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ABSTRACT

Perchepied, L., Bardin, M., Dogimont, C., and Pitrat, M. 2005.
Relationship between loci conferring downy mildew and powdery mildew
resistance in melon assessed by quantitative trait loci mapping. Phyto-
pathology 95:556-565.

Partial resistance to downy mildew (Pseudoperonospora cubensis) and
complete resistance to powdery mildew (Podosphaera xanthii races 1, 2,
3, and 5 and Golovinomyces cichoracearum race 1) were studied using a
recombinant inbred line population between ‘PI 124112’ (resistant to both
diseases) and ‘Védrantais’ (susceptible line). A genetic map of melon was
constructed to tag these resistances with DNA markers. Natural and
artificial inoculations of Pseudoperonospora cubensis were performed
and replicated in several locations. One major quantitative trait loci
(QTL), pcXIl.1, was consistently detected among the locations and ex-

plained between 12 to 38% of the phenotypic variation for Pseudo-
peronospora cubensis resistance. Eight other Pseudoperonospora cuben-
sis resistance QTL were identified. Artificial inoculations were performed
with several strains of four races of Podosphaera xanthii and one race of
G. cichoracearum. Two independent major genes, PmV.l and PmXII. 1,
were identified and shown to be involved in the simple resistance to
powdery mildew. Three digenic epistatic interactions involving four loci
were detected for two races of Podosphaera xanthii and one race of
G. cichoracearum. Co-localization between PmV.1, resistance genes, and
resistance genes homologues was observed. Linkage between the major
resistance QTL to Pseudoperonospora cubensis, pcXIl. 1, and one of the
two resistance genes to powdery mildew, PmXII.1, was demonstrated.

Additional keywords: Cucumis melo, polygenic inheritance.

Many fungi can attack melon foliage. Most of them induce
necrotic lesions on the leaves. Some of them, such as downy mil-
dew can kill the plants even at the adult plant stage. Others, like
powdery mildew, decrease photosynthetic activity and reduce
yield and fruit quality.

Downy mildew, caused by the obligate pathogenetic oomycete
Pseudoperonospora cubensis (Berk. and Curtis) Rostovzev, is a
major disease on cucurbits in humid production areas. Six patho-
types can be distinguished based on host compatibilities between
various isolates and different cucurbit taxa (14,60). The pathotype
3 is highly compatible with Cucumis sativus and C. melo (vars.
reticulatus, conomon, and acidulus). It was first recorded in
France in the 1980s.

Powdery mildew is a limiting factor for the production of
melon throughout the world (54). The two main causal agents of
the disease usually reported are Golovinomyces cichoracearum
(syn. Erysiphe cichoracearum DC. ex Merat) and Podosphaera
xanthii  (formerly identified as Sphaerotheca fuliginea
(Schlechtend.:Fr.) Pollacci) (9). Studies have shown that Podo-
sphaera xanthii is predominant in most countries (42,62), but
G. cichoracearum can cause disease in temperate zones (36,43).
In France, both species have been recorded, but Podosphaera xan-
thii is the species most commonly found (4). G. cichoracearum
differs from Podosphaera xanthii at the conidial stage (size and
shape of conidia, presence of fibrosin bodies) and at the sexual
stage (number of asci and ascospores). They also differ in patho-
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genicity against certain cucurbit cultivars and sensitivity to some
fungicides (10). On melon, seven races have been described for
Podosphaera xanthii and two races for G. cichoracearum (5).

Currently, the principal method of controlling both diseases is
the use of protective fungicides. Unfortunately, some fungicides
have lost their efficiency due to the development of resistance by
the fungi (24,26,28). The use of genetically resistant melon lines
is a safe alternative or a complement to chemical control of these
diseases. Several sources of resistance against Pseudoperono-
spora cubensis (47,56,59,61), Podosphaera xanthii (7,13,27), and
G. cichoracearum (49) have been identified. Most of this resis-
tance was found in melon accessions from India, such as ‘PI
124111° and ‘PI 124112°. The breeding lines ‘MR-1" and ‘PI
124111F’ derived from ‘PI 124111° present a high level of non-
specific resistance to downy and powdery mildews (12,57).

The inheritance of melon resistance to Pseudoperonospora
cubensis has been studied in ‘MR-1" and ‘PI 124112°. Two
incompletely dominant complementary genes (Pc-I and Pc-2)
have been described in ‘MR-1" (12,58). Two complementary
genes (Pc-4 and Pc-1 or Pc-2) have been identified to control
resistance in ‘Pl 124112° (31,32). Recently, Taler et al. (55)
assessed that resistance of ‘Pl 124111F’ to Pseudoperonospora
cubensis is controlled by two enzymatic resistance genes, At/ and
Af2, which could correspond to Pc-1 and Pc-2. However, Epinat
and Pitrat (18,19) have found an oligogenic and incompletely
dominant control in ‘MR-1" and ‘PI 124112, with five and four
genetic factors, respectively. Thus, the resistance may be under di-
or oligogenic control and is partially dominant.

Genes of resistance to powdery mildew in melon have been
studied by several authors, but the inheritance is still confusing,
except for ‘PMR 45° which has only one dominant gene (20,27).



Indeed most of the genotypes of melon resistant to powdery
mildews involve several genes (39,48). The number of genes
involved differ according to the study (20,33) and to the strain
used (40). Very few allelism tests have been made to assess if any
of the genes are common between resistant genotypes. For in-
stance, Kenigsbuch and Cohen (33) reported that ‘PI 124112’ pos-
sessed one dominant gene (Pm5) for resistance to race 1 and one
partially dominant gene (Pm4) for resistance to race 2 of Podo-
sphaera xanthii, while Epinat et al. (20) described one dominant
gene (Pm-C?) controlling the resistance to both races (races 1 and
2 ‘Europe’). In most cases, monogenic or digenic dominant con-
trol has been reported.

