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ABSTRACT 
Melon Vine Decline is a severe root rot disease of increasing worldwide importance, characterized by a sudden plant collapse at harvest 
time. Monosporascus cannonballus Pollack et Uecker is the main causal agent, but other soilborne pathogens, certain stressful cultural 
practices and environmental conditions enhance disease symptoms. Due to its complexity, etiological studies as well as methodologies 
that detect and assess the disease (ranging from visual lesion scoring to real-time PCR) have been needed to select the best control 
methods. As vine decline depends on the soil inoculum, on the susceptibility of the plant and on the hydraulic balance of the plant, control 
methods have been focused on the following three main directions: I) Reducing/inactivating the soil inoculum: achieved only partially 
through chemical control, biological control and cultural practices; II) Increasing the resistance to root lesions: certain cultivars suffer 
fewer root lesions, and some breeding lines derived from the resistant accession Pat 81 (C. melo subsp. agrestis) are about to be released; 
III) Improving the hydraulic balance of the plant: Pat 81 has shown to be useful through grafting or by breeding for improved root 
systems due to its large and branched root system. Improving root systems is crucial not only in overcoming melon vine decline but also 
in overcoming many soil stresses. New in vitro culture techniques along with root image analysis allow accurate in vivo studies of root 
development. The combined use of these technologies has led to an adequate control of the disease. In addition, the generation of new 
genomic tools for melon is allowing a deeper knowledge of the biological/genetic mechanism involved in the disease. 
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INTRODUCTION 
 
Significant efforts are made every year to avoid economic 
losses derived from plant stresses that reduce the produc-
tion and quality of vegetables worldwide. Nevertheless, 
below-ground stresses such as salinity, drought or soilborne 
diseases are particularly challenging because of the com-
plex processes involved therein. The soil environment is 
extremely complex: soil type, texture, pH, moisture, tempe-
rature and nutrient levels influence not only the root growth, 
but also the activity of soil organisms. Among all the soil 
stresses, soilborne diseases are particularly difficult to pre-
dict, detect and overcome. Management of soilborne dis-
eases depends on a thorough knowledge of the pathogen, 
the host plant, and the environmental conditions that favor 
the infection. In addition, soilborne pathogens often survive 

in soil for many years, they may reproduce in diverse host 
plants, and often simultaneous infections of diverse patho-
gens in the same plant occur, which results in a complex 
disease (Koike et al. 2003). 

This is the case of melon vine decline, also known as 
sudden wilt, vine decay, collapse or root rot. It is a major 
root-rot disease in melon crops in hot, arid and semiarid 
regions of the world (Martyn and Miller 1996; Cohen et al. 
2000; Beltrán et al. 2007). This disease is characterized by 
reduced growth of the plant as well as gradual leaf decline, 
followed by progressive defoliation. By late in the season, 
about 1 or 2 weeks prior to harvest, partial or complete can-
opy collapse occurs, resulting in fruit sunburn and total crop 
loss. Aboveground symptoms, similar to those caused by 
drought stress, are the consequence of root damage caused 
by soilborne pathogens (García-Jiménez et al. 1989; Mer-
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tely et al. 1991; Miller et al. 1995; Martyn and Miller 1996; 
Cohen et al. 2000). 

