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Abstract

Control of virus diseases such as zucchini yellow mosaic virus (ZYMV) of cucumber causing major yield and quality losses is impossible by using any chemical pesticide except for using elimination of vectors of viruses and resistant cultivar. The objectives of this study were to investigate structure of genetic resistance to ZYMV of cucumber for marker-assisted selection (MAS). Forty-eigth resistant and 48 susceptible lines were selected from a germplasm of 600 cucumber lines. Bulk DNAs of resistant and susceptible lines were screened to find candidate marker(s) by using ISSR, RAPD and a cleaved amplified polymorphism (CAP) primers, which targeted over 5000 loci of cucumber. A total of 54 candidate marker loci were produced. In the association analyses by using TASSEL software, associating markers were detected. The results explained %78 of total variation for ZYMV. The remaining 22% of the variation was possibly due to presence of additional gene(s) and environmental effect that caused lower repeatability. 
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Introduction
Plant diseases are an important problem that hinders production and export by reducing yield and quality in vegetables (Hussain et al., 2021, Qasim et al., 2021). Cucurbitaceae family nearly comprises of 118 genera and 825 species (Bai et al., 2016). This family includes many species cultivated throughout the world, especially in warm tropical regions (Asad et al., 2022). Virus diseases cause significant crop losses in species of Cucurbitaceae family (Islam et al., 2018). RNA viruses pose a major threat to vegetable production in general (Kone et al., 2017). Zucchini yellow mosaic virus (ZYMV) belongs to the family Potyviridae and contains a single RNA sequence (Romay et al., 2014a; Tiwari & Rao, 2014). This virus is an aphid-borne potyvirus and one of the most common pathogens causing major losses worldwide in the members of the Cucurbitaceae family (Lecoq & Desbiez, 2012; Kamberoglu et al., 2016). Wild cucurbits can be effective virus reservoirs (Romay et al., 2014b). In addition, traditional farming, lack of information, poor management practices and use of uncertified seeds increase the frequency of viral diseases (Ahsan et al., 2020). ZYMV infection causes symptoms such as stunting in plants, laminar reduction on leaves and fruit remaining small (Nagendran et al., 2017).  
ZYMV has various strains affecting all cucurbits. One of the most effective ways to limit losses caused by virus diseases is genetic resistance (Levi et al., 2016; Nagendran et al., 2017). Breeding for ZYMV resistance is the most desirable approach. It has been determined that a single recessive gene (zym-FL) in watermelon controls the high level of resistance to ZYMV (Guner, 2018). Inheritance of this trait has been previously characterized (Cardoso et al., 2010). These findings suggested that ZYMV resistance in cucumber is inherited recessively. Thus, introduction of resistance allele into elite lines requires generations of backcrossing and inoculations of progenies with pathogens, extending the time required for developing resistant plants. This time can be shortened using marker-assisted selec​tion (MAS). In cucurbits, MAS can be performed by molecular characterization (Karaman et al., 2018; Morilipinar et al., 2021; Coskun, 2023) and association mapping (Abdolahi Mandoulakani et al., 2015; Kumar et al., 2022) studies. The use of genetic maps in plants enables the identification of gene regions associated with biotic stress factors in plants. One of the potential approaches for gene discovery is map-based cloning (Sunusi et al., 2021). Several DNA markers linked to the recessive ZYMV resistance gene (zym) have been previously reported (Park et al., 2004). Amano et al. (2013) developed six candidate genes flanked by two SSR markers within zymA192-18 locus to a <50- kb genomic region, which needed confirmation over different gene pools of cucumber lines available in the collections of public and private institutions. Recently, Mochizuki et al. (2016) have found that infection with ZYMV of cucumber facilitated entry of cucumber mosaic virus into xylem. This may indicate that ZYMV interacts with other internal and external factors. Seemingly, different loci for ZYMV resistance are likely to exist. Therefore, additional investigation linked to the zym loci covering highly variable germplasm are needed for marker development. The objective of this study was to investigate structure of genetic resistance to ZYMV of cucumber for MAS. 
Material and methods 
Plant materials and DNA isolation: The study was carried out in the Molecular Biology Laboratory of the Faculty of Agriculture, University of Erciyes in Turkey. More than 600 accessions selfed 4-6 times were previously screened for ZYMV resistance by classical method verified by ELISA. Forty-eight resistant and susceptible lines were selected from this population for further analyses. Seeds of each accession were sown in plastic multi-pots (4 × 4 × 4 cm) filled with peat: perlite (2: 1) for germination and bulk of fresh true leaves from each accession were harvested into freezer bags and kept at -20oC until DNA isolation. Total DNA was extracted from 30 mg tissue by using a modified CTAB DNA extraction procedure. DNA pellets were diluted with 300 ul of TE (10 mM Tris, 0.1 mM EDTA, pH 7.4). For PCR reactions, 10 ng/ ul DNA templates were made using double-distilled water and checked on 2% agarose gels. 
DNA analyses and marker production: Equal amounts of DNAs of five resistant and susceptiple lines were mixed to prepare two bulks, which were later used to screened 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 all 96 samples (48 resistant and 48 susceptible). A total of 26 ISSR primers [(GA)8YG, VHVG(TA)7, (CAC)6, DBDA(CA)7, (GT)8YA, BDB(CA)7, (GAA)6, (TAA)8, (GACA)4, (CA)6AC, (AG)7YC, (CAC)3GC, (CA)8, (GT)6GG, (AGC)6G, (CT)8TG, (AG)8T, VHVG(TG)7, BAB(CA)7C, (HVG(CA)7T, (TCC)5RY, UBC807-891, (AG)8YC, (CT)9RC, BDB(CA)7C and (CAC)6] were used for screening bulks. A CAP marker developed by Amano et al. 2013) was also used for analysis and its sequence is as follows: dCAPS-G99A; forward primer 5’-ACGCAAAAGCCTCTCCGCTGTATTT-3’, reverse primer 5’-GCTCTCCAATCCAGCAACAT-3’. This produced 338 bp PCR fragment, then digested with DraI enzyme producing 313 and 25 bp fragments. 
Each of 15 ul PCR components consisted of 0.66 mM of each of primers, 200 uM of each dNTPs, 1.5 ul of 10× PCR buffer, 2–2.5 mM of MgCl2, ddH2O, 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 h and visualized under UV light.
Data analyses: Firts, we performed cluster analyses of markers in order to see clustering pattern of 54 markers produced from bulks of resistant and susceptible lines. This may provide possible linkages among the markers since they tend to be inherited more frequently. Each band was scored as present (1) or absent (0) and data were analyzed with the Numerical Taxonomy Multivariate Analysis System (NTSYS-pc version 2.1) software package (Rohlf, 2000). A similarity matrix was constructed based on simple matching, correlation, average distance and Dice’s coefficiencies. These similarity matrices were used to construct a dendrogram using the unweighted pair group method arithmetic average (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). Output of this analysis was used as covariate to avoid spurious linkages. Model-based cluster analysis was used to test whether K = 1–10, where K is the number of sub-populations. There is informal pointer to detect the best K, in which values of log Pr (X/K) reach more or less plateaus after major decrease. Admixture and independent allele frequencies were used. For each population (K), 100000 iteration and 100000 burn-in period options were used. For each number of K from 1 to 10, five independent calculations were performed, and likelihood values obtained from these calculations were averaged for each K. Finally, a graph was drawn by using Microsoft Office Excel for visual observation. Membership coefficients produced by the STRUCTURE program were used to infer whether the accessions are admixed by number of subpopulations or pure. 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). Marker loci with more than 15% occurrence for a given marker loci were used in the analyses. To calculate associations between studied characters and polymorphic bands by TASSEL, three separate data files (trait, molecular marker data and population structure) were prepared. Initially, filtered structure file was created by selecting one subpopulation. Then, three files were joined by using JOIN option of TASSEL software. Two different p-values, F test- and permutation-based, were calculated between each marker and character, which provided significantly associating markers with the trait interest at alpha 0.05. Type I error was controlled by applying the 1000 permutation test in TASSEL stand-alone version 3.1 to control error associated with multiple comparisons and generate strong p-values for association analysis of polymorphic sites. Finally, backward regression was used to develop regression model to predict phenotype based on genotype by using SAS software. Backward regression starts with all candidate variables, testing the deletion of each variable using a chosen model comparison criterion, deleting the variable (if any) that improves the model the most by being deleted, and repeating this process until no further improvement is possible. 

