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Abstract: Breeding for disease resistance has been one of the most important research objectives in
melon for the last few decades. Fusarium wilt caused by Fusarium oxysporum f. sp. melonis (Fom) is
among the most threatening melon fungal diseases along the Mediterranean coast, affecting yield and
quality. Since genetic resistance is one of the best sustainable strategies that can be used to control
this pathogen, 27 Tunisian melon accessions collected from local farmers have been tested using
phenotypic and molecular approaches to identify new sources of resistance to be used directly as
cultivars in affected areas or as resistance donors in breeding programs. The phenotypic evaluations,
using artificial inoculations, showed several resistant accessions to the pathogenic races of Fom.
Additionally, molecular analysis revealed that 13 out of 27 accessions carried the resistance Fom-1
gene (7 in homozygous state and 6 in heterozygous state), confirming their resistance to races 0 and 2.
Two of them were also identified as heterozygous for the Fom-2 gene, being resistant to races 0 and 1.
Furthermore, two accessions with a high level of resistance to the most virulent race 1.2 have been
also reported. This melon germplasm should be explored as a potential source of resistance genes in
breeding programs to develop new resistant melon cultivars.

Keywords: melon; breeding program; genetic resistance; Fom-1 and Fom-2 genes; molecular markers;
Fom race 1.2

1. Introduction

Several fungal diseases, such as Fusarium wilt, powdery mildew, Monosporascus root
rot, and charcoal root, caused by Macrophomina phaseolina [1–8], affect seriously melon
crops (Cucumis melo L.), decreasing yield and fruit quality and forcing intensive use of
chemical treatments. Among the diseases affecting melon crops, Fusarium wilt is one
of the most threatening in the Mediterranean area [1]. Considerable damages caused by
Fusarium wilt have been reported in many parts of this area, including Tunisia. The loss of
yield through plant death and the decrease in marketable fruits are considered as the most
obvious damages. The world annual loss in melon crops caused by Fusarium wilt has been
estimated at 10–30%, and sometimes up to 100% [1].

Fusarium wilt is caused by several soil-borne fungal species and formae speciales
belonging to the genus Fusarium [2–5]. Fusarium oxysporum f. sp. melonis W.C. Snyder
and H.N. Hansen (Fom) is the best-known species affecting melon crops, and the four
pathogenic races of this fungus (0, 1, 2, and 1.2) [9] have all been found in the Mediterranean
basin, including Tunisia [1,6]. Fusarium wilt is one of the most difficult diseases to control
primarily because the pathogen has a soil-borne lifestyle and remains viable in the soil as
chlamydospores for decades. Agricultural practices have been used to control Fusarium
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wilt, such as crop rotation that has only provided limited protection, soil disinfection
using chloropicrin or methyl bromide, grafting of melon onto resistant rootstocks [7], soil
solarization with polyethylene sheet [10], and use of nonpathogenic strains of Fusarium to
compete with pathogenic isolates. However, the most effective way to control the disease
is the use of varieties with genetic resistance. This control measure also helps to reduce the
large number of chemicals normally used in melon crop production, being favorable for
the environment and human health.

Risser et al. [9] described two race-specific resistant genes, Fom-1 and Fom-2 in melon
lines ‘Doublon’ and ‘CM17187’, respectively. Fom-1 confers resistance to races 0 and 2,
whereas Fom-2 determines resistance to races 0 and 1. Oumouloud et al. [11] reported a new
recessive gene fom-4 in a Spanish melon accession ‘Tortuga’ that confers resistance to races
0 and 2. Fom isolates classified as race 1.2 are able to cause disease in melon lines carrying
the resistance genes described above. Race 1.2 is further divided into pathotype 1.2y, which
induces leaf yellowing symptoms before the death of the plants, and 1.2w, which causes
wilting and death without prior yellowing symptoms. The harmful race 1.2 has spread
around the Mediterranean area and has become a problem for melon cultivation [1,6,12];
the development of genotypes with resistance not only to race 1.2 but to the other races
of the pathogen represents a major objective in melon breeding programs. Resistance
to race 1.2 seems to be quantitative and polygenically inherited [13–15]. Herman and
Perl-Treves [16] reported a near-complete resistance to Fom race 1.2 in the melon breeding
line BIZ, controlled by two complementary recessive genes, fom 1.2a and fom 1.2b. Chikh-
Rouhou et al. [13] reported that resistance to race 1.2 is under complex genetic control
since relatively moderate broad-sense heritabilities were obtained and epistatic effects
were detected.

Several methods of screening to identify resistance sources have been used, artificial
inoculations being the most suitable [17,18]. Combining artificial inoculations with the
use of molecular markers would allow the identification of reliable sources of resistance.
Several molecular markers linked to the two dominant Fom-1 and Fom-2 genes have been
identified [19–23]. Those markers have only application in the specific melon genetic
backgrounds where they were developed, and they could not be validated for consistent
polymorphism in the Tunisian melon cultivars [20,21]. Oumouloud et al. [24,25] devel-
oped functional markers for Fom-1 and Fom-2 based on single nucleotide polymorphism
within the coding region of the Fom-1 locus encoding for resistance to Fom and a functional
nucleotide polymorphism detected between the susceptible and resistant Fom-2 alleles,
respectively. These functional markers [24,25] are highly predictive of the phenotype as
they target the functional polymorphism within a desired gene, overcoming the prob-
lem of recombination and linkage between marker and trait [26]. Regarding Fom 1.2,
Perchepied et al. [27] identified a total of 9 recessive QTLs, associated with resistance, lo-
cated on 5 linkage different groups, and Herman et al. [28] detected a major QTL for such
resistance. However, useful molecular markers for Fom 1.2 race are not available yet.