The advent of molecular markers enables us to identify the
chromosomal regions involved in the variation of disease resis-
tances. Several genetic linkage maps have been constructed in
melon, but no quantitative trait loci (QTL) for downy mildew and
powdery mildew resistances have been reported. In this paper, we
report a genetic analysis of partial resistance to downy mildew
using a recombinant inbred line (RIL) population derived from
‘PI 124112’ and using quantitative evaluations in field, green-
house, and growth chamber under natural or artificial infection.
We also analyzed the genetics underlying the resistance to five
races of the powdery mildew fungi Podosphaera xanthii and
G. cichoracearum. Knowledge about the inheritance of these re-
sistances will lead to a more efficient breeding strategy for
durable resistance.

MATERIALS AND METHODS

Fungal isolates. A Pseudoperonospora cubensis isolate of
pathotype 3 isolated on melon in Southern France in 1989 was
used. The technique of pathogen conservation was described by
Blancard et al. (8). Inoculum was produced with the same
method.

Monoconidial strains isolated from melon crops and represent-
ing four races of Podosphaera xanthii and one race of G. cichor-
acearum were used in this study. Strains of Podosphaera xanthii
were conserved in liquid nitrogen prior to the study according to
the method described by Nicot et al. (44). Race 1 of Podosphaera
xanthii (strain Sm3) was isolated in Tunisia. Race 2 (strains Sm1
and Schp), race 3 (strain 00Sm39), and race 5 (strains 98Sm65,
Sm103.1, Sm99.1, Sm47.6, and SRS) of Podosphaera xanthii
and race 1 (strains Eml, Em12.1, Em14.6, and Em83.2) of
G. cichoracearum were isolated in France. The strains were main-
tained in collection by subculturing on cotyledons of Lagenaria
leucantha ‘Minibottle’. Inoculum was produced on cotyledons of
melon ‘Védrantais’ or L. leucantha ‘Minibottle’ in axenic condi-
tions as described by Nicot et al. (44).

Plant material. The population Ved124 used in our study con-
sisted of 120 RILs (Fg, F;, and Fg) derived by single seed descent
from a cross between cv. Védrantais, a Charentais type (Vilmorin,

France), and resistant genotype ‘PI 124112°, an Indian line.
‘Védrantais’ is susceptible to downy mildew and to all races of
powdery mildew except race 0 of Podosphaera xanthii and
G. cichoracearum.

Several accessions were used as controls in the tests. ‘MR-1" is
a breeding line derived from the Indian accession ‘PI 124111 and
resistant to Pseudoperonospora cubensis, Podosphaera xanthii,
and G. cichoracearum (57). ‘Pl 414723’ is also an Indian acces-
sion which is partially resistant to Pseudoperonospora cubensis
and resistant to Podosphaera xanthii and G. cichoracearum. The
American cv. Edisto 47, which has ‘PI 124112’ in its ancestry, is
partially resistant to Pseudoperonospora cubensis and resistant to
Podosphaera xanthii races 0, 1, 2, 3, and 4 and G. cichoracearum
race 0. The Uzbekistan land-race ‘Ouzbeque 2’ is highly suscep-
tible to Pseudoperonospora cubensis.

Downy mildew evaluations. The 120 RILs, the parental lines
‘Védrantais’ and ‘PI 124112’, and the control lines (‘Edisto 47°,
‘Ouzbeque 2°, ‘P1414723’, and ‘MR-1°) were evaluated for resis-
tance to Pseudoperonospora cubensis. ‘Edisto 47’ and ‘PI
414723’ were not evaluated in some of the experiments.

The different melon lines were evaluated in six experiments
conducted at different locations (Table 1). Two field experiments
were performed under natural infection (experiments A and B).
One experiment was done under plastic tunnel with artificial
inoculation (C). One experiment was performed using a leaf disk
assay (D) as described by Epinat and Pitrat (18). Other experi-
ments were carried out in a glasshouse by artificial inoculations:
one experiment on cotyledons (E) and another one on true leaves
(F). The experiments D, E, and F were repeated twice (D1, D2,
El, E2, F1, and F2). For each experiment, each RIL was evalu-
ated in a complete randomized block design.

The first symptoms appeared between 7 and 10 days for experi-
ments D, E, and F and between 21 and 30 days for experiments A,
B, and C. As soon as symptoms appeared on a single plant of RIL
or control, severity of symptoms was assessed on infected leaves
or disks using semiquantitative rating scales, according to the
experiments (Table 1).

Statistical analyses of downy mildew evaluations. Two
variables were analyzed: the disease score at the final scoring date
(TF) and the area under the disease progress curve (AUDPC).
When several scorings per experiment were done (experiments A,
C, and D), the AUDPC was calculated for each RIL using the
following formula: AUDPC = Z[(x; + x;, — 2)/2](#:4 — 1), with i = 1
to 3 scorings, x; = mean disease score of each plant at date i, x;,; =
mean disease score of each plant at date i + 1, and #;;; — t; =
number of days between scoring date i and scoring date i + 1.