Results
Production of polymorphic molecular markers: A total of 1187 primers including 1160 RAPD, 26 ISSR and one CAP primers were used in this study. These primers were first applied to bulk DNAs of susceptible and resistant individuals, then to all 96 samples. This amplified more than 5000 thousand of loci of Cucumis sativus. Among 1160 RAPD primers, 106 were applied to the 96 samples, images of 40 of which were scored for the data analyses. Of the 26 ISSR primers produced 13 polymorphic fragments among 96 resistant and susceptible lines. In addition, one CAP marker digested with DraI enzyme produced a codominant polymorphism among the lines. 
Assessment of previously developed CAP marker: Amano et al. (2013) reported a CAP marker (dCAPS-G99A) cosegregating with resistance. This marker was analyzed for the lines/cultivars in this study (Figure 1) High level of association was observed between this CAP marker and resistance. On the other hand, although the samples 54, 71, 72 and 74 were susceptible, they had resistance allele. Similarly, among the resistant samples as detected based on classical screening, lines 80 and 250 were heterozygous, and 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 some other known cultivars and lines in this study. The known resistant (Silyon RZ, TMG-1, Sardes) and susceptible (Maraton and 8 other lines) were tested with this CAP marker.  Silyon and TMG-1 had resistant allele, but Sardes had susceptible allele of the CAP marker. All susceptible samples had susceptible allele. 
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Fig. 1. Gel image of resistance and susceptible individuals as detected by classical screening of the samples amplified with CAP marker (dCAPS-G99A) and digested with DraI enzyme
Investigation of grouping pattern among the molecular markers: The cluster analysis was performed for 54 markers to detect associations among the loci. Three out of four different matrices (correlation, simple matching, average distance, and Dice’ similarity) clustered the 54 markers into two subclusters (Figures 2-5). 
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Fig. 2. Dendrogram based on correlation
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Fig. 3. Dendrogram based on simple matching
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Fig. 4. Dendrogram based on average distance
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Fig. 5. Dendrogram based on Dice’ similarity matrices
Detection of molecular markers associating with ZYMV and regression models: Membership coefficiencies to five subpopulations produced by STRUCTURE program were used as covariance in TASSEL software. Out of 54 markers, only loosely correlating 38 as detected by NTSYS software were used for substructuring Bayesian analysis, which resulted in five subpopulations among the 96 samples. For estimating candidate markers for ZYMV resistance of cucumber, association analysis was performed by using three data files (phenotype, genotype, and substructure) in TASSEL. Based of 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%) ve OPD07920 (26%). 
Table 1. The 54 markers, P values based on F and permutation tests, R2 values as obtained with TASSEL software.