There are commercial cultivars with resistance to races 0, 1, and 2, mostly belonging
to ‘Galia’ and ‘Cantaloup’ types, but only a few hybrids and lines of makuwa and conomon
botanical groups are partially resistant to race 1.2, which are mainly used as rootstocks.
The spread of Fom races has become a problem for melon cultivation, and the development
of genotypes with resistance to multiple races of the pathogen represents a major objective.
Furthermore, the search for and utilization of new genes different from the well-known
genes conferring resistance to Fusarium wilt are still among the primary objectives in
melon breeding in order to strengthen the existing resistances and develop more durable
resistant cultivars.

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 Tunisian melon germplasm, unexplored to
date for Fusarium wilt resistance, could be of great potential and should be exploited.
The agronomic traits and fruit characteristics of the Tunisian accessions are similar to the



Horticulturae 2021, 7, 208 3 of 14

commercial types demanded by Mediterranean markets, and they also carry the adaptation
to the environment and cultivation methods [29–31]. All these characteristics would favor
the development of varieties or hybrids of commercial interest if any resistance is found in
the Tunisian material. The aim of this study was to screen Tunisian germplasm unexplored
to date for Fusarium wilt resistance to identify new sources useful in breeding programs
by using both phenotypic and molecular marker approaches.

2. Materials and Methods
2.1. Plant Material

The melon material used in this study consisted of 27 Tunisian melon landraces
belonging to different horticultural groups, collected from local farmers of the Center-East
of the country since 2015 and 2016 (Table 1) and maintained at the Regional Research
Centre on Horticulture and Organic Agriculture (CRRHAB, Chott-Mariem, Tunisia). Most
accessions have been characterized for their morpho-agronomic traits [29,31].

Table 1. Horticultural groups and Tunisian melon landraces used in the study.

ID Accessions Horticultural Group *

TUN-1 Maazoun Chott-Mariem inodorus
TUN-2 Maazoun Menzel Chaker inodorus
TUN-3 Maazoun Mehdia (MM2009) inodorus
TUN-4 Maazoun Fethi inodorus
TUN-5 Fakous (FL) flexuosus
TUN-6 Fakous Salem 2014 flexuosus
TUN-7 Trabelsi inodorus
TUN-8 Galaoui reticulatus
TUN-9 Dziri (DZ P5 2011) inodorus

TUN-10 Lobneni reticulatus
TUN-11 Arbi inodorus
TUN-12 Horchay chate
TUN-13 Arbi 1 inodorus
TUN-14 Arbi 2 inodorus
TUN-15 Arbi 3 inodorus
TUN-16 Sarachika inodorus
TUN-17 RD cantalupensis
TUN-18 Rupa cantalupensis
TUN-19 Chamem (Ananastype) reticulatus
TUN-20 HTM Kairouan reticulatus
TUN-21 Acc Jendouba inodorus
TUN-22 Dziri (Menzel Kamel) inodorus
TUN-23 Ecotype arbi Dz inodorus
TUN-24 Maazoun (Kairouan) inodorus
TUN-25 Asli inodorus
TUN-26 Stambouli inodorus
TUN-27 V4 autoféc inodorus

* According to Pitrat [32].

The melon genotypes ‘Charentais Fom-1’ and ‘Charentais Fom-2’ were used as controls
resistant to races 0 and 2 and 0 and 1, respectively, and as controls susceptible to race
1.2. ‘Charentais-T’ was used as a control susceptible to races 0, 1, and 2. The resistant
control used for race 1.2 was the hybrid F1 ‘Dinero’ (Syngenta), which is resistant to both
pathotypes of race 1.2.

2.2. Phenotypic Evaluation of the Resistance to Fom

In this study, five Fom isolates were used, Fom0122 belonging to race 0, Fom0123
belonging to race 1, Fom0124 belonging to race 2, and Fom24mls and Fom0125 belonging
to the pathotypes 1.2y and 1.2w, respectively. All strains were isolated and characterized
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by our group in previous works [11,12] and kept in the living collection (freeze-dried or
deep-frozen at −85 ◦C) of the Plant Protection Unit of CITA (Zaragoza, Spain).