In 1974, Pollack and Uecker described Monosporascus 
cannonballus as a new species, discovering it in association 
with Rhizoctonia solani and Verticillium albo-atrum in rot-
ted cantaloupe roots in Arizona (Troutman and Matejka 
1970; Pollack and Uecker 1974). Since then, M. cannon-
ballus has been related to root rot declines of melon and 
watermelon in many areas of the world such as USA 
(Troutman and Matejka 1970; Mertely et al. 1991), Japan 
(Watanabe 1979; Uematsu et al. 1985), Spain (Lobo-Ruano 
1990), Tunisia (Martyn et al. 1994), Taiwan (Tsay and 
Tung 1995), Mexico (Martyn et al. 1996), Guatemala (Bru-
ton and Miller 1997a), Honduras (Bruton and Miller 1997b), 
Saudi Arabia (Kartlatti et al. 1997), Italy (Gennari et al. 
1999; Infantino et al. 2002), Korea (Kwon et al. 2001), 
Egypt (El-Desouky and El-Wakil 2003) and Brazil (Sales et 
al. 2004). In Israel, Monosporascus eutypoides (Petrak) 
won Arx was reported as the causal agent of vine decline 
(Reuveni and Krikun 1983; Reuveni et al. 1983). However, 
nowadays M. cannonballus is considered the causal agent 
of the disease in Israel (Pivonia et al. 1997; Cohen et al. 
2000). In addition, it is possible that M. eutypoides is con-
specific of M. cannonballus (Martyn and Miller 1996). 
However, many other causal agents, mainly fungi, but also 
viruses and bacteria, have been associated with vine dec-
lines in melon (reviewed in Iglesias 2000). Usually, several 
pathogens, such as M. cannonballus, Macrophomina pha-
seolina (Tassi) Goidanich, Fusarium solani (Mart.) Sacc., 
Pythium sp., Acremonium cucurbitacearum Alfaro-García, 
W. Gams et García-Jiménez, and Rhizopycnis vagum DF 
Farr (previously reported as a Stangonospora-like fungus) 
are isolated at the same time from plants affected by vine 
decline, and it is for that reason that it is considered a com-
plex disease in which several soil pathogens are involved 
(Mertely et al. 1991; Bruton et al. 1995; Martyn and Miller 
1996; Gwynne et al. 1997, Pivonia et al. 1997; Aegerter et 
al. 2000; García-Jiménez et al. 2000). The most studied 
fungi of all these are M. cannonballus and A. cucurbitace-
arum. However, the most aggressive causal agent for vine 
decline seems to be M. cannonballus (Mertely et al. 1991; 
Pivonia et al. 1997; Aegerter et al. 2000; Iglesias et al. 
2000a, 2000b; Biernacki and Bruton 2001). Many studies 
refer to the wilt syndrome caused by M. cannonballus as 
“melon Monosporascus root rot/vine decline” (MRR/VD) 
(Mertely et al. 1991; Martyn et al. 1994; Tsay and Tung 
1995; Martyn et al. 1996; Martyn and Miller 1996; Wolff 
and Miller 1998; Cohen et al. 2000; Stanghellini et al. 
2003) to avoid confusions with wilts caused by other fungi. 

On top of the difficulty involved in working with dif-
ferent soilborne pathogens, collapse symptoms, which are 
characteristic of vine decline, can be enhanced or totally 
hidden by environmental conditions. It is the result of the 
sum of several stresses on a weakened plant. Factors such 
as high soil temperature, hot winds, transplants that prevent 
a proper development of the root system, excessive fruit 
load or inadequate irrigation, increase the severity of vine 
collapse. Even so, the lack of these conditions could pre-
vent collapse symptoms even when roots are damaged by 
the pathogens (Krikun 1985; Martyn and Miller 1996; Pivo-
nia et al. 1997; Cohen et al. 2000; Merghany 2006; Martyn 
2007). 

MRR/VD syndrome has been reviewed previously both 
by Martyn and Miller (1996), who focused on the biology, 
pathology and epidemiology of M. cannonballus and on 
molecular methods for detecting variation in the pathogen, 
as well as Cohen et al. (2000), who intensively checked the 
control methods available at that time, pointing out the 
importance of an integrated management. In this review, we 
describe the evolution of the knowledge of this complex 
disease, and would like to especially highlight the impact of 
new methodologies in the study of soilborne diseases. We 
will refer mainly to MRR/VD, but will also refer to the vine 
decline produced by A. cucurbitacearum. 
 

WHAT ARE WE FACING? 
 
