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Abstract

:

Powdery mildew caused by Podosphaera xanthii is among the most threatening fungal diseases affecting melons on the Mediterranean coast. Although the use of genetic resistance is a highly recommended alternative to control this pathogen, many races of this fungus have been described and, therefore, resistance is usually overcome; thus, breeding for resistance to this pathogen is a challenge. Several melon genotypes carrying resistance to powdery mildew have been described but their agronomical and fruit characters are usually far away from the required melon types in many commercial markets. Taking this into consideration, looking for novel sources of resistance in Tunisian landraces is a very convenient step to obtain new resistant melon varieties/hybrids suitable for Mediterranean markets. Several Tunisian melon landraces have been tested against three common races in Mediterranean regions (Race 2, Race 3.5, and Race 5), using phenotypic approaches in two independent experiments (artificial inoculations in a growth chamber and natural conditions of infection in a greenhouse). The results of the artificial inoculations showed that all the tested landraces were susceptible to Race 3.5 and Race 5 and several landraces were resistant to Race 2. Under natural conditions of infection, Race 2 of P. xanthii was the race prevalent in the plot and the resistance of TUN-16, TUN-19, and TUN-25 was confirmed. The found resistances were race-specific and underlie a high genetic influence reflected in the high value of the estimated heritability of 0.86. These resistant landraces should be considered as a potential source of resistance in breeding programs of melons belonging to inodorus and reticulatus groups, but further research is necessary to elucidate the genetic control of the found resistances and to provide useful molecular markers linked to P. xanthii Race 2 resistance.
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1. Introduction


Powdery mildew is a major problem in melon production worldwide since it occurs all year round regardless of the growing system in cultivated fields or greenhouses [1]. The disease is caused by two pathogens: Podosphaera xanthii (Castagne) U. Braun and Shishkoff (synonym Sphaerotheca xanthii (Castagne) L. Junell) and Golovinomyces orontii (DC) V.P. Heluta (synonyms Erysiphe cichoracearum DC, G. cichoracearum DC). The most prevalent species is P. xanthii but in some countries, G. orontii can also be found [2,3]. P. xanthii occurs more frequently in temperate subtropical and tropical areas, while G. orontii occurs more frequently in temperate areas under field conditions [2]. The infection is evident by the development of white mycelia on leaves and stems and, in severe cases, also affects fruits and floral structures. Severely infected leaves may become chlorotic, or even necrotic and brittle. As a consequence, the fungus causes a reduction in plant growth, premature desiccation of the leaves, and consequent reduction in the quality and marketability of the fruits [3]. No previous research has been published on the incidence and pathogenic variability of powdery mildew in melon crops in Tunisia. However, it has been observed during surveys that the severity of the attacks is devasting if not treated.



Spraying chemicals is the most extended method used to control this disease but the fungus is able to develop resistance, leading to a lack of efficiency in chemical control in many cases [4,5]. So, the genetic control of resistance against powdery mildew fungi represents a serious challenge to researchers and breeders. Breeding of melons for resistance to powdery mildew is hindered partially due to the diverse genetic pool from which many sources of genetic resistance have been identified [1,6].



Many physiological races of P. xanthii have been identified according to their reactions on different melon lines [1,3]. The predominant race in powdery mildew populations changes depending on the melon cultivar, the growing season, and the geographical area [7]. It has been suggested that a large fraction of the reported races are not relevant to the majority of P. xanthii resistance breeding, which may have to be performed on a regional basis for subsets of races. Only a limited number of races highly harmful to cucurbit crops are distributed over a large area [1]. Races 1, 2, 3.5, and 5 are reported to be the most extended in Southern European and Mediterranean regions [8,9,10]. Resistance to Race 1 could be controlled by one recessive gene in the Indian line ‘PI313970′ [6], while resistance to Race 2 is more complex, and both partial and total resistances have been described [10]. Resistance to Race 5 has been described under monogenic and dominant control in the Indian melon line ‘PI124112′ [11], and Yuste-Lisbona et al. [10] described a dominant–recessive epitasis controlling resistance to Race 5 as well as to Races 1 and 2 in the Zimbabwean melon line ‘TGR-1551′. So far, no resistance against Race 3.5 has been published/studied, although in current experiments carried out by the International Seed Federation Disease Resistance Terminology Working Group (ISF DRT WG), melon lines PI313970, PI124112, Arum, and SV1105, among others, have shown complete or intermediate resistance to several isolates of this race [12]. Most of the sources of resistance to P. xanthii originate from India (e.g., PI124112, PI414723, PI134198, PI313970) and several genes have been described controlling mainly Races 1, 2, and 5 [10,13]. Although most of them are race-specific genes, there are melon genotypes carrying genes controlling resistance to more than one race (e.g., PI124112, PI414723, PI313970, TGR-1551). To date, 19 powdery mildew resistance genes and 12 major quantitative trait loci (QTLs) associated with this trait have been reported [6,11,14,15].



