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Abstract

Zucchini yellow mosaic virus (ZYMV) is one of the most important pathogens that cause yield losses in
cucumber. The objectives of this study were to investigate the structure of genetic resistance to ZYMV in
cucumber for marker-assisted selection (MAS). Forty-eight resistant and 48 susceptible lines were selected
from a germplasm collection of 600 cucumber lines. Bulk DNAs of resistant and susceptible lines were
screened to find candidate marker(s) using ISSR, RAPD, and a cleaved amplified polymorphism (CAP)
primer, which targeted over 5000 cucumber loci. A total of 54 candidate marker loci were identified. In
association analyses, using TASSEL software, associated markers were detected. The results explained 78%
of the total ZYMV variation. The remaining 22% of the variation was possibly due to the presence of
additional genes and environmental effects that caused lower repeatability. The markers developed in this
study may allow successful discrimination of resistant and susceptible cucumbers for markers assisted
selection in breeding programs.

Introduction

Plant diseases are an important problem that hinders production and export by reducing the
yield and quality of vegetables (Hussain et al. 2021). Environmental conditions, pathogens, and
insects can cause plant diseases. Plant diseases need to be detected early and controlled to ensure
sustainable vegetable production. There are many diseases that can affect cucurbits such as fungi,
bacteria, viruses, and insects. Crop losses caused by viral diseases are significant in Cucurbitaceae
species (Islam et al. 2018). As a whole, RNA viruses pose a significant threat to vegetable
production (Kone et al. 2017). The zucchini yellow mosaic virus (ZYMV) is a member of the
family Potyviridae and contains only one RNA sequence (Romay et al. 2014a). This virus is an
aphid-borne potyvirus and one of the most common pathogens causes major losses worldwide in
members of the Cucurbitaceae family (Kamberoglu et al. 2016). Cucurbit crops, such as
watermelon, cucumber, and squash, are susceptible to the virus. The wild cucurbit can be an
effective virus reservoir (Romay et al. 2014b). A lack of information, poor management practices,
and the use of uncertified seeds also contribute to the spread of viral diseases (Ahsan et al. 2020).
Genetic resistance is an effective way to limit losses caused by virus diseases (Nagendran et al.
2017). Breeding for ZYMYV resistance is the best approach. It is possible to breed varieties that are
virus-resistant using conventional breeding methods. A single recessive gene (zym-FL) in
watermelon is responsible for its high level of ZYMYV resistance (Guner 2018). Inheritance of this
trait has been previously characterized (Cardoso et al. 2010). According to these results,
cucumber resistance to ZYMYV may be inherited, recessively. Thus, introduction of resistance
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allele into elite lines requires generations of backcrossing and inoculations of progenies with
pathogens, extending the time required for developing resistant plants. It is possible to reduce this
time by using marker-assisted selection (MAS). A MAS study in plants can be performed by
molecular characterization (Tecirli et al. 2018, Coskun 2022, Coskun and Gulsen 2024) as well as
association mapping (Kumar et al. 2022, Coskun 2023). Genetic maps in plants enable the
identification of gene regions associated with biotic stress factors in plants. By using this
technique, it is possible to identify genes that are associated with disease resistance and toleration
to biotic stress. There have been several DNA markers linked to the recessive ZYMV resistance
gene (zym) previously reported (Park et al. 2004). Different ZYMV resistance loci are likely to
exist. Therefore, additional investigation linked to the zym loci covering highly variable
germplasm is needed for marker development. The aim of this study was to determine the genetic
structure that underlies cucumber resistance to ZYMV for marker-assisted selection.

Materials and Methods

The study was carried out in the Molecular Biology Laboratory, Faculty of Agriculture,
University of Erciyes, Turkiye. A total of 600 accessions were previously tested by ELISA for
ZYMV resistance by the classical method. A total of 48 resistant and 48 susceptible lines were
selected from this population for further analysis. Total DNA was extracted from 30 mg tissue
using a modified CTAB DNA extraction procedure. Equal amounts of DNA from five resistant
and 5 susceptible lines were mixed to prepare two bulks, which were later used to screen for
molecular marker polymorphism. For marker production, 1160 RAPD and 26 ISSR, and one CAP
primers were used to evaluate resistant and susceptible bulks. Those primers producing marker
polymorphism between the bulks were applied to 48 resistant and 48 susceptible samples. A CAP
marker developed by Amano et al. (2013) was also used for analysis. This produced 338 bp PCR
fragments, then digested with Dral enzyme producing 313 and 25 bp fragments. Each of 15 pl
PCR components consisted of 0.66 mM of each of primers, 200 uM of each dNTPs, 1.5 pl of 10x
PCR buffer, 2-2.5 mM of MgCl,, ddH,O, one unit of Taq polymerase and 20 ng of template DNA.
PCR products of four marker systems were separated on 2-3% agarose gel at 110 V for 3-6 hrs
and visualized under UV light. Each band was scored as present (1) or absent (0) and data were
analyzed with the NTSYS-pc (version 2.1) software package (Rohlf 2000). These similarity
matrices were used to construct a dendrogram using the UPGMA to determine genetic
relationships among the germplasm studied. Population structure was analyzed using a model-
based approach, Bayesian method by software Structure, version 2.3.2 (Pritchard et al. 2000).
Association analyses between marker loci and phenotypic values were performed using the
general linear model (GLM) functions in TASSEL stand-alone version 3.1 (Bradbury et al. 2007).
Finally, backward regression was used to develop a regression model to predict phenotype based
on genotype using SAS software.

