interval Mapping (CIM)

K*d Mean

WM-7e
Mean

PSf
LODg Addh Domi d/aj R2 k

Symptoms

15 dpi

11 61.0–79.0 D16 ToLCNDVSy15_11 ***** 0.48 0.65 3.2 0.56 0.054 0.096 0.11

Symptoms

30 dpi

11 68.9–72.7 D16 ToLCNDVSy30_11 ******* 0.03 1.98 5.2 0.95 0.24 0.25 0.21

Mean of

DDCt

11 66.4–71.0 D16 ToLCNDVVT30_11 ******* -2.71 -3.56 11.6 -0.34 -0.33 0.97 0.32

a Chromosome
b Interval position of the putative QTL, identified in the WM-7 9 PS F2 by CIM, in cM on the genetic map according with an LOD drop of 1.5
c The closest marker to LOD peak
d K*: significant level in the Kruskal–Wallis test **: 0.05, ***: 0.01, ****: 0.005, *****: 0.001, ******: 0.0005, *******: 0.0001
e Mean of the genetic class WM-7 in each marker
f Mean of the genetic class PS in each marker
g LOD higher logarithm of the odds score
h Add additive effect of the PS allele
i Dom dominant effect of the PS allele
j d/a degree of dominance
k R2 percentage of phenotypic variance explained by the QTL

Table 4 Significant epistatic interactions (p B 0.05) between SNPs

linked to the three regions involved in ToLCNDV resistance, calcu-

lated with data from the F2 segregating population

Traits Markers (Chr) p value

15 dpi D16 9 AI_35-A08 (12) 0.005

30 dpi D16 9 AI_35-A08 (12) 0.0425

Relative viral titer 2-DDCt D16 9 CSMSNP658 (2) 0.0168
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genes, has been reported in Solanum habrochaites S.

Knapp & D. M. Spooner, a wild species related to tomato,

after ToLCNDV agroinoculation (Rai et al. 2013).

Our study also indicate the existence of epistatic inter-

actions between these three regions, both for symptoms

development and for viral accumulation. Similarly,

Fig. 4 Epistatic interactions identified in F2 population between D16

marker (chromosome 11) and CMPSNP658 and AI_35-A08, of

chromosome 2 and 12, respectively, for symptoms at 15 and 30 dpi

and viral titer at 30 dpi (genotypic classes of D16 marker: PS plants

homozygous for the PS allele, h heterozygous plants, WM-7 plants

homozygous for the WM-7 allele)

Fig. 5 Mean of symptom score at 15 and 30 dpi and viral titers in F2, BC1PS, and BC1WM-7 populations, according to each genotypic class of

D16 marker (chromosome 11). Genotypic classes of D16 marker are as in Fig. 4
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Palomares-Rius et al. (2016) described two genomic

regions involved in the resistance to Cucurbit yellow

stunting disorder virus (CSYDV), one responsible for virus

multiplication and the other controlling symptoms devel-

opment, also derived from a subsp. agrestis melon type.

The knowledge of these epistatic interactions between the

three loci involved in the resistance to ToLCNDV will be

necessary to develop new melon cultivars derived from

WM-7. In this context, the linked SNPs selected in this

paper will be highly useful in managing these loci in

breeding programs.

Available background SNPs derived from previous

resequencing experiments (Blanca et al. 2011, 2012;

Esteras et al. 2013; Leida et al. 2015), and the additional

SNPs generated in new resequencing assays, allowed an

accurate analysis of the region of chromosome 11. Among

the genes annotated in the candidate region of chromosome

11 (Additional file 3), we have not found nucleotide

binding site-leucine-rich repeat gene sequences, present in

the majority of plant R genes. These sequences were

strongly associated with resistance to ToLCNDV in Luffa

cylindrica Roem (Saha et al. 2013), and were also found to

be induced in Capsicum annuum following ToLCNDV

infection (Kushwaha et al. 2015). In addition, the leucine-

rich repeat receptor-like kinase NIK confers high resistance

to begomoviruses by trigging translational suppression on

begomovirus infection (Brustolini et al. 2015; Zorzatto

et al. 2015). In tomato, defense-related host gene expres-

sion in response to ToLCNDV includes one gene differ-

entially expressed in a resistant cultivar that encodes a 26S

proteasomal subunit RPT4a (SlRPT4) that interferes with

the ToLCNDV genome transcription and activates hyper-

sensitive response (Sahu et al. 2016). We did not find either

sequences related to factors involved in recessive resis-

tance to viruses, such as eukaryotic translation initiation

factors (Yeam 2016), or messenger RNA surveillance

factors, like Pelota (located in locus Ty-5), which confers

resistance to geminiviruses in tomato (Lapidot et al. 2015).