	Marker

	F test-based P-value
	Permutation-based  P-value
	R2


	CAP
	0.0000000000003
	0.001
	0.44


	OPM07600
	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

	OPAT05400
	0.004
	0.166
	0.09

	OPBF11700
	0.04
	0.857
	0.04

	OPBB6530
	0.016
	0.514
	0.06

	OPN04600
	0.09
	0.979
	0.03

	OPAF091300
	0.07
	0.964
	0.03

	OPL15800
	0.01
	0.401
	0.07

	OPN05820
	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

	OPAA07750
	0.07
	0.964
	0.03

	OPT15520
	0.03
	0.795
	0.05

	OPAN011100
	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


All markers revealed 80% of the variation for ZYMV resistance in cucumber. Of all markers, those significantly associating markers based on both F- and permutation-test revealed 78 and 75% of the total variation before and after BR (P < 0.0001) (Table 2). After BR, only five markers remained in the regression model (Table 3). 

Table 2. Statistical parameters after analysis of associating markers based on both F- and permutation-test before BR

	Variable
	Parameter Estimate        
	Standard

Error
	Type II SS  
	F Value  
	Pr > F

	Intercept
	0.31224      
	0.22164      
	0.14088     
	1.98  
	0.1647

	CAP
	0.38710
	0.09458
	1.18907
	16.75  
	0.0001

	OPD07920
	-0.34371
	0.08486
	1.16448
	16.40  
	0.0002

	OPE16770
	0.02635      
	0.11580      
	0.00368     
	0.05  
	0.8209

	OPAL111000
	-0.02165
	0.09394      
	0.00377     
	0.05  
	0.8186

	OPM07600
	-0.02018      
	0.12310      
	0.00191     
	0.03  
	0.8704

	OPN041000
	-0.04665      
	0.12645      
	0.00966     
	0.14  
	0.7137

	OPBE121100
	-0.08672      
	0.11323      
	0.04164     
	0.59  
	0.4472

	OPBA131800
	-0.09503      
	0.10517      
	0.05796     
	0.82  
	0.3703

	OPBA16670
	-0.11463      
	0.11143      
	0.07511     
	1.06  
	0.3083

	OPU012000
	-0.28118      
	0.11940      
	0.39369     
	5.55  
	0.0223

	OPAN011100
	0.15363      
	0.10160      
	0.16231     
	2.29  
	0.1364

	GT8YA1000
	0.07055      
	0.10776      
	0.03043     
	0.43  
	0.5155

	AG8YC500
	0.21421      
	0.07410      
	0.59324     
	8.36  
	0.0056

	OPP12550
	0.12550      
	0.07626      
	0.19222     
	2.71  
	0.1058


Table 3. Statistical parameters after analysis of associating markers based on both F- and permutation-test after BR