All Fom races were previously refreshed from lyophilized vials and grown in plates
containing potato dextrose agar (PDA) medium (Panreac, Barcelona, Spain) at 25 ◦C
for 5 days in the dark (Figure 1). Then, for each Fom race, a liquid culture containing
yeast malt broth (per liter: 5 g of yeast extract (Difco Laboratories, Detroit, MI, USA),
5 g of malt extract (Panreac), 5 g of glucose (Panreac)) inoculated with 3 mycelial plugs
(coming from the margins of 5-day-old PDA cultures) was prepared and incubated at
room temperature under agitation (120 rpm) with a 16:8h (light/dark) photoperiod. After
3 days of incubation, the fermentation broth was filtered through an autoclaved nylon
mesh, and the final conidial concentration of all isolates was determined using a Neubauer
hemocytometer (Brand, Wertheim, Germany) and adjusted to 106 conidia/mL by diluting
with sterile distilled water.
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Figure 1. Isolates of Fusarium oxysporum f.sp. melonis (Fom) races grown on PDA medium at 25 ◦C for 5 days in the dark.

Seeds of the melon accessions were sown into sterilized sand and grown in a growth
chamber at 24 ◦C for 16 h per day (light) and 16 ◦C for 8 h per day (dark). At the first
true leaf stage, (approximately 15-day-old) seedlings were carefully up-rooted from sand
and their roots were washed in tap water. For each melon accession and Fom race, arti-
ficial inoculation was carried out by dipping the roots, previously trimmed at 0.5 cm, in
conidial suspension (106 conidia/mL) of the appropriate race for 15 min [18]. The inocu-
lated seedlings were transplanted directly into plastic pots containing sterilized substrate
(1 part each of soil, sand, and peat) and maintained in a controlled growth chamber, at
28–20 ◦C (day/night) with a 16:8 h (light/dark) photoperiod, for 1 month. For each iso-
late inoculation assay, the plants were distributed according to a completely randomized
design, with each plant constituting a replicate. For each combination of melon accession
(including 27 Tunisian landraces and resistant and susceptible control genotypes) and
Fom race, 12 plants were inoculated and another 12 plants per accession were included
as uninoculated controls. At the end of this period, the presence of any Fusarium wilt
symptom was noted to classify each accession as resistant or susceptible. To evaluate the
performance against Fom races, plants were scored for disease severity based on a visual
scale ranging from 0 to 4 (0 = no symptoms, 1 = beginning of wilting or yellowing on leaves,
2 = leaves heavily affected by wilting or yellowing, 3 = all leaves completely wilted, and
4 = death of the plant) [11,15,33] (Figure 2). In addition, all plants were also longitudinally
cut to observe the presence of necrosis in internal vascular tissue; if the internal tissue was
necrosed, the plant was recorded as susceptible [34].
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Figure 2. Typical symptoms of Fusarium wilt disease in melon seedlings (A) symptoms of wilting and (B) symptoms of
yellowing. Scale used for symptom evaluation: 0 = no symptoms; 1 = beginning of wilting or yellowing on leaves; 2 = leaves
heavily affected by wilting or yellowing; 3 = all leaves completely wilted or yellowed; 4 = death of the plant.

For each accession and Fom race, the mean and standard error of disease severity score
(n = 12) were calculated. Melon accessions with a mean disease severity score between 0
and 1 (healthy plants) were classified as resistant (R), whereas those >1 were considered as
susceptible (S) [33].

For Fom race 1.2 inoculation experiments, disease severity in each inoculated plant
was evaluated at 7, 15, 21, and 30 dpi (days post-inoculation) according to the same visual
scale from 0 to 4, and the area under the disease progress curve (AUDPC) was estimated
from those scores [13,15]. The AUDPC integrates both the intensity of symptoms and
the time taken between inoculation and expression of symptoms. The AUDPC was cal-
culated for each treatment according to the formula AUDPC = ∑i [(xi +xi+1)/2] (ti+1 − ti),
where i = 1 to 3 scorings, xi = mean disease score of each plant at date i, xi+1 = mean disease
score of each plant at date i+1, and ti+1− ti = number of days between scoring date i and
scoring date i + 1.

For the statistical analysis, the values of the AUDPC for each pathotype (1.2y and
1.2w) were used for the analysis of variance (ANOVA). Means were separated using the
Tukey’s b test (p < 0.05). Data analysis was performed with the Statistical Analysis System
(SAS Institute, Cary, NC, USA).

For races 0, 1, and 2, verification of the phenotypic data evaluation was conducted
using molecular markers linked to disease resistance genes Fom-1 and Fom-2. Since there
are no available useful molecular markers linked to resistance genes against Fom race 1.2
(pathotypes 1.2w and 1.2y), two artificial inoculation assays were conducted to confirm the
resistance found in the accessions.

2.3. Analyses of Molecular Markers for Fom Races 0, 1, and 2

Fresh leaf tissue (2–3 g) at 1–2 true leaf stage was collected from each accession and
ground in liquid nitrogen. Genomic DNA was extracted following a modified CTAB
method [35]. DNA was quantified using a NanoDrop ND-1000 spectrophotometer (Nan-
oDrop Technologies, Wilmington, DE, USA). For PCR amplification, the DNA concen-
trations were adjusted to a final concentration of 10 ng/mL with MTE Buffer (10 mM of
Tris–HCl, pH 8.0; 1 mM EDTA).
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A cleaved amplified polymorphic sequence (CAPS) marker, previously reported to
be linked to Fom-1 gene [24], and two SCAR markers, previously reported to be linked to
Fom-2 gene [25], were used (Table 2). The utility and robustness of these functional markers
have been confirmed [36,37], and they resulted in good identification of the genotypes
tested since they permit the distinction between the resistant and susceptible alleles.