Breeding programs require sources of resistance and a few have been reported in melon, mostly in momordica and acidulus horticultural groups [10,16]. Vegetable seed companies are using these sources of resistance to develop commercial melon varieties with resistance to P. xanthii [12]. However, the existence of many races reducing the durability of the resistance [1,3] makes it necessary to find new resistant genotypes with different genetic backgrounds. Local landraces represent a valuable genetic resource for breeding in a changing environment. They exhibit fine adaptation to the specific environment in which they have evolved under years of domestication. The agronomic traits and fruit characteristics of Tunisian landraces are similar to the commercial types demanded by Mediterranean markets, and they also carry adaptation to the environment and cultivation methods [17,18]. Thus, Tunisian melon germplasm, unexplored to date for powdery mildew resistance, could be of great potential and should be exploited. This study is aimed at identifying novel sources of resistance in Tunisian local germplasm for powdery mildew resistance, in order to obtain new resistant melon varieties/hybrids adapted to their cultivation in Mediterranean areas.




2. Materials and Methods


2.1. Plant Material and Fungal Isolates


Tunisian melon landraces belonging to different botanical groups, collected from local farmers of the Centre-East region of the country and maintained at the Regional Research Centre on Horticulture and Organic Agriculture (CRRHAB, Tunisia), were used in the experiments (Table 1). Most of these landraces have been characterized for their morpho-agronomic traits [18], fruit quality [19], and also evaluated for their resistance to Fusarium wilt and A. gossypii [17,20].



A set of differential melon lines were used to confirm and identify the race in both assays (artificial and natural conditions of infection): ‘PMR-45′, resistant to Races 0 and 1, and susceptible to Races 2, 3, 3.5, 4, and 5 of P. xanthii; ‘Edisto-47′, resistant to Races 0, 1, 2, 3, and 4 and susceptible to Races 3.5 and 5; ‘PMR-5′, resistant to Races 0, 1, 2, 3, 4, and 5 and susceptible to Race 3.5; and ‘PI414723′, with resistance to all races. The Spanish cultivar ‘Bola de Oro’, susceptible to all P. xanthii races, was used as a susceptible control. The identification of the species causing powdery mildew in the greenhouse was conducted by examination of conidia for the presence of fibrosin bodies and the production of forked germ tubes [3,21].



Three races of P. xanthii were used in the artificial inoculations: Race 2 (isolate SF30), Race 3.5 (isolate M23), and Race 5 (isolate C8), which are the most frequent and widespread races in melon production in Mediterranean areas. These isolates came from melon crops from different areas of Spain (Almeria, Murcia, and Malaga, respectively) and were maintained in axenic conditions on cotyledons of the zucchini cultivar ‘Black Beauty’ and the Spanish susceptible melon cultivar ‘Amarillo’ as described by Yuste-Lisbona et al. [10].




2.2. Phenotypic Evaluation by Artificial Inoculations


Seeds of the melon accessions were sown into sterilized sand and grown in a growth chamber under 24 °C day/16 °C night conditions with a 16:8 h (light:dark) photoperiod. Fourteen accessions and twelve plants per accession were inoculated. For artificial inoculations of Races 2 and 5, inoculation was carried out by depositing a small amount of conidia, taken from two–three infected cotyledons maintained in axenic conditions, at two spots (at each side of, and equidistant from, the main leaf vein) on the second true leaf of each plant [10] (Figure 1A). Once inoculated, plants were maintained in a controlled growth chamber under 32 °C day/22 °C night conditions with a 16:8 h (light:dark) photoperiod.