In order to define a suitable control strategy for vine decline 
it is necessary to have a broad knowledge of the biology of 
the fungus, the infection processes and the conditions that 
favor the pathogen. This knowledge gives important clues 
about possible weak links in the vital cycle of the pathogen. 
In addition, recognizing the symptoms, creating methodol-
ogies to reproduce the disease and assessing the infection 
level are crucial for its diagnosis, the screening of the effic-
acy of certain control methods and to evaluate plant material 
in breeding programs. 
 
Biology and host range of M. cannonballus and A. 
cucurbitacearum 
 
M. cannonballus is an Ascomycete (Pyrenomycete), a 
homothallic fungus which produces fertile perithecia both 
in host roots and in culture. Its main characteristic is that it 
produces only one ascospore per ascus instead of the ex-
pected eight; this ascospore is a large (30-50 μm), black, 
spherical (resembling a cannonball), thick-walled and mul-
tinucleate spore (Pollack and Uecker 1979; Watanabe 1979; 
Martyn and Miller 1996). Perithecia, which produce the as-
cospores, appear on the root cortex late in the growing sea-
son and can be seen as black spots in the root surface (Mer-
tely et al. 1991; Martyn and Miller 1996). Ascospores func-
tion as the only known survival structures and inoculum for 
root infection under field conditions, and is therefore a 
monocyclic pathogen (Stangellini et al. 1996 and 2000). 
Waugh et al. (2003) studied the reproductive potential of M. 
cannonballus, reporting that a root system of a single mat-
ure cantaloupe plant is capable of supporting the production 
of approx. 400,000 ascospores, equivalent to 10 ascospores 
per gram of soil. 

Ascospores germinate readily in the rhizosphere, pro-
ducing 2-3 germ tubes that attach firmly to the root (Stang-
hellini et al. 2000; Waugh et al. 2001). After the penetra-
tion of the germ tubes into the epidermis, the hyphae grow 
radially almost directly to the xylem and establish them-
selves there. Eventually, the hyphae grow back out into the 
cortical cells where the perithecia are produced. Perithecia 
production occurs late in the growing season, and the in-
duction of sporulation under field conditions appears to co-
incide with root death. The mode of parasitism of M. can-
nonballus is very similar to that of vascular wilt pathogens, 
with predominant intracellular hyphae growth, but it does 
not spread via the vascular system to aboveground plant tis-
sues (Waugh et al. 2003). 

M. cannonballus is adapted to high temperatures with 
no growth nor ascospore germination below 20ºC. It 
reaches optimum vegetative growth between 25 and 35ºC 
(Watanabe 1979; Martyn et al. 1991; Uematsu and Seki-
yama 1990; Bruton et al. 1999; Pivonia et al. 2002a; 
Waugh et al. 2003) and optimum ascospore germination 
between 25 and 30ºC (Stangellini et al. 2000; Pivonia et al. 
2002a; Waugh et al. 2003). The onset of root infection can 
occur anywhere from 9 days to 65 days after planting 
depending on the cropping season. High soil temperatures 
not only accelerate the germination of the ascospores, but 
also the appearance of root lesions (Stanghellini et al. 
2004a). Perithecia production is also affected by soil tem-
perature, reaching its optimum between 25 and 30ºC. 

Despite being characteristic of hot, arid and semiarid 
melon-growing regions of the world (Martyn and Miller 
1996; Bruton et al. 1999; Pivonia et al. 2002a), and being 
indigenous to the desert soil of Arizona (Stanghellini et al. 
1996), M. cannonballus ascospores can survive in marsh 
soils flooded for several months in the Mediterranean lit-
toral of Spain (Beltrán et al. 2005). 

Much less information is available about the biology of 
A. cucurbitacearum Alfaro-García, W. Gams and J. García-
Jiménez, a Deuteromycete (Hyphomycete) with unknown 
teleomorph. It produces cottony colonies with an optimum 
vegetative growth between 25 and 28ºC. A. cucurbitace-
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arum has monophialidic conidiophores and chlamydo-
spores are the specialized resting structures of this fungus 
in the soil (García-Jiménez et al. 1994; Alfaro-García et al. 
1996; Armengol et al. 1999). 