Data were analyzed for each experiment. Adjusted means of
disease scores (least-squares [ls] means) of RILs on blocks and
adjusted values of AUDPC of RILs were estimated by analysis of
variance (ANOVA). Phenotypic correlations among the blocks,
the experiments, and the variables were calculated. When repli-

TABLE 1. Conditions of the phenotypic evaluations of resistance to Pseudoperonospora cubensis in the 120 recombinant inbred lines derived from the cross

between ‘Védrantais’ and ‘PI 124112°2

Number
Type of Number of plants Scoring Number
Experiment Location Condition inoculation Organ evaluated of block per block scale of scoring
A RA Open field Natural Leaves of adult plant 2 1 1-3 3
B LR Field and P17 Natural Leaves of adult plant 1 1-9 1
C PACA Plastic tunnel Artificial Leaves of plant with 10-15 leaves 3 3 1-3 3
D1 PACA Growth chamber Artificial ~ Leaf disks of plant with 2 leaves 3 2 1-5 3
D2 PACA Growth chamber Artificial Leaf disks of plant with 2 leaves 2 1 1-5 3
El LR Glasshouse Artificial ~ Cotyledons of plant with one first leaf 4 5 1-9 1
E2 LR Glasshouse Artificial Cotyledons of plant with one first leaf 4 7 1-9 1
Fl1 LR Glasshouse Artificial First leaf of plant 4 5 1-9 1
F2 LR Glasshouse Artificial First leaf of plant 4 7 1-9 1

2 The evaluations were conducted in three regions of the South-East of France, Rhones-Alpes (RA), Languedoc-Roussillon (LR), and Provence-Alpes-Cote

d’Azur (PACA), under different conditions.
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cates were available for an experiment, broad-sense heritabilities
(h?) were estimated from the mean square (MS) of ANOVA using
the formula adapted from Gallais (22): h* = o ,/[c,> + (0,/r) +
(o)) or B* = oo’ + (cr)], where o,* is the genetic
variance (MSg — MSgr)/rn, o, is the genotype-test or the geno-
type-block interaction (MSgr — MSe)/n, c,” is the environmental
variance (MSe), n is the number of plants, and r is the number of
replicates.

Data analyses were performed with Statistical Analysis System
(SAS) software (SAS Institute, Cary, NC). Variance analysis of
disease scores and AUDPC was performed using PROC GLM of
SAS with randomized effects.

Powdery mildew evaluations. The different strains of five
races of Podosphaera xanthii and G. cichoracearum were tested
in a leaf disk assay slightly modified from Epinat et al. (20). Leaf
disks were placed in plastic boxes previously filled with 80 ml of
agar medium (mannitol, 10 g per liter; agar, 4 g per liter; and
benzimidazole, 30 mg per liter). Two types of leaf disks were
inoculated, disks from young leaves and disks from older leaves.
Since 1996, three experiments have been realized on 60 RILs
with several strains of four races (Podosphaera xanthii races 1, 2,
and 5 and G. cichoracearum race 1). The second half of the
population (60 RILs) was available in 2000 and has been

Experiment A
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evaluated for resistance to the same four races of Podosphaera
xanthii and G. cichoracearum in two experiments. In 2002, race 3
of Podosphaera xanthii was tested on the 120 RILs in two
experiments. Symptoms were rated individually for each leaf disk
at 10 days after inoculation using a semiquantitative scoring scale
from 1 to 9 (1 = no sporulations, 9 = entire disk colonized with
spores) corresponding to the surface and density of fungal coloni-
zation. Data were transformed on percentage of leaf disk surface
(disease area or DA) using the class mean as suggested by Nicot
etal. (44): 0=0%, 1 =2.5%, 2 =17.5%,3 = 17.5%, 4 = 37.5%,
5=67.5%,6=282.5%,7=92.5%, 8 =97.5%, and 9 = 100%.

Phenotypic correlations among the experiments and the races
were calculated. For the inheritance study, RILs with a DA < 10%
were considered resistant and RILs with a DA > 10% were con-
sidered susceptible.

Genetic map construction. Genomic DNA of the RILs and
parental lines was extracted from leaf tissue as described by
Baudracco-Arnas (6). This set of lines was screened with 28 am-
plified fragment length polymorphism (AFLP) primer combina-
tions, 45 simple sequence repeats (SSR) primers, 12 inter-
microsatellite (IMA) primers, and two phenotypic markers (a,
andromonoecious; Prv, Papaya ringspot virus resistance). Twenty
three AFLP primer combinations, 44 SSR primers (16,17,

Experiment B
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Fig. 1. Distribution of recombinant inbred lines (RILs), from the cross between ‘Védrantais’ and ‘PI 124112’ under infection by Pseudoperonospora cubensis
according to disease scores (TF) for experiments A to F. The mean of the RIL population is indicated by “m”. The genotypes ‘Edisto 47°, ‘PI 414723’ ‘Ouzbeque 2’,

and ‘MR-1" are the controls.
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29), and 12 IMA primer combinations (AA, AB, AE, B,E,F, J, L,
N, R, V, and Y) were the same as those used to build the reference
linkage map (45) and were used to assign the linkage groups
(LGs). Five other AFLP primer combinations were used to try to
saturate the genetic map (the EcoRI primer E32 = 5'-GACT-
GCGTACCAATTCAAC with Msel primers M47 to M51 = 5'-
GATGAGTCCTGAGTAACAA, CAC, CAG, CAT, and CCA,
respectively). A new SSR was also used, Aco3-msl (1). The
AFLP, SSR, and IMA analysis protocols were the same as de-
scribed in Périn et al. (45).

The AFLP fragment was named by the primer combination
followed by a number indicating the relative position of the band.
The AFLP markers were numbered from 100. The IMA markers
were named with a letter code followed by the approximate
weight of the band. All the markers were scored by two people in-
dependently. Segregation of the markers among the RIL progeny
was analyzed by the y? test. Markers with a strongly distorted
segregation from the expected 1:1 (P < 0.01) were eliminated.
Since our RIL population had ‘Védrantais’ as a common parent
with the reference map, the co-migrating DNA fragments in
AFLP- and SSR-specific loci were used to assign the LGs.