Inoculations with Race 3.5 were carried out on leaf discs (Figure 1B). For the leaf disc inoculation method, one leaf disc of 18 mm in diameter was taken from the second true leaf of each plant at the 3-4 leaf stage; discs were placed adaxially upwards on moistened filter paper in clear polystyrene boxes. Each box was placed on the base of a settling tower of plastic (124 × 580 × 580 mm) and a cover with a centered hole of 150 mm of diameter. Inoculation was performed by blowing, through the hole, the conidia present on the surface of two–three infected cotyledons, obtained in axenic conditions. Inoculated discs were incubated in growth chambers under 25 °C/18 °C day/night conditions and a 12 h photoperiod as suggested by [22,23].



Inoculations were repeated two times for each race. For each accession and P. xanthii race, symptoms were evaluated 12–15 days post-inoculation. Plants were scored according to the level of fungus sporulation, using a scale of 0 to 3 [10] as follows: 0 = no visible sporulation; 1 = low level of sporulation; 2 = moderate level of sporulation; and 3 = profuse sporulation. Melon accessions with a mean disease score between 0 and 1 were considered resistant (R) (the infection did not progress), whereas those >1, where the infection progressed, were considered susceptible (S) [10].




2.3. Phenotypic Evaluation under Natural Infection


Accessions were evaluated under normal daylight conditions in a greenhouse at the Experimental Station of Sahline, Tunisia (N 35°45′02″, E 10°42′44″). Tun-9 and Tun-18 were not included in the assay due to the poor number of available seeds. The experiment was carried out, in a randomized complete block design with three replications of 6 plants each, and was repeated two times. The evaluation was performed when all plants of the P. xanthii-susceptible control showed severe symptoms of infection. The percentage of affected plants was scored for each melon accession.



Powdery mildew on each infected leaf was evaluated based on the following rating scale: 0 = no disease; 1 = less than 5% of the leaf area infected; 2 = 5% to 20% of the leaf area with symptoms; 3 = 21% to 50% of the leaf area infected; and 4 = more than 50% of the leaf area infected. For each melon accession, the mean and standard error of the disease score were calculated. The disease incidence was also calculated for both methods (artificial inoculation and natural infection) as follows:


  D  %  =   ∑    n i       X   i          4    ∗   N      × 100  








where:



Xi: the rating scale;



ni: the number of plants with the same rating scale;



N: total number of plants.




2.4. Statistical Analyses


To analyze the responses of the accessions and the influence of the methodology used (artificial inoculation in the growth chamber or natural conditions of infection) on the response to the disease caused by P. xanthii Race 2, an ANOVA using Type III error was performed. All analyses were carried out using R 4.1.2 [24] with the statistical packages emmeans [25], lme4, and car. For plotting the results, the R library ggpplot2 [26] was used. Model selection by Akaike’s Information Criterion (AIC) resulted in the set-up of a final model:


yi j k = μ + mi + mbi j + ak + maik + ei j k








where:



μ = general effect;



mi = effect of the i-th method;



mbij = nested effect of the i-th method within the j-th block;



ak = effect of the k-th accession;



maik = interaction effect between the i-th method and the k-th accession;



e i j k = residual error of observation yi j k.



Cullis broad-sense heritability [27] was calculated from the model estimations to analyze the ratio of genetic variance compared to the total phenotypic variance observed. The least squares means were obtained for the significant interaction effect between accessions and methods and were compared in the form of a letter display using the Tukey test (p < 0.05). BLUP (best linear unbiased prediction) estimates were calculated across both methods for the estimation of the pure genetic effects of the accessions regarding their response to P. xanthii Race 2. Additionally, the estimated genetic values were calculated and correlation analyzed to estimate the relationship between the performance of accessions under the two methodologies (artificial inoculation and natural conditions of infection).





3. Results


3.1. Phenotypic Evaluation by Artificial Inoculations


All plants of the susceptible control ‘Bola de Oro’ showed symptoms when inoculated with Races 2, 5, and 3.5; five Tunisian accessions, TUN-9, TUN-16, TUN-18, TUN-19, and TUN-25, were found to be resistant to Race 2 since they did not show any powdery mildew symptoms or the disease did not progress (≤1) (Figure 2; Table 2); however, no resistance to Race 5 nor to Race 3.5 was found as all of the landraces showed highly susceptible responses (> to 2.5).