Table 2. Molecular markers, linked to Fom-1 and Fom-2 locus in melon, used in our study.

Primer Primer Sequences Fragment Size (bp) Expected Genotype Reference

FOM-1R

F: AT-
GAGTTTTGATAGTTTCATAAG
R: GAACACTCCCTTAGAT-
ACTT

182 + 386
568

Fom-1/Fom-1
fom-1/fom-1 Oumouloud et al. [24]

FOM2-R

F: GAGAAATTTG-
CAATGGGTGG
R: TTACACTATTATTGCT-
CAACTTGC

408 Fom-2/Fom-2

Oumouloud et al. [25]

FOM2-S

F: ATGAAAAGAAAA-
GATAACGACGA
R: ATTGCTCTAAGTTGAT-
CATATTCTG

342 fom-2/fom-2

PCR reactions for Fom-1 and Fom-2 markers were carried out in a total volume of
10 µL containing 40 ng of DNA, 1×PCR buffer (20 mM of Tris–HCl pH 8.4 + 50 mM of
KCl), 2.5 mM MgCl2, 400 µM of dNTP mixture in 2.5 mM, 0.1 µM of each primer, and 0.3U
of Taq polymerase (Invitrogen, Carlsbad, CA, USA). PCR conditions were 2 min at 94 ◦C;
30 cycles of 94 ◦C for 45 s, 62 ◦C for 1 min for Fom-2 markers or 51 ◦C for 1 min for Fom-1
marker, and 72 ◦C for 2 min; and a final extension at 72 ◦C for 10 min.

Amplification products for Fom-1 PCR reaction were digested with BspCNI restriction
endonuclease [24], resulting in 182 and 386 bp fragments in the resistant homozygous
genotypes; three fragments, 182, 386, and 568 bp, in the resistant heterozygous genotypes;
and uncut 568 bp fragment in the susceptible ones. For Fom-2 PCR reactions, the expected
amplification products were 408 bp for the resistant genotypes and 342 bp for the suscepti-
ble ones. Amplified fragments were separated in a 1% agarose gel (Sigma Aldrich, St. Louis,
MO, USA) in 1×TAE buffer stained with SYBR Safe DNA Gel Stain (Invitrogen, Carlsbad,
CA, USA) and visualized using a UV transilluminator G-Box (Syngene, Cambridge, UK).

The melon genotypes ‘Charentais Fom-1’ and ‘Charentais Fom-2’ were used as resistant
controls for Fom-1 and Fom-2 genes, respectively. ‘Charentais T’ was used as susceptible
control for both genes.

3. Results
3.1. Phenotypic and Molecular Evaluation of the Resistance to Fom Races 0, 1, and 2

Fifteen Tunisian accessions showed resistance to race 0, 3 accessions were resistant to
race 1, and 13 accessions were resistant to race 2 (Table 3; Supplementary Material). Typical
symptoms of Fusarium wilt were observed in all inoculated plants of the susceptible control
‘Charentais T’ (Figure 3).

All accessions were then screened for the presence of alleles conferring resistance to
Fom. The Fom-1 CAPS marker conditioned the presence (resistant) or absence (susceptible)
of the BspCNI restriction endonuclease CTCAG(N)10 site (Figure 4A). The 13 accessions
scored as resistant to race 0 and 2 by artificial inoculation contained the Fom-1 resistance
gene, including 7 homozygous accessions (TUN-2, TUN-3, TUN-9, TUN-10, TUN-14,
TUN-19, and TUN-26) with patterns of 182 and 386 bp digestion bands and 6 heterozygous
accessions (TUN-1, TUN-5, TUN-6, TUN-12, TUN-16, and TUN-18) showing three diges-
tion fragments of 182, 386, and 568 bp (Figure 4A). The remaining susceptible accessions
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showed an uncut 568 bp fragment, indicating the presence of the susceptible alleles of the
Fom-1 gene and therefore, confirming the susceptibility to race 2 (Table 3).

Table 3. Phenotypic evaluation of the resistance to Fom (races 0, 1, and 2) and further molecular marker analysis for Fom-1
and Fom-2 genes in the Tunisian melon accessions.

Melon Accessions
Reaction to Fom Marker-Assisted Screening

Race 0 Race 1 Race 2 Fom-1 Alleles Fom-2 Alleles

TUN-1 R S R R (Fom-1/fom-1) S (fom-2/fom-2)
TUN-2 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
TUN-3 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
TUN-4 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-5 R R R R (Fom-1/fom-1) R (Fom-2/fom-2)
TUN-6 R S R R (Fom-1/fom-1) S (fom-2/fom-2)
TUN-7 S R S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-8 R S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-9 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)

TUN-10 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
TUN-11 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-12 R R R(H) * R (Fom-1/fom-1) R (Fom-2/fom-2)
TUN-13 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-14 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
TUN-15 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-16 R S R R (Fom-1/fom-1) S (fom-2/fom-2)
TUN-17 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-18 R S R R (Fom-1/fom-1) S (fom-2/fom-2)
TUN-19 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
TUN-20 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-21 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-22 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-23 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-24 S S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-25 R S S S (fom-1/fom-1) S (fom-2/fom-2)
TUN-26 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
TUN-27 S S S S (fom-1/fom-1) S (fom-2/fom-2)

Control genotypes
Charentais T S S S S (fom-1/fom-1) S (fom-2/fom-2)

Charentais Fom-1 R S R R (Fom-1/Fom-1) S (fom-2/fom-2)
Charentais Fom-2 R R S S (fom-1/fom-1) R (Fom-2/Fom-2)

* S: susceptible; R: resistant; H: heterogeneous reaction.