The genetic map was constructed with the Mapmaker software
version 3.0 (Whitehead Institute, Cambridge, UK). A logarithm of
odds ratio (LOD) threshold of 5 was used to define LGs. Ordering
markers was done using the “order” command. Markers that
could not be confidently ordered were placed using the “try”
command. Candidate orders were confirmed with the “ripple”
command. The Kosambi function was used to calculate genetic
distances (centimorgan [cM]) (34). When several markers clus-
tered at the same position, the marker with the best segregation
was conserved in order to construct a framework linkage map.

QTL detection. For downy mildew, the QTL detection was
analyzed with 28 traits corresponding to the Ismeans of the dis-
ease scores (TF) and AUDPC (two variables for experiments A,
C, and D; only TF for experiments B, E, and F), the means of the
disease scores of each block (when the block effect was highly
significant, P < 0.01). The resistance to powdery mildew was
analyzed for each experiment and each strain, previously reported
in powdery mildew evaluations, of the five races (55 traits).

Variance analysis (LR), interval mapping (IM), and composite
interval mapping (CIM) were performed with the QTL Cartog-
rapher software version 1.17 (C. J. Basten, B. S. Weir, and Z.-B.
Zeng, North Carolina State University) for each trait. After per-
forming 1,000 permutations with ANOVA, a LOD threshold of
3.1 for Pseudoperonospora cubensis and 3.3 for Podosphaera
xanthii and G. cichoracearum was used to declare a putative QTL
significant. For CIM, three to seven of the most informative
markers per trait were chosen as cofactors. The same significance
threshold was used for IM and CIM methods. For each significant
QTL, a confidence interval corresponding to a LOD score drop of
1 on either side of the likelihood peaks was calculated. The QTL
detected for several traits were interpreted to be the same QTL
when the confidence interval of their position overlapped. For
each trait, a multiway ANOVA was performed with molecular

markers near the QTL peaks to estimate the total percentage of
phenotypic variation (R?) explained by the significant QTL.

QTL were named by two letters indicating the pathogen, fol-
lowed by the number of the LG it was associated with, and a
number to distinguish several QTL on the same LG.

In addition to additive effects, digenic epistasis was tested with
a two-factor ANOVA model with an interaction between pairs of
markers. With the PROC GLM of SAS software, 37,675 inter-
action tests were performed and a significance level of P <
0.00001 (0.4 false positive) was chosen for detecting digenic
epistasis.

RESULTS

Phenotypic analyses of downy mildew and powdery mildew
resistances. The variable TF was calculated for each Pseudo-
peronospora cubensis resistance experiment. The TF was used to
demonstrate all the results of the phenotypic evaluations.

The parental lines ‘Védrantais’ and ‘PI 124112’ behaved, as ex-
pected, according to susceptibility and resistance. The controls,
‘MR-1’, ‘Edisto 47°, and ‘Ouzbeque 2’, also behaved as expected
(resistant, intermediate, and susceptible, respectively). When the
infection was severe, ‘PI 414723’ was not stable and shifted to
susceptibility, such as in experiment B. Distributions of the RILs
ranging in classes of disease scores (TF) showed a continuous
variation (Fig. 1).

Data from the different experiments correlated significantly
(Table 2). The correlation coefficients between the replications for
experiments D (R? = 0.59), E (R*> = 0.7), and F (R* = 0.83) were
highly significant. The correlation coefficients were highly sig-
nificant between TF and AUDPC for experiments A (R = 0.86), C
(R? = 0.98), and D (R* = 0.97). The randomized blocks of the
experiments were also significantly correlated, with R* ranging
from 0.36 to 0.9 (data not shown).

Differences among RILs were highly significant (Table 3). At
the 1% level, the block effect was significant for all the experi-
ments, except A, B, and E1. The RIL-block interaction was sig-
nificant for experiments C, D1, D2, E1, E2, F1, and F2.

Broad-sense heritabilities calculated from the different experi-
ments ranged from 0.64 and 0.95 for TF (Table 4).

The parental lines ‘Védrantais’ and ‘PI 124112’ were suscep-
tible and resistant to powdery mildew, respectively. Distributions
of the RILs in classes of DA showed a different type of segre-
gation (Fig. 2). Resistance to Podosphaera xanthii races 1 and 2
showed a 3:1 resistant/susceptible segregation type (> = 0, P =
100%; y* = 0.15, P = 69.9%, respectively) corresponding to two
independent genes. Resistance to Podosphaera xanthii races 3 and
5 was controlled by one gene, with a 1:1 resistant/susceptible
segregation (y*> = 0.008, P = 92.7%; y> = 2.94, P = 8.7%, re-
spectively). Resistance to G. cichoracearum race 1 also showed a
significant segregation of 1:1 resistant/susceptible (3> = 0.14, P =
70.8%).

The correlations between the different experiments, different
strains of the races, and type of leaf disks (young or old leaves)

TABLE 2. Correlation coefficients between the adjusted means of the disease score (TF) of Pseudoperonospora cubensis in the 120 recombinant inbred lines
derived from the cross between ‘Védrantais’ and ‘PI 124112’ in six experiments (experiments A to F) evaluated®

Experiments A B C D2 El E2 F1

B 0.51%**

C 0.39%** 0.22%

D1 0.48%##* 0.44%** 0.52%**

D2 0.46%** 0.56%** 0.40%** 0.71%**

El 0.47%** 0.37%** 0.45%** 0.56%** 0.627%**

E2 0.47%** 0.42%%** 0.29%* 0.58%** 0.58%** 0.64%**

F1 0.56%** 0.55%** 0.57%** 0.65%** 0.70%** 0.72%** 0.54%**
F2 0.61%** 0.58%** 0.53%** 0.66%** 0.65%** 0.64%** 0.60%** 0.83%**