Further analysis of this region is necessary to check if it

contains genes similar to those mentioned above that have

not been annotated yet.

However, interestingly, the sequence analysis of this

region revealed a predicted transcription factor similar to the

TIFY4B from Arabidopsis thaliana (MELO3C022348,

located at chromosome 11 position 30,052,212–30,054,984)

(Chung and Sunter 2014) that has shown a potential role in

host defense against geminiviruses. TIFY4B is a plant-

specific DNA binding protein that interacts with bego-

moviruses for their transcription activity (Lacatus and Sunter

2009). The overexpression of this factor may delay symptom

development by inhibiting viral replication, determining as a

consequence the degree of symptom severity to

Fig. 6 Mean of symptom score

and viral titers at 30 dpi in

plants, of the BC1PS, F2, and

BC1WM-7 populations,

heterozygous for the D16

marker (chromosome 11) and

classified according their

genotype in markers

CMPSNP658 (chromosome 2,

dotted bars) and AI_35-A08

(chromosome 12, solid bars).

For these markers, dark bars

represent PSPS genotype, grey

bars heterozygous genotype,

and white bars WM-7WM-7

genotype
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geminiviruses depending on the host. For example, the

expression of TIFY4B in Nicotiana benthamiana and

tomato increased in response to geminivirus infection,

reducing viral replication (Chung and Sunter 2014). In

addition, a protein similar to the serine/threonine-protein

kinase PBS1 of A. thaliana (MELO3C022340, located at

chromosome 11 position 29,959,231–29,964,198) is anno-

tated in this region. PBS1 is required for plant defense

mechanism mediated by R proteins, and appeared to be

highly upregulated in tomato cultivars that were resistant to

ToLCNDV (Sahu et al. 2010). A similar protein OsPBL1

(PBS1-like) is involved in antiviral defense signaling path-

ways in rice (Lee and Kim 2015).

In the candidate region of chromosome 2, there is an RNA-

dependent RNA polymerase 2 gene (MELO3C017106,

located in chromosome 2 in position 25,048,095–25,052,883).

This function has been described to contribute to basal virus

resistance in many species (Hunter et al. 2016). For example,

the widely used Solanum chilense-derived Ty-1 and Ty-3

alleles, which confer resistance to the geminivirus tomato

yellow leaf curl virus (TYLCV) and Tomato mottle virus

(ToMoV) (Zamir et al. 1994; Ji et al. 2007), also encode for an

RNA-dependent RNA polymerase involved in the RNAi

response to virus infections (Verlaan et al. 2013). RNAi has a

key role in the defense of plants against begomoviruses (Zaidi

et al. 2016). In tomato, both virus-specific siRNAs and miR-

NAs seem to be involved in the resistance against ToLCNDV

(Naqvi et al. 2010; Sahu et al. 2010; Pradhan et al. 2015), and

transgenic plants expressing RNAs for silencing were highly

resistant (Mubin et al. 2007; Vu et al. 2013; Sharma et al.

2015). Most of these resistance sources are known to support

virus replication. However, the level of virus accumulation is

lower than the levels in susceptible cultivars. The candidate

region of chromosome 12 contains a CCR4-associated factor

1 (CAF1) (MELO3C025580, located at chromosome 12 in

position 13,943,018–13,944,220). This factor has been

reported to be associated with plant defense responses (Sar-

owar et al. 2007; Chou et al. 2014).

Preliminary approximation to candidate genes involved in

virus resistance and disease defense provides interesting

information to identify the gene/s involved in resistance to

ToLCNDV. Future work will focus on fine mapping the three

QTLs responsible for the resistance and in expression studies

and co-segregation assays of the candidate genes to facilitate

the transfer of these QTLs into elite breeding lines.
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