3.2. Phenotypic Evaluation under Natural Infection and Identification of The Prevalent Race


The disease of powdery mildew was recognized by the presence of a visual white powdery mass, mainly composed of mycelia and conidia, on leaf surfaces (Figure 3A,B), petioles, and young stems. The microscopic observation allowed for the identification of P. xanthii as the causal agent and the race of P. xanthii prevalent in the greenhouse plot was determined as Race 2 based on the resistance or susceptibility of the differential standard host cultivars used. Thus, ‘Bola de Oro’ and ‘PMR-45′ were rated as susceptible (disease score = 4) while ‘Edisto-47′, ‘PMR-5′, and ‘PI414723′ were rated as resistant with score means of 0.33, 0.16, and 0.33, respectively (Table S1).



Most of the powdery mildew-infected plants exhibited white colonies that covered the leaves, except plants of TUN-16, TUN-19, and TUN-25 (Figure 3C), which showed mild symptoms and the disease incidence was not higher than 10% (Figure 4), confirming the results of the artificial inoculations. All remaining landraces were susceptible, showing symptoms exceeding 30% in the susceptible lines ‘Bola de Oro’ and ‘PMR-45′ (Figure 3, Figure 4).



The behavior of the different accessions against Race 2 was evaluated under artificial inoculation in the growth chamber and under natural conditions of infection. The disease score data were analyzed using a two-factorial analysis of variance. For both evaluations, the effects of the accession (G) and method of evaluation (M) were highly significant, and the interaction GxM was also observed (Table 3). However, replication effects were not significant (Table 3), indicating that there were no measurable systematic environmental effects between the blocks.



The regression line of the P. xanthii Race 2 responses between the methods of evaluation and the confidence interval was determined, showing that accessions outside the grey area are deviating, highlighting differences in their reaction among the methods (Figure 5, Figure S1). These differences were specially observed in the susceptible accessions, where their susceptible responses were more or less pronounced depending on the method of evaluation. For example, the accession Tun-26 showed profuse sporulation by artificial inoculation, but it showed only 5% to 20% infection of the total leaf area under natural infection conditions.



The extent of variance components influencing the response to P. xanthii Race 2 showed that 57% of the total variance could be explained by the accession, i.e., genetic variance, with a high value of 0.86 for the estimated heritability (Figure 6). The interaction between accession and method of evaluation explained 11% of the total variance and the method used contributed only 6% to the total phenotypic variance, suggesting a minor influence. Residual variance captured a quarter of the total variance, highlighting that only a small part of the total variance could not be explained by any of the applied factors.



When analyzing variance components separately for each method (Figure S2), it becomes clear that artificial inoculation in the growth chamber had a larger genetic variance (81%) than natural infection in the greenhouse (67%). The residual component, which might refer to other environmental effects, was higher under natural infection (33% vs. 19%).



Estimated BLUPs (the pure genetic estimation values) of the accessions regarding the response of the accessions to Race 2 of P. xanthii were calculated (Table 4), where the genetic variance was separated from other influencing factors (method of evaluation, accession x method, and residual effects). The breeding values that the breeder would use span a range of 0.267 (resistant) to 2.987 (susceptible) and showed a consistent phenotyping ranking. In addition, the identified resistances in TUN-16, TUN-19, and TUN-25 were validated by low BLUPs values which ranged between 0.561 and 0.634.





4. Discussion


The existence of many races of P. xanthii reduces the durability of the resistance, which is usually overcome; this makes it necessary to find new resistant genotypes with different genetic backgrounds. Although several genotypes carrying resistance to powdery mildew have been described and used to develop commercial melon varieties with resistance to P. xanthii, their agronomical and fruit characteristics are usually far away from the required melon types in certain markets. Thus, looking for novel sources of resistance in unexplored landrace collections, such as those held in the CRRHAB (Tunisia), is a very convenient step to test the possibility of obtaining new resistant melon varieties/hybrids.