4 The experiments are described in Table 1. The significant correlation coefficients are indicated by ***, ** and * when P is <0.001, <0.01, and <0.05,

respectively.
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were significant (data not shown). Resistances to races 1 and 2 of
Podosphaera xanthii were significantly correlated (R*> = 0.93)
(Fig. 2). Race 2 resistance was significantly correlated to resis-
tance to race 5 (R* = 0.55) and race 3 of Podosphaera xanthii
(R?=0.7) and race 1 of G. cichoracearum (R* = 0.54). But race 3
resistance was not significantly correlated to resistance to race 5
of Podosphaera xanthii (R*> = 0.1) and race 1 of G. cichoracearum
(R? = 0.18). Correlation between resistance to race 5 and resis-
tance to race 1 of G. cichoracearum was highly significant (R* =
0.72).

It can be concluded that one gene is involved in the genetic
control of resistance to races 1, 2, and 3 of Podosphaera xanthii
and another independent gene controls resistance to races 1, 2,
and 5. This latter gene is also involved in resistance to race 1 of
G. cichoracearum.

The RILs most resistant to Pseudoperonospora cubensis were
resistant to Podosphaera xanthii race 5, whereas the reverse was
not always true (Fig. 3). Two-sample test of Kolmogorov-Smirnov
assessed that the distributions of the resistant and susceptible
RILs to Podosphaera xanthii race 5 were significantly different
(P < 0.0001). The linkage between resistances to Pseudoperono-
spora cubensis and Podosphaera xanthii race 5 was demonstrated.

Genetic mapping. Among the 45 SSR primers tested, 17 were
polymorphic between ‘Védrantais’ and ‘PI 124112°. A percentage
of 29.8% of the AFLP bands was found to be polymorphic be-
tween the parental lines. This corresponded well with the rate of
polymorphism found by Périn et al. (45) between ‘Védrantais’ and
‘PI 161375 (28.9%).

The genetic map was obtained after linkage analysis of 465
AFLP, 17 SSR, 26 IMA, and two phenotypic markers (a and Prv).
Thirty six LGs were obtained and 51 markers were not linked
with a LOD of 5. Among 36 ordered groups, 13 were assigned to
12 LGs of the reference map of melon (45). Between one to nine
markers were used to assign each LG. The 23 nonassigned LGs
were built of two to five markers and were numbered from LG13
to LG35. This unsaturated map spanned 1,150 cM. While the
mean marker interval was 4.2 cM, the largest interval between
two markers was 26.5 cM.

TABLE 3. Analysis of variance of the disease score (TF) of Pseudo-
peronospora cubensis in 120 recombinant inbred lines (RILs) derived from
the cross between ‘Védrantais’ and ‘PI 124112’

Mean
Experiment Effect df square F value P value
A RIL 118 1.57 4.99 <0.0001
Block 1 0.62 1.96 0.1640
B RIL 115 4.16 3.45 <0.0001
Block 2 5.44 45 0.0121
C RIL 118 2.48 5.78 <0.0001
Block 2 35 8.4 0.0003
RIL-block 233 0.43 9.2 <0.0001
D1 RIL 116 8.5 4.85 <0.0001
Block 2 12.83 7.34 0.0008
RIL-block 227 1.76 3.09 <0.0001
D2 RIL 117 21.8 2.97 <0.0001
Block 1 66.9 9.14 0.0031
RIL-block 223 0.93 7.87 <0.0001
El RIL 116 29.43 9.02 <0.0001
Block 3 8.32 2.64 0.0495
RIL-block 318 3.31 1.75 <0.0001
E2 RIL 115 56.88 4.58 <0.0001
Block 3 855.06 72.84 <0.0001
RIL-block 341 12.6 6.39 <0.0001
F1 RIL 115 16.67 14.69 <0.0001
Block 3 4.18 3.94 0.0088
RIL-block 318 1.16 275 <0.0001
F2 RIL 114 50.93 20.85 <0.0001
Block 3 78.59 33.87 <0.0001
RIL-block 341 2.46 3.39 <0.0001

560 PHYTOPATHOLOGY

QTL detection. QTL detection did not significantly differ
between the three detection methods, LR, IM, or CIM. Because of
the more accurate estimations of R* values and additive effects
with CIM (64), we choose to present CIM results only.

One major Pseudoperonospora cubensis resistance QTL,
pcXII.1, was detected for all 28 traits studied. This QTL explained
from 12 to 38% of the phenotypic variance (Table 5). Other QTL
were detected for several but not all traits (pcIV.I, pcVII,
pcVIIIL 1, and pcX1.2). For instance, the QTL pcIV.] was detected
for experiments A, B, and F1 and explained from 7.9 to 13% of
the phenotypic variance. Six other QTL were detected: pcll.1 for
experiment B, pcXI.1 for experiment A, or on one replicate of one
experiment, pcl6.1, pc24.1, pc32.1 or for one variable (AUDPC)
of one experiment (D1), pcVL2. The QTL pcVIII.1 and pc24.1
had a negative additive effect, indicating that the ‘Védrantais’
allele improves the resistance to Pseudoperonospora cubensis.
The results of QTL detection on each block of experiments C, D1,
D2, E2, F1, and F2 were the same as those obtained with the
adjusted means on blocks (data not shown).

All confidence intervals of the pcIV.1, pcVIII.1, and pcXII.1
QTL overlapped on a common segment of LGs (Fig. 4). On LGVI
and LGXI, confidence intervals of each QTL detected did not
overlap and were considered different QTL.

Thirteen significant digenic interactions were detected for six
experiments, but none were the same between two experiments
(data not shown).