Soil temperature exerts a considerable influence on 
root diseases. Bruton et al. (1999) analyzed the relationship 
between temperature and the vine decline caused by A. cu-
curbitacearum and M. cannonballus. The optimum growth 
of each fungus was compared with the daily temperatures 
of the main melon growing areas with vine decline prob-
lems. The prevalence of either one or the other fungi 
seemed to be greatly influenced by the temperature. This 
was confirmed by Aegerter et al. (2000) who found greater 
importance of the disease caused by A. cucurbitacearum in 
northern California than in the south where M. cannon-
ballus was predominant. 

M. cannonballus and A. cucurbitacearum have been re-
ported as pathogenic to all members of the Cucurbitaceae 
family (Mertely et al. 1993a; Armengol et al. 1998). M. 
cannonballus can infect and produce perithecia in different 
non-cucurbit species such as wheat, corn, bean and sorg-
hum (Mertely et al. 1993a; reviwed by Martyn and Miller 
1996). This situation must to be taken into account in cul-
ture rotations and in the possible build-up of the inoculum 
in the soil. However, other crops and weed species com-
mon to melon production areas are not likely to be in-
volved in the perpetuation of A. cucurbitacearum propaga-
tion (Armengol et al. 1998). 
 
Diagnosis 
 
Although some leaf decay or yellowing can appear before 
plant death, the main symptom of vine decline is a fast dec-

line of the plant and death in the harvest period. This pre-
mature death of the plant gives rise to a great deal of un-
marketable fruits due to small size, low sugar content or 
scald damage (Fig. 1) (Martyn and Miller 1996). This 
aboveground symptom, similar to those caused by drought 
stress, is produced by a large hydraulic disequilibrium. 
Vine decline is a sudden nonvascular wilt, therefore the les-
ions caused by the fungi can only be observed on the roots. 

Wilt symptom is highly dependent on environmental 
conditions. High soil temperatures and hot winds propitiate 
the occurrence of vine collapse. In addition, intensive agri-
cultural practices have been pointed to as causes of the 
increased importance of vine decline in the last 30 years 
(Martyn 2007). For instance, drip irrigation can lead to dis-
equilibrium in the plant. Plants supplied with constant 
water and nutrients produce large top growth and a small 
root system, which creates an abnormal shoot:root ratio. In 
this situation, any damage to the root, especially under high 
evapo-transpiration conditions, leads to stress with which 
the plants cannot cope. Other practices that enhance the 
presence of vine decline are: the use of mulch, which in-
creases the temperature of the soil and may favor the 
growth of certain pathogens, constant humidity of the soil 
that increases root rots, transplants that prevent the proper 
growth of the tap root, and insufficient crop rotation (Kri-
kun 1985; Martyn 2007). Another feature that increases the 
wilt symptom is the fruit load of the plant (Merghany 2006). 
Muskmelon genotypes with a concentrated fruit set are, in 
general, more susceptible to vine decline (Wolff 1996). 
Pivonia et al. (2002b) observed that the presence of 
maturing fruits reduced the root growth, and the high water 
and nutrient demand of the fruits keeps the stomata open 
even in high temperature conditions. This leads to a water 
deficit because of the poor water-absorbing capacity of the 
roots. Moreover, M. cannonballus promotes the occlusion 
of xylem vessels by tyloses mainly in the roots, resulting in 
a restricted water flow (Pivonia et al. 2002b). All of these 
elements together indicate the importance of the hydraulic 
balance in the main vine decline symptom. Improving the 
hydraulic balance of the plant with various methods could 
represent an effective control method. Another important 
conclusion based on the high dependence on environmental 
conditions of the wilt symptom is that evaluations of resis-
tant materials using percentages of wilted plants as resis-
tance criteria would be misleading. In fact, contradictory 
results have been reported in many cases (Cohen et al. 
2000). 