Horticulturae 2021, 7, x FOR PEER REVIEW 7 of 14 
 

 

TUN-11 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-12 R R R(H)* R (Fom-1/fom-1) R (Fom-2/fom-2) 
TUN-13 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-14 R S R R (Fom-1/Fom-1) S (fom-2/fom-2) 
TUN-15 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-16 R S R R (Fom-1/fom-1) S (fom-2/fom-2) 
TUN-17 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-18 R S R R (Fom-1/fom-1) S (fom-2/fom-2) 
TUN-19 R S R R (Fom-1/Fom-1) S (fom-2/fom-2) 
TUN-20 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-21 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-22 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-23 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-24 S S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-25 R S S S (fom-1/fom-1) S (fom-2/fom-2) 
TUN-26 R S R R (Fom-1/Fom-1) S (fom-2/fom-2) 
TUN-27 S S S S (fom-1/fom-1) S (fom-2/fom-2) 

Control genotypes 
Charentais T S S S S (fom-1/fom-1) S (fom-2/fom-2) 

Charentais Fom-1 R S R R (Fom-1/Fom-1) S (fom-2/fom-2) 
Charentais Fom-2 R R S S (fom-1/fom-1) R (Fom-2/Fom-2) 

S: susceptible; R: resistant; H: heterogeneous reaction. 

Resistant Susceptible     

control control TUN-9              TUN-3               TUN-2

 
Figure 3. Symptom evaluation of yellowing caused by Fusarium wilt disease in some melon accessions inoculated with 
Fom0124 isolate belonging to race 2 in comparison to the susceptible and resistant controls. 

All accessions were then screened for the presence of alleles conferring resistance to 
Fom. The Fom-1 CAPS marker conditioned the presence (resistant) or absence (suscepti-
ble) of the BspCNI restriction endonuclease CTCAG(N)10 site (Figure 4A). The 13 acces-
sions scored as resistant to race 0 and 2 by artificial inoculation contained the Fom-1 re-
sistance gene, including 7 homozygous accessions (TUN-2, TUN-3, TUN-9, TUN-10, 
TUN-14, TUN-19, and TUN-26) with patterns of 182 and 386 bp digestion bands and 6 
heterozygous accessions (TUN-1, TUN-5, TUN-6, TUN-12, TUN-16, and TUN-18) 
showing three digestion fragments of 182, 386, and 568 bp (Figure 4A). The remaining 
susceptible accessions showed an uncut 568 bp fragment, indicating the presence of the 
susceptible alleles of the Fom-1 gene and therefore, confirming the susceptibility to race 2 
(Table 3). 
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sponding to resistant Fom-2 allele, was amplified in the homozygous resistant genotype 

Figure 3. Symptom evaluation of yellowing caused by Fusarium wilt disease in some melon ac-
cessions inoculated with Fom0124 isolate belonging to race 2 in comparison to the susceptible and
resistant controls.
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Figure 4. (A) DNA analysis of Fom-1R CAPS marker. BspCNI digest generates 182 and 386 bp products for resistant
genotype Fom-1/Fom-1; 182, 386, and 568 bp products for resistant genotype Fom-1/fom-1; and 568 bp products for
susceptible genotype fom-1/fom-1. ‘Charentais T’ and ‘Charentais Fom-2’ (C and C2, respectively) were used as susceptible
controls. ‘Charentais Fom-1’ (C1) was used as resistant control for the Fom-1 gene. M: 1 kb Plus DNA ladder (Invitrogen).
(B) PCR amplification of the Fom-2 alleles, in melon genotypes, with SCAR primers (Fom2-R408; Fom2-S342). ‘Charentais T’
and ‘Charentais Fom-1’ (C and C1, respectively) were used as susceptible controls and ‘Charentais Fom-2’ (C2) was used as
resistant control, for the Fom-2 gene. M: 1 kb Plus DNA ladder (Invitrogen).

Using the codominant Fom-2 SCAR marker, only a single band of 408 bp, corre-
sponding to resistant Fom-2 allele, was amplified in the homozygous resistant genotype
‘Charentais Fom-2’, used as resistant control (Figure 4B). For the accessions TUN-5 and
TUN-12, resistant to races 0 and 1 by phenotypic screening, this marker produced two
bands of 408 and 342 bp signaling the presence of the Fom-2 resistance gene in the heterozy-
gous state (Figure 4B). All the accessions susceptible to race 1 carried the susceptible alleles
of the Fom-2 gene (Table 3).