The total R? accounted by all QTL with additive effects for re-
sistance to Pseudoperonospora cubensis ranged from 14 to 50.3%
for all the experiments.

For powdery mildew experiments, one major QTL, PmV.I, was
detected and explained 89% of the phenotypic variation of resis-
tance to Podosphaera xanthii race 3 and corresponded to a mono-
genic control. One major QTL corresponding to monogenic con-
trol for resistance to race 5 of Podosphaera xanthii was detected
on LGXII, PmXII.I, which explained 93% of the phenotypic
variation (Table 6). Two major QTL were identified for resistance
to races 1 and 2 of Podosphaera xanthii on LGV and LGXII,
PmV.1 which explained 33 and 39% of the variation and PmXII.1
which explained 25 and 29% of the variation. The same QTL,
PmXII.1, explained 32% of the resistance to G. cichoracearum
race 1. This detection was assessed for all the traits (data not
shown).

Three digenic epistatic interactions were found to have a sig-
nificant effect on Podosphaera xanthii and G. cichoracearum.
The interaction between PmV.1 and PmXII.1 accounted for 68 and
80% of the variation for the resistance to Podosphaera xanthii
races 1 and 2 (P = 9.107* and 1.107, respectively). The two
other significant interactions were detected between PmXII.1 and
an IMA marker AB_1600 (LGIV) and between the AFLP marker
H36/M37-114_1 (LGIII) and AB_1600. They explained 22 and
20% of the variation of the resistance to G. cichoracearum race 1
(P =2.10" and 6.10°°, respectively).

DISCUSSION

In this paper, we report the construction of an unsaturated
linkage map based on a RIL population derived from the cross
between ‘Védrantais’ and ‘PI 124112’, which allowed us to assess

TABLE 4. Genetic analysis of the resistance to Pseudoperonospora cubensis
in the recombinant inbred line progeny from the cross between ‘Védrantais’
and ‘PI 124112°%

Parameter A B C D1 D2 El E2 F1 F2
h? 0.80 0.71 0.88 0.79 0.64 089 0.78 093 0.95

4 The broad-sense heritability, h2, was calculated for the disease score (TF) of
the six experiments (A to F) and the three replications of experiments D, E,
and F.



the polygenic inheritance of resistance to Pseudoperonospora
cubensis and to localize resistance genes to powdery mildew.

The melon genome is predicted to have 12 LGs. The common
parental line ‘Védrantais’ and the use of a few common markers
allowed the assignment of the 12 LGs of the Ved124 map onto the
reference map built with two other RIL populations (‘Védrantais’ x
‘PI 161375 and ‘Védrantais’ x ‘PI 414723’) (45). The SSR
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provide co-dominant, locus-specific markers that are effective
anchor points for map merging. AFLPs are dominant finger-
printing markers that are quite well distributed on our Ved124
map but also transportable between crosses. Thirty five LGs were
defined, including the 12 LGs previously published, and the
genome coverage (1,150 cM) was below the 1,654 cM of the
published reference map.
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Fig. 2. Distribution of recombinant inbred lines (RILs), from the cross between ‘Védrantais’ and ‘PI 124112’ under infection by different races of Podosphaera
xanthii (PX) and Golovinomyces cichoracearum (GC) race 1 according to disease area.

Vol. 95, No. 5, 2005 561



In spite of the fact that our map was unsaturated, 11 QTL were
identified for resistance to Pseudoperonospora cubensis on six
LGs and three unassigned groups (Fig. 4). The confidence interval
of the QTL did not always overlap. This may be due to the
following: (i) the number of RILs was too low, (ii) the map was
unsaturated, or (iii) resistance experiments were carried out under
multiple conditions. The QTL detected on LGVI (pcVI.I and
pcVIL2) and on LGXI (pcXI.1 and pcXI.2) may be considered as

IDSusceptible to PX race 5 M Resistant to PX race 5

Y
o

(2]
o

Number of RILs
S

ry
o
I

TF of PC

Fig. 3. Distribution of recombinant inbred lines (RILs) resistant or susceptible
to Podosphaera xanthii (PX) race 5 according to the disease scores (TF) of
Pseudoperonospora cubensis (PC).

the same QTL. Thus, nine QTL were involved in control of resis-
tance to Pseudoperonospora cubensis.

The resistance alleles of seven QTL originated from the par-
tially resistant parent ‘PI 124112’. Resistance alleles of two QTL,
pcVIIL1 and pc24.1, were identified as originating from the sus-
ceptible line ‘Védrantais’. Alleles from the susceptible parent that
enhance disease resistance were already reported for several host—
pathogen interactions (2,3,21).

Among the nine QTL detected, one QTL with major effect was
consistent over all the traits, all the experiments, and all planting
conditions. This QTL, pcXII.1, explained a high proportion of the
phenotypic variation, between 12 and 38%. Finding one or two
major QTL stable across environments has been observed for
various pathosystems (23,30,46,52). pcXIl.I was probably re-
sponsible for the phenotypic correlations between the experi-
ments, replications, and blocks. This QTL may be constitutive or
expressed all along the host—pathogen interaction and may corre-
spond to resistance genes (37). Resistance to Pseudoperonospora
cubensis has been evaluated with only one strain using the arti-
ficial inoculations. An unknown number of strains were in field
experiments in which the inoculum was not controlled. So pcXII.1
may be a nonspecific resistance factor. Four QTL were consistent
over two or three experiments and four QTL were replication or
location specific. Incomplete correlation between experiments
may result from plant age, different populations of Pseudo-
peronospora cubensis, different environmental conditions, or
pathogen development and disease pressure. The expression of
the individual QTL may display specificities, such as QTL pc16.1
and pc24.1, which appear to be specific for the leaf disks,
and pc32.1, which appears to be specific for the cotyledons.