The predominant pathogens of powdery mildew populations change depending on the melon cultivar, the growing season, and the geographical area [7]. In Tunisia, no previous research has been carried out leading to the identification of powdery mildew species and races. Under the greenhouse conditions observed during this study, P. xanthii Race 2 was identified as the pathogen responsible for powdery mildew. Determination of the predominant races of P. xanthii in Tunisian melon-growing regions is of substantial significance both for combating the disease and for breeding purposes. Race composition can vary over time and screening tests are required every year.



The ANOVA analysis showed that the response to P. xanthii Race 2 infection was significantly different among accessions. Additionally, significant differences were observed between the employed methods: both methodologies were useful and accurate in identifying resistance, but accessions were more susceptible when artificial inoculation in the growth chamber was used. Significant effects of the interaction accession x method have been also observed. This interaction was observed only in some susceptible accessions; thus, the susceptible response shown by accessions TUN-4 and TUN-26 was higher when artificial inoculation in the growth chamber was used; however, TUN-8, TUN-13, BO, and PMR-45, showed higher susceptibility in natural conditions of infection. Genetic effects explained 57% of the total phenotypic variation observed, followed by the interaction effect between the method of evaluation and the accession (11%) and, thereafter, the method effect (6%).



Correlation analysis revealed a highly significant relationship (r2 = 0.791***, p < 0.05) in the response of the accessions between the artificial inoculation in the growth chamber and the natural conditions of infection, which confirms that the use of a controlled growth chamber and artificial inoculations could speed up the evaluation of the response to P. xanthii Race 2 in breeding programs and also confirms that the evaluation is not dependent on the crop cycle and can be carried out at any time. Obviously, greenhouse or field trials are needed to complement and confirm the results of artificial inoculation in growth chambers.



In our study, a very strong genetic influence on the response to P. xanthii Race 2 was found. This was reflected in the high value of the estimated heritability (0.86), showing that selection regarding resistance in this broad gene pool and the successive development of resistant varieties are very promising. A complete genetic characterization of the found resistances is necessary to identify the number of loci/alleles controlling this resistance that seems to be race-specific.