3.2. Phenotypic Evaluations of the Resistance to Fom Pathotypes 1.2y and 1.2w

The majority of accessions showed clear Fusarium wilt symptoms with severe yel-
lowing and wilting. Typical symptoms of Fusarium wilt were also observed in all the
inoculated seedlings of the susceptible control lines, whereas all the inoculated seedlings of
the resistant control ‘Dinero’ showed only mild or no symptoms (Supplementary Material).
Pathotype 1.2y induced leaf yellowing before plant death, and seedlings inoculated with
1.2w wilted and died without previous yellowing symptoms.

In all the experiments, the AUDPC values for the susceptible controls, ‘Charentais-
Fom-1’ and ‘Charentais-Fom-2’, were significantly higher than those for most of the tested
accessions, while the AUDPC for ‘Dinero’, resistant control, was low (Table 4).
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Table 4. Mean values for the area under the disease progress curve (AUDPC) ± SD observed for
Tunisian melon accessions inoculated with both pathotypes, 1.2y and 1.2w.

1st Assay 2nd Assay
Accession 1.2y 1.2w 1.2y 1.2w

TUN-1 45.5 b ± 8.17 47.8 b ± 5.04 38.5 c ± 11.50 45.5 b ± 3.83
TUN-2 39.1 c ± 9.88 42.0 b ± 12.30 31.5 c ± 8.57 37.3 c ± 8.47
TUN-3 38.5 c ± 10.96 42.3 b ± 10.80 35.0 c ± 10.84 32.7 c ± 7.22
TUN-4 46.9 b ± 4.45 55.1 a ± 2.11 57.8 a ± 1.91 51.9 a ± 6.79
TUN-5 10.5 ef ± 8.51 4.4 e ± 1.31 8.2 e ± 5.71 4.1 e ± 2.15
TUN-6 47.3 b ± 3.16 44.6 b ± 4.97 44.9 b ± 4.65 54.3 a ± 1.91
TUN-7 51.3 a ± 4.65 54.0 a ± 4.07 48.9 ab ± 2.63 51.3 a ± 5.26
TUN-8 42.5 b ± 10.54 51.6 a ± 4.89 41.9 b ± 9.49 40.8 b ± 5.75
TUN-9 38.5 c ± 10.96 43.5 b ± 11.43 37.3 c ± 10.53 36.2 c ± 12.05

TUN-10 35.9 c ± 12.49 40.0 b ± 10.6 31.5 c ± 8.57 38.5 c ± 11.50
TUN-11 51.8 a ± 2.72 54.3 a ± 2.78 51.3 a ± 1.91 51.9 a ± 5.60
TUN-12 25.3 d ± 5.07 28.7 d ± 10.89 23.5 d ± 8.57 28.3 d ± 7.22
TUN-13 51.8 a ± 6.56 53.4 a ± 2.63 50.1 a ± 5.15 49.6 b ± 7.47
TUN-14 36.8 c ± 10.81 38.2 c ± 10.28 36.8 c ± 10.32 33.3 c ± 6.91
TUN-15 53.6 a ± 3.60 55.4 a ± 2.20 50.1 a ± 8.69 49.6 b ± 4.09
TUN-16 48.4 b ± 7.58 38.2 c ± 7.07 43.8 b ± 4.82 38.5 c ± 8.57
TUN-17 47.2 b ± 6.56 59.5 a±3.65 41.3 b ± 1.91 51.8 a ± 5.26
TUN-18 37.3 c ± 9.61 37.0 c ± 7.82 49.6 b ± 6.79 43.8 b ± 5.75
TUN-19 36.5 c ± 11.69 36.2 c ± 7.51 32.7 c ± 7.87 36.2 c ± 9.03
TUN-20 48.3 b ± 3.44 52.8 a ± 4.07 51.3 a ± 1.91 47.8 b ± 4.78
TUN-21 48.3 b ± 6.56 53.1 a ± 5.36 35.9 c ± 4.92 53.1 a ± 7.47
TUN-22 56.5 a ± 3.65 51.9 a ± 5.74 51.3 a ± 4.07 48.4 b ± 4.09
TUN-23 51.3 a ± 10.91 54.3 a ± 5.06 50.1 a ± 3.65 54.3 a ± 3.67
TUN-24 50.1 a ± 4.91 53.1 a ± 3.60 51.3 a ± 5.84 51.3 a ± 5.71
TUN-25 51.8 a ± 2.72 52.5 a ± 3.65 50.1 a ± 3.60 52.5 a ± 7.53
TUN-26 11.1 e ± 6.12 8.2 e ± 5.84 10.5 e ± 8.57 8.2 e ± 6.88
TUN-27 59.8 a ± 7.07 56.3 a ± 1.01 48.9 ab ± 4.09 43.7 b ± 3.61

Control genotypes
Charentais

Fom-1 60.2 a ± 2.44 58.3 a ± 1.72 49.6 ab ± 4.52 56.6 a ± 1.42

Charentais
Fom-2 59.2 a ± 4.34 55.4 a ± 2.34 50.2 a ± 2.72 50.8 a ± 6.52

Dinero 5.5 f ± 4.23 2.6 e ± 1.74 5.3 e ± 2.25 3.5 e ± 2.42

Means followed by different letters are significantly different (Tukey b test, p < 0.05). The accessions that showed a
high level of resistance for both pathotypes are marked by grey color background.