TABLE 5. The quantitative trait loci (QTL) associated with the resistance to Pseudoperonospora cubensis in 120 recombinant inbred lines derived from the cross
between ‘Védrantais’ and ‘PI 124112’ for six experiments, two variables (disease scores and area under disease progress curve [AUDPC]), and two replications of

each experiment when data were available®

Total R? explained

Experiment Variable QTL Position (cM) LOD R? (%) Additive effect by all QTL (%)
A TF peXI1 16.8 3.00 53 0.21 46.6
pcXIL1 24.2 13.68 31.1 0.52
AUDPC pelV.1 24.8 4.07 7.9 3.96 50.3
pcVIL1 48.3 3.97 8.2 4.08
peXI1 16.8 3.64 6.6 3.62
peXIL1 24.0 13.3 29.3 7.82
B TF pell 1 73.8 4.24 11.6 0.41 19.0
pelV.1 4.0 3.92 13.6 0.44
pcVIIL1 152.8 3.04 11.3 -0.40
peXIl.1 17.5 5.17 13.2 0.44
C TF peXIl.1 20.0 542 20.1 0.26 14.0
AUDPC peXIL1 17.5 6.3 18.1 3.36 20.5
D1 TF pcVIL1 46.3 4.84 13.9 0.33 24.0
peXIlL1 22.0 6.95 254 0.44
AUDPC pcVIL2 30.3 3.33 10.2 0.85 21.6
peXIlL1 15.0 7.2 20.3 1.2
D2 TF peXIL1 24.2 8.81 26.2 1.36 342
pc24.1 0.0 3.18 16.7 -1.01
AUDPC peXIL1 24.2 9.51 28.3 4.69 40.0
pcl6.1 12.1 3.2 15.0 3.11
pc24.1 0.0 3.49 16.3 -3.25
El TF pcVIL1 56.9 5.1 13.1 0.54 31.2
peXIl1 24.2 14.45 37.8 0.93
E2 TF pcXL.2 28.1 3.00 5.6 0.40 44.7
peXIlL1 26.2 13.66 35.5 1.01
pc32.1 2.0 3.25 7.8 0.47
F1 TF pclV.1 16.1 3.05 8.0 0.34 24.6
pcVIIL1 152.8 5.13 20.5 -0.53
peXIL1 24.2 5.02 12.1 0.42
F2 TF pcVIIL1 156.2 5.56 15.0 -0.63 40.8
pcXL.2 30.9 2.93 6.0 0.41
peXIlL1 24.0 10.55 25.0 0.84

2 Name of QTL, the position of the peak of LOD scores, the significant peak values of LOD scores, the percentage of phenotypic variance explained, the additive
effects, and the total phenotypic variance explained by QTL based on composite interval mapping analysis are summarized.
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These QTL may be specifically expressed or induced in particular
organs (37).

The artificial inoculation test performed in growth chambers
and on leaf disks (experiment D) was significantly correlated to
the experiments under natural infection, but did not explain all the
Pseudoperonospora cubensis resistance detected. This demon-
strates the need to evaluate Pseudoperonospora cubensis resis-
tance in several locations and conditions over several years to
state the individual effect of QTL accurately.

The broad-sense heritabilities ranged from 0.64 to 0.95 indicat-
ing a good estimation of the genotypic value by the phenotypic
evaluations. The heritabilities of experiments B and D2 were
lower than the others because of environmental conditions such as
temperature and moisture affecting the epidemics in the field (B),
and the less severe infection on leaf disks (D2). The total pheno-
typic variance explained by all detected QTL ranged from 14 to
50%. Comparison with the values of broad-sense heritabilities
suggested that all the genetic variance was not explained by these
QTL. This may result from the existence of resistance loci in
genomic regions not covered by our genetic map or from the
choice of the significance threshold which could have prevented
the detection of minor QTL. The involvement of epistatic inter-
actions in the unexplained part of the variation is hypothesized
and shown by 13 significant interactions. None of these digenic
interactions was consistently identified. Liao et al. (38) detected
different epistatic effects under two experimental conditions and

thus suggested that the effects of environment are greater on
epistatic loci than on QTL.

Powdery mildew resistance was more simply inherited. Resis-
tance to Podosphaera xanthii race 3 was controlled by one major
gene localized on LGV, PmV.I. One major gene, PmXII.I
localized on LGXII, was involved in the resistance to Podo-
sphaera xanthii race 5. Resistance to Podosphaera xanthii races 1
and 2 was controlled by either PmV.l or PmXII 1. Resistance to

TABLE 6. The quantitative trait loci (QTL) associated with the resistance to
powdery mildew (Podosphaera xanthii and Golovinomyces cichoracearum) in
120 recombinant inbred lines derived from the cross between ‘Védrantais’ and
‘PI 124112’ for the disease area®

Races QTL Position (cM) LOD  R?*(%)
Podosphaera xanthii race 1~ PmV.1 72.9 12.16 329
PmXIIL1 9.2 10.1 24.8
Podosphaera xanthii race 2~ PmV.1 72.9 16.19 38.9
PmXII.1 9.2 13.0 28.8
Podosphaera xanthii race 3~ PmV.1 72.9 48.31 88.9
Podosphaera xanthii race 5 PmXII. 1 9.1 55.1 93.1
G. cichoracearum race 1 PmXII 1 9.2 11.74 32.1