As the primary cause of vine collapse is root damage, 
diagnosis must be done by combining evaluation of the 
aboveground symptoms with examination of the roots. M. 
cannonballus causes root rot and necrosis in smaller feeder 
roots (Fig. 1). As the infection advances and smaller roots 
die, reddish-brown lesions are formed on larger roots. The 
fungus continues to colonize the root tissue throughout the 
growing season, and perithecia characteristics are formed 
most abundantly late in the season (Mertely et al. 1991; 
Martyn and Miller 1996; Aegerter et al. 2000). These peri-
thecia are visible in the root cortex and contain an average 
of 66 ascospores (Waugh et al. 2003). A. cucurbitacearum 
causes lesions which are slightly different. It affects the 
hypocotil and lateral roots, which then show light yellow-
brown discolorations that later develop into dry, corky 
brown areas; the rootlets also become discolored and then 
necrotic (García-Jiménez et al. 1994; Aegerter et al. 2000). 

However, the similarity of the symptoms that both fun-
gi produce and the number of other pathogenic fungi capa-
ble of colonizing melon roots confound diagnosis based on 
the appearance of the root. Therefore, the isolation of the 
pathogens in culture from root sections and their taxonomic 
identification is needed. These identifications are based on 
the appearance of the colonies and the identification of rep-
roductive structures, such as perithecia for M. cannonballus 
and conidiophores and conidia for A. cucurbitacearum. Al-
though this method is very precise, it lacks rapidity as the 
appearance of these structures requires several weeks of 

Fig. 1 Melon vine decline: above- and below ground symptoms. (A) 
Collapsed melon, (B) Damaged root by M. cannonballus and A. cucur-
bitacearum, (C and D) close-up of roots bearing perithecia of M. cannon-
ballus. 
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culture. PCR identification methods, based on ITS regions 
of the rDNA, have been developed to detect the DNA 
extracted from infected roots not only of M. cannonballus 
(Lovic et al. 1995a, 1995b) (Fig. 2), but also of other vine 
decline related pathogens such as A. cucurbitacearum 
(Martínez-Culebras et al. 2004) and R. vagum (Ghignone 
et al. 2003). These PCR methods detect fungal DNA in 
roots of symptomless infected melons and can be used as 
tools for rapid, large-scale diagnosis, thereby avoiding the 
problems associated with isolations in roots. 

Not only can M. cannonballus be detected in infected 
roots but also in the soil. The characteristics of the asco-
spores – their relatively large size (30-50 μm), round shape, 
and specific gravity – permitted the development of a rela-
tively simple method for their direct extraction from the 
soil (Stangellini and Rasmussen 1992), which is based on 
recovering the ascospores using a gradient of sucrose. To 
reduce the cost of the method, it has been proposed to use 
commercial cane sugar instead of sucrose (Sales Jr. et al. 
2006). The sucrose gradient technique has been used to 
evaluate the number of ascospores in soils (Mertely et al. 
1993b; Stanghellini et al. 1996; Aegerter et al. 2000; Bel-
trán et al. 2005; Beltrán et al. 2007). However, no direct 
relationship between the number of ascospores and the 
severity of the infection has been reported. This could be 
explained by a minimum threshold at which only a mini-
mum level of inoculum can cause a great damage (Mertely 
et al. 1993b) or by the fact that not all the ascospores must 
be viable (Aegerter et al. 2000). The first hypothesis is 
likely, bearing in mind that fields with reported problems 
of MRR/VD contained as few as 2 ascospores per gram of 
soil (Waugh et al. 2003); the second is also possible, since 
there are no reliable methods to assess the viability of these 
ascospores, as they rarely germinate in vitro (Martyn and 
Miller 1996; Stangellini et al. 2000). 
 