Large variability of the AUDPC values was observed among accessions for both
pathotypes; thus, it was possible to detect differences in the level of resistance (Table 4).
Two accessions, TUN-5 and TUN-26, showed a high level of resistance to both pathotypes
(1.2y and 1.2w). They appeared to be highly resistant, although they displayed slightly
lower AUDPC values than the resistant control ‘Dinero’ (Figure 5). To confirm the resistance
found in those accessions, an additional phenotypic evaluation was performed, including
all melon accessions and controls. The results obtained confirmed a high level of resistance
of Tun-5 and Tun-26 to Fom 1.2y and 1.2w (Table 4).
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4. Discussion

One of the most convenient and environmentally safe options to control melon Fusar-
ium wilt disease is the use of resistant varieties. Indeed, new melon lines containing
resistance are being developed in backcross programs [38]. Several accessions carrying
resistance to races 0, 1, and 2 of Fom have been described; most of the resistances are race-
specific and controlled by Fom-1 and Fom-2 genes. To date, Fom-1 and Fom-2 genes have
been extensively used in melon breeding programs; they have been introduced into the ma-
jority of the modern melon cultivars belonging mostly to Galia and Cantaloupe types [12].
However, due to the ability of adaptation and the evolution of Fusarium populations that
could make specific resistance genes ineffective, the availability of resistance sources with
different genetic bases is desirable. So, there is a need to screen new germplasm that
could lead to the finding of new genes that could reinforce the existing resistance. On
the other side, and although the introgression of these known genes is not complicated,
the elimination of the nondesirable characteristics introgressed with the resistance makes
breeding programs leading to obtaining varieties or hybrids of commercial value enor-
mously difficult. Tunisian accessions are well adapted to the Mediterranean environment,
and their fruits are very close to the fruits demanded by the Mediterranean, even European,
markets, so the use of these accessions to obtain commercial hybrids or elite cultivars is
promising; this is more strongly true in the introduction of resistance to race 1.2, only
described in a few Eastern accessions [15,17].

In this study, Tunisian melon accessions were evaluated against Fom races 0, 1, 2, and
1.2 using artificial inoculation; subsequently, they were genotyped by using functional
markers for the dominant and specific Fom-1 and Fom-2 genes [24,25] controlling resistance
to races 0, 1, and 2. These markers allowed the identification of the resistance gene Fom-1 in
13 accessions, which were resistant to races 0 and 2. In seven of them, the gene Fom-1 was
found to be in the homozygous state (TUN-2, TUN-3, TUN-9, TUN-10, TUN-14, TUN-19,
and TUN-26), and six accessions were in the heterozygous state for this gene (TUN-1,
TUN-5, TUN-6, TUN-12, TUN-16, and TUN-18). The accessions TUN-5 and TUN-12 also
carried the gene Fom-2 in the heterozygous state, validating the resistance to races 0 and
1 detected by artificial inoculation. The utility of these allele-specific markers used was
also confirmed, allowing the efficient identification of the resistant accessions. Accessions
TUN-8 and TUN-25 showed resistance to race 0, but this resistance could not be explained
by the resistance alleles of the Fom genes. This discrepancy could be because different
levels of resistance are expressed under varying inoculation conditions [16] or because
the genetic control of the resistance could be different and a new resistance gene could be
found. Further artificial inoculation will be performed to confirm this resistance, and in
the case of persistent resistance, additional genetic studies will be needed to determine the
nature of such resistance. The same happened for the accession TUN-7, where resistance to
race 1 could not be attributed to the presence of the resistance allele of Fom-2.

Resistance to the two pathotypes 1.2y and 1.2w was identified in two accessions
(TUN-5 and TUN-26). They appeared to be highly resistant, despite displaying slightly
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lower resistance levels than the resistant control ‘Dinero’. However, it must be taken into
account that the number of the known accessions resistant to this race is very low, and
almost all of them belong to the makuwa or conomon groups, far away from the melon groups
growing in the Mediterranean basin. So, the identified accessions TUN-5 and TUN-26
should be considered as very promising resistance sources to be used facing the losses
caused by Fom 1.2. In both cases, further characterization of the resistance and selection are
needed before the resistance can be incorporated into melon breeding programs. Indeed,
up to now, resistance to race 1.2 is reported to be complex, controlled by multiple recessive
genes with epistatic effects, which make its management difficult [13]. Besides, Herman
and Perl-Treves [16] reported that resistance to this race is controlled by two recessive
genes in the breeding line BIZ, and unfortunately, the molecular markers linked to those
genes were not validated. Partial resistance to race 1.2 was also shown not to be race-
specific in accessions belonging to makuwa and conomon groups [13,15]. The resistance
herein identified against race 1.2 in TUN-5 and TUN-26 seems not to be race-specific since
resistance was not only to race 1.2 but also to races 0, 1, and 2.