Most of the resistances found in P. xanthii are race-specific. Many commercial varieties with specific resistances have been developed but they become susceptible to infection shortly after they are exploited, because of frequent changes in pathogen populations [1]. Therefore, the pyramiding of resistance genes to specific races in a single genotype, or the use of resistance that is not race-specific, should give more comprehensive and durable protection [1]. Consequently, the search for and utilization of new genes that confer resistance to powdery mildew are still primary objectives in melon breeding. The results obtained after artificial inoculation showed that all the melon landraces were susceptible to Races 3.5 and 5 and five landraces were resistant to Race 2. Under natural conditions of infection, TUN-16, TUN-19, and TUN-25 showed low symptoms and the disease incidence was not higher than 10%, confirming the results of the artificial inoculations. Only a few sources of resistance to powdery mildew have been reported in melon, mostly belonging to flexuosus, conomon, momordica, and acidulus horticultural groups [10,16]. Resistance to different races of P. xanthii has been generally found in accessions from India [28]. Most of these sources are quite different from Tunisian commercial types, which makes it difficult to eliminate undesirable melon characteristics introgressed into the commercial melon lines together with the resistance gene/s. The resistant landraces identified in this study belong to inodorus (Dziri: TUN-9, Sarachika: TUN-16, and Asli: TUN-25), cantalupensis (Rupa: TUN-18), and reticulatus (Chamem: TUN-19) horticultural groups, which are similar to commercial types of melons regarding their agronomic traits and fruit characteristics. Special attention should be given to the resistant landrace TUN-19 Chamem, of Ananas type, since it also carries the Vat gene of resistance to Aphis gossypii [20] and the Fom-1 gene of resistance to Races 0 and 2 of Fusarium oxysporum f.sp melonis [17]. TUN-19 is a potential landrace with high value as a donor of different diseases and pest resistances for melon breeding programs to develop commercial melons of the Ananas type, which are highly appreciated not only in Tunisia but also in other Mediterranean countries. Furthermore, these Tunisian landraces are productive [18], are adapted to local cultivation conditions, and do not have non-desirable traits [29]. Thus, the use of these new resistance sources will promote breeding programs to obtain melon varieties/hybrids.
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Figure 1. (A) Plants inoculated artificially by depositing a small amount of conidia at two spots on the second true leaf of melon plants. (B) Leaf disk inoculation method. 
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Figure 2. (A) Symptoms in susceptible control ‘Bola de Oro’ in comparison to the resistant accessions, (B) Tun-19 (Chamem) and (C) Tun-25 (Asli). All of them were inoculated with Race 2 of P. xanthii, with subsequent symptom evaluation 15 days post-inoculation in a growth chamber. Plants were scored according to the level of fungus sporulation using a scale of 0 to 3. 
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Figure 3. Assessment of Powdery mildew symptoms under natural infection. (A) ‘PMR-45′ and (B) ‘Bola de Oro’ (both accessions were susceptible to Race 2), (C) Resistant accession Tun-25 (Asli). Symptom evaluation was made when all plants of the susceptible accession showed severe symptoms of infection. 
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Figure 4. Disease incidence (%) of melon landraces and control genotypes evaluated to P. xanthii Race 2, under natural infection and under artificial inoculation. ‘Bola de Oro‘ (BO) and ‘PMR-45‘ were the susceptible controls; ‘Edisto-47‘, ‘PMR-5‘, and ‘PI414723‘ were the resistant controls. *Tun-9 and *Tun-18 were not evaluated under natural infection due to poor numbers of available seeds. 
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Figure 5. Display of the differences in the P. xanthii Race 2 responses between the methods of evaluation (Method 1: artificial inoculation in growth chamber; Method 2: natural conditions of infection under greenhouse). Accessions lying near the regression line show the same reaction whatever the method used. The confidence interval is marked with a grey area. All accessions outside the grey area are deviating, showing differences in their reaction among the methods. The straight regression line and the highly significant correlation (0.79***) of genetic estimations between Methods 1 and 2 generally indicate a high correspondence of landrace responses between the two methods. Tun-9 and Tun-18 were evaluated in Method 1 but not in Method 2, so they are not presented in this figure. 
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Figure 6. Display the extent of variance components influencing the responses to P. xanthii Race 2 analyzed over both methods. The accession covers with 57% most of the variance, followed by the residual variance with 25%. The interaction between accession and method explains 11% and the method effect 6%. 0% of the total variance is captured by the design effect block:method. 
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Table 1. Tunisian melon landraces used and their main characteristics regarding some biotic stress resistances.
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	Codes
	Accessions
	Horticultural

Group
	Resistance to

Fusarium wilt [17]
	Resistance to Aphid [20]





	TUN-2
	Maazoun Menzel Chaker
	inodorus
	+
	−



	TUN-3
	Maazoun Mehdia (MM2009)
	inodorus
	+
	−



	TUN-4
	Maazoun Fethi
	inodorus
	−
	−



	TUN-5
	Fakous (FL)
	flexuosus
	+
	−



	TUN-7
	Trabelsi
	inodorus
	−
	−



	TUN-8
	Galaoui
	reticulatus
	−
	−



	TUN-9
	Dziri (DZ P5 2011)
	inodorus
	+
	−



	TUN-13
	Arbi1
	inodorus
	−
	−



	TUN-16
	Sarachika
	inodorus
	+
	−



	TUN-18
	Rupa
	cantalupensis
	+
	−



	TUN-19
	Chamem (Ananas type)
	reticulatus
	+
	+



	TUN-24
	Maazoun (Kairouan)
	inodorus
	−
	−



	TUN-25
	Asli
	inodorus
	−
	−



	TUN-26
	Stambouli
	inodorus
	+
	−







(+) and (−) indicate the presence and absence of resistance, respectively.
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Table 2. Phenotypic evaluation of the resistance to P. xanthii Races 2, 5, and 3.5, by artificial inoculation in growth chamber conditions. Values are mean (n = 12) ± SE.
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Disease Score

	
Reaction Classification *




	