DISEASE SEVERITY ASSESSMENT 
 
Disease severity assessment methods are required in order 
to determine the aggressiveness of different pathogen 
strains, to evaluate the efficacy of different control me-
thods and to screen potential resistant materials. The first 
disease assessments were made by recording the number of 
wilted plants (Reuveni et al. 1983; Esteva and Nuez 1994; 
Wolff 1995; Cohen et al. 1995; Wolff and Miller 1998). As 
we pointed out previously, wilt symptom is highly depen-
dent on environmental conditions. Therefore, disease sev-

erity assessment based on root inspection is a more precise 
indicator of the infection. It is less dependent on environ-
mental stresses and allows the observation of the primary 
cause of vine decay, even when aboveground symptoms do 
not appear. As the recovery of a complete root system from 
the field is very difficult, the study of root lesions has been 
done extensively in pot-grown plants. Methods routinely 
employed involve the artificial inoculation of the soil with 
the fungal pathogen and the assessment of root lesion sev-
erity (Martyn and Miller 1996; Aegerter et al. 2000; Bruton 
et al. 2000; Crosby et al. 2000; Iglesias et al. 2000a, 2000b; 
Biernacki and Bruton 2001; Dias et al. 2004). 
 
Artificial inoculations 
 
In the first pathogenic assays of M. cannonballus and A. 
cucurbitacearum, pieces of colonized agar were used di-
rectly, mixed with soil or added to the soil as mycelium 
suspension. The seeds were then planted, and generally no 
control of the level of inoculum was made (Watanabe 1979; 
Reuveni et al. 1983; Uematsu et al. 1985; Mertely et al. 
1991, García-Jiménez et al. 1994; Kim et al. 1995; Tsay 
and Tung 1995; Pivonia et al. 1997; Wolff and Miller 
1998). Other inoculation techniques, such as fungal colon-
ized grain sorghum seeds incorporated into soil (Lovic et al. 
1994), as well as a hydroponic system with inoculated 
water (García-Jiménez et al. 1994), have been used to test 
the pathogenicity of the fungi involved in vine decline. 
However, the most-employed method has been the use of a 
sand/oat hull mixture as substrate for fungal colonization 
that is subsequently mixed with soil in pots. This inocula-
tion method permits the control of the inoculum densities 
added to the soil by calculating the number of colony-for-
ming units (CFU/g) (Mertely et al. 1993a; Bruton et al. 
1995; Karlatti et al. 1997; Pivonia et al. 1997; Armengol et 
al. 1998; Bruton et al. 2000; Iglesias et al. 2000a, 2000b; 
Picó et al. 2005, 2007). Knowledge of the range of viru-
lence of a pathogen is essential in order to define the ino-
culum densities needed to reach a certain level of infection. 
Bruton (1995) determined that a range of 20 CFU/g for M. 
cannonballus and 10,000 CFU/g for A. cucurbitacearum 
would be enough for screening assays. However, studies of 
the virulence of different isolates demonstrated a wide 
range of virulence between isolates of the same species 
(Martyn and Miller 1996; Biernacki and Bruton 2001). In 
general for A. cucurbitacearum, Spanish isolates were more 
aggressive than American ones (Bruton et al. 2000; Igles-

Fig. 2 Sequence of the ge-
nomic rDNA sequence 
(ITS1-5.8S-ITS2) of M. 
cannonballus (genebank 
accession AB097099), 
showing the position of dif-
ferent primers employed in 
the detection of this fungus. 
Primers are in bold (A-E), 
5.8S sequence is shaded. Pri-
mer pair A+D (430 bp) was 
recommended for fungal de-
tection by conventional PCR 
on infected root tissue, 
whereas a nested PCR using 
A+E (465 bp) followed by 
C+D (68 bp) was suggested 
as more suitable for M. can-
nonballus detection on infes-
ted soils (Lovic et al. 1995a, 
1995b). Primers pair C + E 
(112 bp) was employed by 
Picó et al. 2005 to quantita-
tively detect M. cannonball-
lus in root tissues by real-
time PCR. 