Results and Discussion

In this study, 1187 primers were used which included 1160 RAPD, 26 ISSR, and one CAP
primer. The primers were applied first to the bulk DNA of 5 susceptible and 5 resistant
individuals, followed by all 96 samples. It was amplified more than 5000 loci in Cucumis sativus.
A total of 1160 RAPD primers were applied to 96 samples, and these samples were scored after
visualized in an agarose gel. A total of 13 polymorphic fragments were produced among 96
resistant and susceptible lines from 26 ISSR primers. Moreover, Dral enzyme digestion of one
CAP marker produced a codominant polymorphism among the lines. Amano et al. (2013) reported
a CAP marker (dCAPS-G99A) cosegregating with resistance. This marker was analyzed for the
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lines in this study (Fig. 1). High association were observed between this CAP marker and
resistance. The samples 54, 71, 72 and 74, however, had resistance alleles despite being
susceptible. Similarly, among the resistant samples detected by classical screening, lines 80 and
250 were heterozygous and Lines 272, 91, 125, 147, 148, 379, 341, 345, 188, 203 and 214 had
susceptible allele. The CAP marker developed by Amano et al. (2013) was also assessed for other
known cultivars and lines in this study. This CAP marker was tested on known resistant (e.g.,
Silyon RZ, TMG-1, Sardis) and susceptible lines (e.g., Maraton and 8 others). It was found that
Silyon and TMG-1 had resistant alleles, but Sardis had susceptible alleles. A susceptible allele was
present in all susceptible samples. Using cluster analysis, 54 markers were analyzed to identify
loci with associations. Three out of four different matrices (correlation, simple matching, average
distance, and Dice similarity) clustered the 54 markers into two subclusters (Figs 2 and 3).
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Fig. 1. Gel image obtained with CAP marker of resistant and susceptible individuals detected by classical
screening of samples.

TASSEL software used membership coefficients for five subpopulations produced by the
STRUCTURE program as covariances. Out of 54 markers, only loosely correlating 38 as detected
by NTSYS software were used for substructuring Bayesian analysis. This resulted in five
subpopulations among the 96 samples. For estimating candidate markers for ZYMV resistance in
cucumber, association analysis was performed using three data files (phenotype, genotype, and
substructure) in TASSEL. Based on F-statistics and permutation (1000), candidate markers were
detected (Table 1). The CAP marker alone explained 42% of the total variation for ZYMV among
the 96 samples, followed by OPM07600 (27%) and OPD07920 (26%).
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Table 1. The 54 markers, P values based on F and permutation tests, R? values as obtained with

TASSEL software.
Marker F test-based Permutation-based R?
P-value P-value
CAP 0.0000000000003 0.001 0.44
OPMO07600 0.00000003 0.001 0.29
OPD07920 0.0000002 0.001 0.26
(AG)8YC500 0.000003 0.001 0.23
OPBA16670 0.00001 0.001 0.19
(GT)8YA1000 0.00007 0.004 0.18
OPE16770 0.00009 0.005 0.16
OPU012000 0.00009 0.005 0.16
OPN041000 0.0002 0.014 0.14
OPAL111000 0.0005 0.024 0.13
OPP12550 0.0008 0.037 0.12
OPBA131800 0.0009 0.042 0.12
OPBE121100 0.0008 0.039 0.12
OPAA19900 0.0006 0.032 0.12
OPAA191100 0.002 0.082 0.11
OPT162000 0.001 0.068 0.11
OPAF09650 0.003 0.15 0.09
OPAJ20690 0.004 0.17 0.09
OPT15420 0.004 0.179 0.09
OPAL09700 0.03 0.749 0.05
OPAR12450 0.05 0.87 0.04
OPAU021600 0.06 0.931 0.04
OPAU021500 0.02 0.674 0.05
OPATO05400 0.004 0.166 0.09
OPBF11700 0.04 0.857 0.04
OPBB6530 0.016 0.514 0.06
OPNO04600 0.09 0.979 0.03
OPAF091300 0.07 0.964 0.03
OPL15800 0.01 0.401 0.07
OPNO05820 0.01 0.432 0.07
OPAX09650 0.05 0.889 0.04
OPBG11320 0.007 0.296 0.07
OPAE18380 0.03 0.688 0.05
OPT05420 0.09 0.979 0.03
OPAA071100 0.004 0.186 0.08
OPAAQ07750 0.07 0.964 0.03
OPT15520 0.03 0.795 0.05
OPANO011100 0.01 0.395 0.07
OPP121750 0.01 0.536 0.06
OPA09400 0.06 0.945 0.04
OPAR12550 0.04 0.87 0.04