	Variable
	Parameter Estimate        
	Standard

Error
	Type II SS  
	F Value  
	Pr > F

	Intercept
	0.37720      
	0.19271      
	0.26356
	3.83  
	0.0548

	CAP
	0.41901
	0.08051      
	1.86344    
	27.09  
	<0.0001

	OPD07920
	-0.35448      
	0.07564      
	1.51098    
	21.97  
	<0.0001

	OPBE121100
	-0.15010      
	0.07062      
	0.31079     
	4.52  
	0.0375

	OPU012000
	-0.37963      
	0.09419      
	1.11751    
	16.25  
	0.0002

	AG8YC500
	0.21707      
	0.07007      
	0.66016     
	9.60  
	0.0029


Discussion
Although previous studies reporting monogenic control of ZYMV resistance of cucumber (Cardoso et al., 2010), our recent findings have indicated that the markers developed for resistance locus failed to distinguish resistant and susceptible lines. We screened large germplasm collection to elucidate genetic structure of resistance to ZYMV among cucumbers including lines and popular cultivars worldwide. The data of the classical screening in our previous study and molecular screening in this study were combined to estimate genetic structure of ZYMV resistance in cucumber. The classical screening was previously performed under greenhouse conditions in Antalya province of Turkey and verified by ELISA tests. This study was repeated twice and each repeat had 10 replications. The molecular data were produced in current study. A total of 1187 primers (1160 RAPD, 26 ISSR and one CAP primers) targeting approximately more than 5.000 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 whole genome survey for ZYMV resistance in cucumber.

Based on 54 markers polymorphic between the bulks and among 48 susceptible and 48 resistant cucumbers, the cluster analysis was performed to detect associations among the marker loci. Three out of four different matrices (correlation, simple matching, average distance and Dice’ similarity) clustered the 54 markers into two subclusters (Fig. 2-4). This pointed polygenic control of ZYMV resistance in cucumbers since closely linked markers tended to be clustered in proximity.
In some studies, genetic loci associated to resistance to ZYMV have been identified in plants belonging to cucurbit species (Abdollahi Mandoulakani et al., 2015; Sigva et al., 2015; Adler-Berke et al., 2021; Shrestha et al., 2021). In these studies, SRAP, SSR, AFLP, REMAP, ISSR and SNP markers were used. In this study, RAPD, ISSR and CAP primers were used. In some studies carried out in cucurbits, the identification of QTL and SNP associated with ZYMV resistance has been performed. In a study in squash, QTL-seq analysis identified four QTLs that were significantly associated with ZYMV resistance on chromosomes 2 (QtlZYMV-C02), 4 (QtlZYMV-C04), 8 (QtlZYMV-C08), and 20 (QtlZYMV-C20) (Shrestha et al., 2021). In a right resolution mapping study performed on cucumber, however, ZYMV resistance could not be associated with a specific DNA polymorphism (Adler-Berke et al., 2021). In a study on cucumber, 170 SRAP worked with 586 SSR and 308 AFLP primer combinations, and 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 in 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).
Association analyses of these markers with ZYMV resistance in cucumber resulted in significant findings on genetic structure of ZYMV resistance in cucumber. The CAP marker developed by Amano et al. (2013) revealed only 42% of the variation for ZYMV resistance. The markers developed in our study increased this level up to 75%. The literature review discussed above indicated single locus for ZYMV resistance. Our study indicated, though, possible other loci based on both cluster analyses of 54 markers and regression analyses (Fig. 4). The reason behind this contradiction is probably due to size of germplasm used in this study. We surveyed larger gene pool of cucumber by using genome-wide association study, while previous studies employed single population derived from two parents only. The larger gene pool in our germplasm including more than cucumber 600 lines may likely present larger number of loci related to ZYMV resistance.
Other important point to discuss is level of efficiency of classical screening study. Due to many factors such as age of plant, temperetaure, pathogen concentration and other uncontrollable conditions, results may be significantly affected. Classical screening was repeated twice and for some samples, screening was repeated more. Despite these efforts, some escape is likely. Therefore, we strongly believe that increasing the efficiency of classical screening will also increase the level variation explained by molecular markers developed in this study.

Although single locus for ZYMV resistance in cucumber was reported, along with major locus/loci, modifying gene(s) partially affecting disease progress in the tissues of cucumber is/are possible. The ZYMV markers reported by Park et al. (2004) did not distinguish the samples used in this study for ZYMV resistance, while it was successful in their study. The marker reported by Amano et al. (2013), on the other hand, revealed 42% of the variation for ZYMV resistance. We also tested the known resistant (Silyon RZ, TMG-1, Sardes) and susceptible (Maraton and 8 others known) lines with this CAP marker.  Silyon and TMG-1 had resistant allele, but Sardes had susceptible allele of the CAP marker. All susceptible samples had susceptible allele. These findings support our conclusion that ZYMV is polygenic in this study.

Conclusions

The markers developed in this study may allow successful discrimination of resistant and susceptible cucumbers for markers assisted selection in breeding programs. Here we may suggest the following regression model to estimate ZYMV resistance in cucumber breeding programs. PhenotypeZYMV = 0.37720 + CAP (0.41901) - OPD07920 (-0.35448) - OPBE121100 (-0.15010) - OPU012000 (-0.37963) + AG8YC500 (0.21707). 
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