96



Melon roots under stress. Fita et al. 

 

ias et al. 2000b). However, there is no agreement on the 
virulence of M. cannonballus isolates, as some authors 
consider American isolates more aggressive than Spanish 
ones (Bruton et al. 2000), while others report the opposite 
(Lovic et al. 1996; Iglesias et al. 2000b). Due to the varia-
bility of the isolates’ virulence and the lack of exhaustive 
studies testing a considerable number of isolates, it is com-
mon to adjust the inoculum level needed in each study. 

Although artificial inoculations are useful in control-
ling the infection process, they do not cover all the possible 
diversity of soil microorganisms and their potential inter-
actions. The importance of these microorganisms in infec-
tion processes was pointed out by Stangellini et al. (2000), 
who found that the germination of the ascospores of M. 
cannonballus in the melon rhizosphere occurred only in the 
presence of actinomycetes and never in sterile autoclaved 
soils. In addition, preparing large volumes of inoculated 
soil, as is required for a breeding program, is laborious and 
difficult. For that reason, naturally infested soil has been 
used successfully in screening assays and in breeding prog-
rams (Dias 2003; Dias et al. 2004). Therefore, the use of 
artificially inoculated soils or naturally infested soil will 
depend on the objectives of the research. 
 
Lesion scoring 
 
Methodologies for accurately assessing root lesions are 
essential not only in evaluations of the virulence of the 
pathogen but also in screening for resistant plant materials. 
Assessment of root lesion severity has been traditionally 
done using visual scoring systems based on assigning dif-
ferent scores to discolorations, browning, rots and necrosis 
in the root. The scores usually range from 0, referring to a 
healthy root or tissue, to 4, for extremely damaged roots 
(Fig. 3). These scores could refer to the whole root (Mer-
tely et al. 1991, 1993a, 1993b; Aegerter et al. 2000; Batten 
et al. 2000) or to various parts, such as the hypocothyls, the 
taproot, the primary/secondary root system (mainly com-
posed of mature roots involved in plant anchorage and in 

the support of the tertiary root system), and the tertiary root 
system (composed of fine roots that condition the func-
tionality of the mature root systems) (Fig. 3) (Bruton et al. 
2000; Iglesias et al. 2000a, 2000b; Biernacki and Bruton 
2001; Dias et al. 2004). It is also common to use indices 
that combine the scoring of the lesion with other manifes-
tations of the disease, such as root mass loss or decrease in 
leaf area. 

The score systems are time- and labor-intensive, and 
require skilled expertise to identify the lesions and to score 
them. The visual scoring of root lesions and the evaluation 
of the effect of the infection upon the root system can be 
complemented by using image analysis software. Some 
studies have used this software successfully (Crosby et al. 
2000; Crosby 2000; Biernacki and Bruton 2001; Fita et al. 
2005a, 2006a). This software permits the identification and 
quantification of root colors associated with root lesions. 
They also allow the study of difficult-to-measure root traits 
such as total root length, surface area and diameter (Fig. 4). 
Even though they do not avoid the most time-consuming 
task in a root characterization, which is the root extraction 
from the soil/pot and the root spread for adequate observa-
tion, they can accelerate the selection process and also 
avoid some subjective measurements that depend on the 
observer. Obviously, the accuracy of the measurement with 
this image analysis is based on the correct assignment of 
the color classes, on the correct recovery of the root from 
the soil/pot, and on the correct spread of the root for image 
acquisition (Fita et al. 2006a). 