With the results obtained, TUN-5 (Fakous) is confirmed as an accession of high interest;
it belongs to the flexuosus group, showing resistance to Fom 0, 1, and 2 controlled by the
genes Fom-1 and Fom-2, and is highly resistant to Fom 1.2, although the genetic control of
this resistance is still unknown. Fruits of the flexuosus group are in high demand for use in
salads, not only in Tunisia but also in other Mediterranean countries. The fruit is long, with
light to dark green skin and white to creamflesh, without sugar or aroma, and eaten raw
before ripeness. This is, to the best of our knowledge, the first report of genetic resistance
to this fungus in the flexuosus horticultural group. After its self-pollination and selection to
obtain Fom-1 and Fom-2 in homozygosis, TUN-5 could be recommended to be used directly
by farmers or to be exploited as a resistance donor in melon breeding programs to develop
Fom-resistant cultivars of this type. Crosses between this accession and a Fom-susceptible
Tunisian melon have been programmed to better understand the genetics of the resistance
to race 1.2.

TUN-26 (Stambouli) is a highly productive Tunisian cultivar belonging to the inodorus
group; this accession is resistant to Fom 0 and 2 (Fom-1 gene in homozygosis) and Fom 1.2
(pathotypes w and y). However, its fruit has poor organoleptic quality [29], so its major
significance is the resistance shown against Fom race 1.2 that must be studied. The accession
could be used either as a resistant melon rootstock or as a source of resistance to introgress
the resistance into elite melon lines.

Studies will also continue with these two accessions (TUN-5 and TUN-26) to elucidate
their genetic control and to provide useful molecular markers linked to Fom 1.2 resistance.
Strategies such as association mapping and QTL mapping represent an opportunity to
elucidate the genes or regions of the genome involved in resistance to Fom 1.2

Another remarkable accession is TUN-12 (Horchay), whose resistance to Fom 0, 1, and 2
is also conferred by Fom-1 and Fom-2; it belongs to the chate group. Its fruit is small-sized,
round to oval, with ribs and dark green skin. The flesh is white to light orange, without
aroma or sugar. It is harvested before maturity and eaten raw in salads. This type is
cultivated in the Mediterranean basin and western Asia. Self-pollination and selection to
obtain Fom-1 and Fom-2 in homozygosis are recommended before its use.

Multiple resistance to Fom races could be developed as a sustainable management
strategy for melon culture in Tunisia and other Mediterranean areas where the races 0, 1, 2,
and 1.2 of Fom have been identified [1,6]. Interestingly the resistance to race 1 observed
in the accession TUN-7 seems not to be conferred by the Fom-2 gene. Further studies will
be necessary to characterize the gene(s) involved in such resistance, as well as the genes
involved in the resistance to race 0 found in TUN-8 and TUN-25. As mentioned above,
the localization of resistance genes different from the mentioned genes could reinforce
Fusarium wilt resistance in melon crops.

So far, most of the described resistances to Fom are race-specific. Many commercial
varieties with specific resistance have been developed, but they become susceptible to
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infection after they are exploited. Therefore, the pyramiding of resistance genes to specific
races in a single genotype, or the use of resistance that is not specific to race, should give
more comprehensive and durable protection [12,13,39,40]. Consequently, the search for
and utilization of new genes that confer resistance to Fusarium wilt is still one of the
primary objectives in melon breeding. In this paper, new sources of resistance to Fom
races have been found. These accessions belong to inodorus, cantalupensis, flexuosus, and
reticulatus horticultural groups, which are of high interest since their agronomic traits and
fruit characteristics are similar to commercial types demanded by markets.

Special attention should be given to the accession TUN-19 (Chamem), with resistance
to Fom races 0 and 2 conferred by the Fom-1 gene. This accession, carrying the Vat gene [30],
was previously reported to be resistant to Aphis gossypii (which causes direct damage to
the plant by removing photoassimilates and indirect damage by transmitting pathogenic
viruses). Therefore, the results obtained here emphasize the potential value of this melon
accession as a donor of Fom disease and aphid resistance in melon breeding programs. This
accession belongs to the Ananas type, which has yellow and netted skin and with good
fruit quality [29], so TUN-19 is also an interesting and suitable accession as a source of both
resistances to develop commercial melons of Ananas type, which are highly appreciated
not only in Tunisia but also in other Mediterranean countries.

5. Conclusions

The current study demonstrated the importance of the Tunisian melon germplasm as a
valuable genetic reservoir and the need to plan strategies for its conservation and utilization
in breeding programs. Several Fusarium wilt-resistant accessions have been identified;
some of them could contribute to reinforcing the known Fom 0, 1, and 2 resistances. Two
accessions, with a high level of resistance to Fom race 1.2 (pathotypes 1.2y and 1.2w) have
been also reported in this melon material. This local germplasm is of great potential and
should be exploited since the morphological and organoleptic characteristics are very close
to commercial types, highly appreciated not only in Tunisia but also in other Mediterranean
countries. Specifically, TUN-5 and TUN-26 showed resistance to races 0, 1, and 2 and a high
level of resistance to both pathotypes of race 1.2 and might be exploited either as a resistant
melon rootstock or as a source for resistance in commercial flexuosus and inodorus lines,
respectively. Further study is also needed to elucidate their genetic control and to provide
useful molecular markers linked to Fom 1.2 resistance identified herein.
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