In cucumber, all markers revealed 80% of the variation in ZYMV resistance. Of all the
markers, those significantly associated markers based on both F- and permutation-test revealed 78
and 75% of the total variation before and after Bonferroni correction (P < 0.0001). Only five
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markers remained in the regression model after Bonferroni correction method. Although previous
studies reported monogenic control of ZYMV resistance in cucumber (Cardoso et al. 2010), the
present findings indicated that the markers developed for the resistance locus failed to distinguish
resistant and susceptible lines. A large germplasm collection was screened to elucidate the genetic
structure of ZYMV resistance among cucumbers including lines and popular cultivars worldwide.
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Fig. 2. Dendrogram based on similarity of simple matching.
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Fig. 3. Dendrogram based on Dice genetic similarity matrix.
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The data from classical screening in a previous study and molecular screening in this study
were combined to estimate the genetic structure of ZYMV resistance in cucumber. ELISA tests
were previously conducted in the Antalya province of Turkiye under greenhouse conditions. This
study was repeated twice and each repeatation had 10 replications. In the present study, molecular
data were obtained. A total of 1187 primers (1160 RAPD, 26 ISSR and one CAP primer) targeting
approximately more than 5000 loci were investigated in this study. Of these primers, 110 primers
were applied to all 96 samples and produced 54 polymorphic markers. These efforts aimed at a
whole genome survey for ZYMV resistance in cucumber. Based on 54 markers polymorphic
between the bulks and among 48 susceptible and 48 resistant cucumbers, cluster analysis was
performed to detect associations among the marker loci. Three of four different matrices
(correlation, simple matching, average distance and Dice similarity) clustered the 54 markers into
two subclusters (Figs 2 and 3). This pointed to polygenic control of ZYMV resistance in
cucumbers since closely linked markers were clustered in proximity.

In some studies, genetic loci associated with resistance to ZYMV have been identified in
cucurbit species where SRAP, SSR, AFLP, REMAP, ISSR, and SNP markers were used
(Abdollahi-Mandoulakani et al. 2015, Sigva et al. 2015, Shrestha et al. 2021). Primer types used
in this study were RAPD, ISSR, and CAP. In some studies carried out on cucurbits, the
identification of QTL and SNP associated with ZYMV resistance has been performed. In a high
resolution mapping study performed on cucumbers, however, ZYMV resistance could not be
associated with a specific DNA polymorphism. In a cucumber study, 170 SRAP worked with 586
SSR and 308 AFLP primer combinations. It was determined that an AFLP marker in the E-
ACA/MCA primer combination could be an associated marker (Sigva et al. 2015). In a study
conducted on melon, it was determined that 7 REMAP and 4 ISSR markers were associated with
ZYMV resistant populations (Abdollahi-Mandoulakani et al. 2015). The number of markers
examined in this study is higher than previous studies (Abdollahi-Mandoulakani et al. 2015; Sigva
et al. 2015). The CAP marker was developed by Amano et al. (2013) revealed only 42% of the
ZYMV resistance variation. This level increased to 75% as a result of the markers developed in
this study. The literature review discussed above indicated a single locus for ZYMV resistance.
This study indicated, though, possible other loci based on both cluster analyses of 54 markers and
regression analyses. The reason behind this contradiction is probably due to the size of the
germplasm used in this study. The genome-wide association study included a larger gene pool of
cucumbers. The large gene pool in this germplasm including more than 600 cucumber lines may
likely present a larger number of loci related to ZYMV resistance.

It is also important to discuss the efficiency of classical screening studies. In addition to plant
age, temperature, pathogen concentration, and other uncontrollable conditions, results may be
significantly influenced. Classical screening was repeated twice and for some samples, screening
was repeated more. Despite these efforts, escape is likely to occur. Therefore, strongly believe that
increasing the efficiency of classical screening will also increase the level of variation explained
by molecular markers developed in this study. Although a single locus for ZYMV resistance in
cucumber was reported, along with several major loci, modifying gene(s) partially affecting
disease progress in cucumber tissues is/are possible. As reported by Park et al (2004), ZYMV
markers failed to distinguish samples in this study from samples used in their study for ZYMV
resistance. The marker was reported by Amano et al. (2013), on the other hand, revealed 42% of
the ZYMV resistance variation. The CAP marker was also tested on the known resistant (Silyon
RZ, TMG-1, Sardis) and susceptible (Maraton and 8 other known) lines. TMG-1 and Silyon had
resistant CAP markers, but Sardis had susceptible ones. The susceptible allele was present in all
susceptible samples. The results of this study support the conclusion that ZYMV is polygenic.
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The markers developed in this study may allow successful discrimination of resistant and
susceptible cucumbers for markers assisted selection in breeding programs. The following
regression model can be used to predict ZYMV resistance in cucumber breeding programs.
Phenotype ZYMV = 0.37720 + CAP (0.41901) - OPD07920 (-0.35448) - OPBE121100 (-
0.15010) - OPU012000 (-0.37963) + AG8YC500 (0.21707).
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