	
Race 2

	
Race 5

	
Race 3.5

	
Race 2

	
Race 5

	
Race 3.5






	
TUN-2

	
3.00 ± 0.00

	
2.85 ± 0.12

	
2.79 ± 0.39

	
S

	
S

	
S




	
TUN-3

	
1.30 ± 0.30

	
2.65 ± 0.18

	
3.00 ± 0.00

	
S

	
S

	
S




	
TUN-4

	
1.50 ± 0.25

	
3.00 ± 0.00

	
2.75 ± 0.39

	
S

	
S

	
S




	
TUN-5

	
1.10 ± 0.20

	
3.00 ± 0.00

	
-

	
S

	
S

	
-°




	
TUN-7

	
3.00 ± 0.00

	
2.85 ± 0.14

	
2.95 ± 0.14

	
S

	
S

	
S




	
TUN-8

	
2.70 ± 0.20

	
3.00 ± 0.00

	
2.83 ± 0.40

	
S

	
S

	
S




	
TUN-9

	
1.00 ± 0.50

	
3.00 ± 0.00

	
-

	
R

	
S

	
-




	
TUN-13

	
1.40 ± 0.40

	
2.60 ± 0.20

	
3.00 ± 0.00

	
S

	
S

	
S




	
TUN-16

	
0.00 ± 0.00

	
2.50 ± 0.24

	
3.00 ± 0.00

	
R

	
S

	
S




	
TUN-18

	
0.00 ± 0.00

	
2.65 ± 0.20

	
2.93 ± 0.17

	
R

	
S

	
S




	
TUN-19

	
0.40 ± 0.25

	
2.00 ± 0.35

	
-

	
R

	
S

	
-




	
TUN-24

	
2.00 ± 0.54

	
3.00 ± 0.00

	
3.00 ± 0.00

	
S

	
S

	
S




	
TUN-25

	
0.20 ± 0.20

	
2.50 ± 0.20

	
2.95 ± 0.15

	
R

	
S

	
S




	
TUN-26

	
3.00 ± 0.00

	
2.85 ± 0.14

	
2.75 ± 0.39

	
S

	
S

	
S




	
Differential set




	
Bola Oro

	
2.00 ± 0.10

	
2.85 ± 0.14

	
3.00 ± 0.00

	
S

	
S

	
S




	
PMR45

	
2.00 ± 0.00

	
2.50 ± 0.20

	
3.00 ± 0.00

	
S

	
S

	
S




	
Edisto47

	
0.00 ± 0.00

	
2.85 ± 0.20

	
3.00 ± 0.00

	
R

	
S

	
S




	
PMR5

	
0.00 ± 0.00

	
0.50 ± 0.10

	
2.00 ± 0.20

	
R

	
R

	
S




	
PI414723

	
0.00 ± 0.00

	
0.00 ± 0.00

	
0.37 ± 0.25

	
R

	
R

	
R








* Reaction classification as resistant (R; disease score ≤ 1) and susceptible (S; disease score > 1), ° Due to their poor germination ability, TUN-5, TUN-9, and TUN-19 were not tested against Race 3.5.
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Table 3. Analysis of variance for effects of the melon accession (G), method of evaluation (M), and their interaction (GxM) on the P. xanthii Race 2 disease score.
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	Sources
	df
	Sum of Square
	F Value
	P (>F)





	Block:Method
	2
	0.831
	0.796
	0.395



	Accession (G)
	15
	222.89
	28.673
	<2.2 × 10−16 ***



	Method (M)
	1
	11.26
	21.730
	3.276 × 10−7 ***



	Interaction G × M
	15
	32.76
	4.214
	1.175 × 10−5 ***



	Residuals
	158
	81.88
	
	







df: Degrees of freedom, *** highly significant at p < 0.001.
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Table 4. Estimated BLUPs of the accessions regarding their response to P. xanthii Race 2. All other investigated effects (block, method, method:accession, residuals) are separated from these effects, leading to pure genetic estimations for resistance to Race 2.
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	Accession
	BLUP for Disease Scoring





	PMR-5
	0.267



	Edisto-47
	0.340



	PI414723
	0.414



	TUN-16
	0.561



	TUN-19
	0.634



	TUN-25
	0.634



	TUN-4
	1.443



	TUN-3
	1.663



	TUN-5
	1.774



	TUN-13
	1.811



	TUN-24
	1.958



	TUN-26
	2.399



	TUN-8
	2.546



	TUN-7
	2.766



	BO
	2.840



	PMR-45
	2.840



	TUN-2
	2.987
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