4 Name of QTL, the position of the peak of LOD scores, significant peak
values of LOD scores, and the percentage of phenotypic variance explained
by QTL based on composite interval mapping analysis are summarized.
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Fig. 4. Linkage groups (LGs), downy mildew (pc) and powdery mildew (Pm) resistance quantitative trait loci (QTL) detected on the RILs progeny derived from
the cross between ‘Védrantais’ and ‘PI 124112°. Only the LGs on which some QTL and digenic interactions have been detected are represented. The QTL length
represents the confidence interval: the distance equivalent to an LOD decrease of 1 on each side of the position of the maximal LOD value. The co-migrating loci
of amplified fragment length polymorphism and simple sequence repeats specific loci between the Ved124 linkage map and the reference map (45) are indicated in

bold type and numbered as in the reference map.
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G. cichoracearum race 1 was more complex to define, because
only one QTL was detected, PmXII.1, which explained only 32%
of the phenotypic variation. Moreover, one digenic interaction oc-
curred between PmXII.1 and one marker located on LGIV, and
another digenic epistatic interaction was detected between “back-
ground” loci on LGIII and LGIV. These results were not con-
sistent with those of other studies. Indeed, inheritance of resis-
tance to Podosphaera xanthii races 1 and 2 has already been
studied by Kenigsbuch and Cohen (33), who showed that resis-
tance to races 1 and 2 of Podosphaera xanthii was controlled by
two different genes (Pm4 for race 2 and Pm5 for race 1). Their
race 2 strain was possibly different than the race 2 ‘Europe’, Sm1,
used in our study. Indeed, using differential lines other than ‘PMR
45’, McCreight et al. (40) demonstrated that race 2 ‘Europe’ and
race 2 ‘US’ were different. One dominant gene (Pm-C?), con-
trolling the resistance to both races (race 1 and race 2 ‘Europe’),
was described by Epinat et al. (20) in F,, F,, and BC progenies of
the cross between ‘Védrantais’ and ‘PI 124112°. One of the two
resistance genes, PmV.I or PmXIIl.1, may not be completely
dominant and consequently not detected from the genetic study of
Epinat et al. (20). The fact that two independent genes controlled
resistance to Podosphaera xanthii races 1, 2, 3, and 5 and
G. cichoracearum race 1 was also inconsistent with the study of
Bardin et al. (5) on Podosphaera xanthii races 1, 2, 4, and 5, who
hypothesized that four genes were linked in a cluster. Many
assumptions underlied this hypothesis. Moreover, molecular
markers and QTL detection allowed us to identify and localize the
genetic factors involved in resistance. Thus, we can confirm the
simple inheritance of resistance to Podosphaera xanthii races 1, 2,
3, and 5.

On LGV, the PmV.1 locus for resistance to Podosphaera xanthii
races 1, 2, and 3 co-localized with the resistance genes Vat, which
confers resistance to aphid colonization and virus transmission,
and Pm-w for resistance to Podosphaera xanthii races 1, 2, and 3
in ‘WMR-29’ (45). Therefore, a cluster of resistance genes may
be present in this genomic region. The existence of simply in-
herited genes, or clusters of separate tightly linked genes, that
confer resistance to several pathogens has been described in other
cucurbits, such as cucumber with potyviruses (25) and in several
other plant species (15,50). About 60% of the resistance genes are
clustered. The resistance genes present in a given cluster can con-
fer resistance to different strains of the same pathogen or to
different pathogens (63).

Recently, two photorespiratory peroxisomal enzymes, proteins
glyoxylate aminotransferases Az/ and At2, belonging to a differ-
ent class of R genes, were cloned and shown to display resistance
against Pseudoperonospora cubensis in the melon line ‘PI
124111F’ (55). One of these genes may be one of the two com-
plementary genes identified to control resistance in ‘PI 124112’
by Kenigsbuch and Cohen (31,32). To assess the molecular nature
of genetic factors involved in resistance to Pseudoperonospora
cubensis in ‘PI 124112, polymorphism of these enzymatic genes
will need to be tested and these genes will need to be mapped to
determine if they co-localize with one of the resistance QTL to
Pseudoperonospora cubensis.

On LGXII, the major resistance QTL for Pseudoperonospora
cubensis, pcXII.1, was detected on PmXII.1, resistance gene to
Podosphaera xanthii races 1, 2, and 5 and G. cichoracearum race
1. So one of the major genetic factors involved in resistance to
Pseudoperonospora cubensis is linked with the locus, PmXII 1,
involved in the powdery mildew resistance. This result is il-
lustrated in Figure 3. Other studies showed that the gene Run [
from Muscadinia, responsible for total resistance to the powdery
mildew species Uncinula necator, is linked with the resistance to
downy mildew caused by Plasmopara viticola (35,41). The loci
implicated in these resistances may be different but tightly linked.
The presence of both quantitative and qualitative resistance genes
in the same genomic regions suggests that the QTL may corre-

564 PHYTOPATHOLOGY

spond to allelic variation of qualitative resistance genes with
intermediate phenotypes (51). It has been demonstrated that genes
sharing a common structure with R genes could trigger a weak
resistance.

A stable resistance may be obtained by a combination of com-
plete and partial resistance factors. Pyramiding qualitative resis-
tance genes with different race specificities has been proposed as
a way to increase the likelihood of the predicted resistance dura-
bility to stem rust on spring wheat (53). In ‘PI 124112’, the
powdery mildew resistance genes located on LGXII and LGV are
already pyramided. In the case of quantitative resistance to
Pseudoperonospora cubensis, the major QTL pcXII.1 is stable
over locations and infection conditions and seems to be a non-
specific genetic factor. Moreover, resistance of this QTL is linked
with powdery mildew resistance to Podosphaera xanthii races 1,
2, and 5 and G. cichoracearum race 1. The combination of both
types of resistance genes (qualitative and quantitative) offers the
possibility of exploiting both the complete effect of the qualitative
resistance genes with the theoretical durability of the quantitative
resistance gene (11).
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