Another drawback of evaluation based on the visual 
scoring of lesions is that the detection and evaluation must 
be done in the late stages of infection, when the root is 
clearly damaged. As we have seen in a previous section, 
detection of M. cannonballus is possible in the early stages 
by PCR techniques (Lovic et al. 1995b), although this tech-
nique does not allow the measurement of the infection level. 
New methods based on real-time PCR allow not only an 
early specific detection and identification, but also an ac-
curate quantification of M. cannonballus in symptomless 

Fig. 3 Visual scoring of root lesions. First line, index for evaluation of lesions in the hypocotyl (H); second line, index for evaluation of lesions on the 
secondary root system and laterals (L); third line, index for evaluation of lesions in rootlets and fine roots (R). From left to right: from healthy to 
extremely damaged: (H0, L0, R0) healthy, (H1, L1, R1) slightly damaged, (H2, L2, R2) moderately damaged, (H3, L3, R3) severely damaged, (H4, L4, 
R4) extremely rotted and necrosed. 
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infected melon roots (Picó et al. 2005). The method is reli-
able and highly sensitive. Using primers showed in Fig. 2, 
monitoring the reaction on an ABI Pism 7000 Sequence 
Detection System (Applied Biosistems) with SYBR® 
Green PCR Master Mix (Applied Biosystems, Foster City, 
CA, USA) as a label system for PCR products, less than 1 
pg of pathogen DNA can be detected. In addition, M. can-
nonballus can be first detected at 2 days after inoculation 
in roots of a susceptible cultivar, before symptoms appear-
ance. 

The combination of these methods (image analysis 
systems, visual scoring systems and real-time PCR) is an 
effective and accurate way to determine the susceptibility/ 
resistance of different plant material. 
 
DISEASE CONTROL 
 
As vine decline depends on the level of inoculum and the 
pathogenicity of the fungi, the susceptibility of the plant 
and its hydraulic balance, control methods have been foc-
used on three main areas: I) reducing/inactivating the soil 
inoculum, II) increasing the resistance to root lesions, III) 
improving the hydraulic balance of the plant, mainly by 
modifying the root system. 
 
Inoculum reduction 
 
Reducing or eliminating the pathogens is the principal pur-
pose of the chemical control. Pre-plant treatment of infes-
ted soils with methyl bromide or combinations with chlo-
ropicrin (Reuveni et al. 1983; Martyn and Miller 1996; Co-

hen et al. 2000) have so far been the most effective tech-
nique in reducing the presence of wilt symptoms, but the 
phasing out of methyl bromide has led to a search for che-
mical and non-chemical alternatives. Other pre-plant soil 
fumigants like methyl iodide and chloropicrin, combina-
tions of 1-3 dicloropropene + chloropicrin and metam-
sodium + formalin have shown to be effective in reducing 
MRR/VD severity (Martyn and Miller 1996; Stanghellini et 
al. 2003; Peretz-Alon et al. 2005). Metam sodium in pre-
plant fumigation is not effective alone in reducing vine dec-
line (Reuveni et al. 1983; Marty and Miller 1996; Cohen et 
al. 2000). However, it is effective in postharvest application 
via drip irrigation. This differential response is due to the 
lack of an effect of the metam sodium on the ascospores, 
whereas it kills the hyphae of M. cannonballus in posthar-
vest applications preventing the formation of perithecia 
(Radewald et al. 2004). Cohen et al. (1999) assayed 29 fun-
gicides in vitro against M. cannonballus, but only fluazi-
nam and kresoxin-methyl totally inhibited the mycelium 
growth. Fluazinam was assayed in field and reduced the 
number of collapsed plants by 87% (Cohen et al. 1999). 
Fludioxonil also reduced lesion severity (Kim et al. 2001; 
Miller and Amador 2001). Traditional soil solarization, 
which is a feasible approach in many areas where MRR/VD 
is significant, is not effective by itself in controlling a ther-
motolerant pathogen like M. cannonballus (Reuveni et al. 
1983). However, some improved solarization methods 
which increase the temperature reached in the solarization 
(Pivonia et al. 2002c), or solarization in combination with 
soil fumigants at a reduced dosage (Cohen et al. 2000), 
could be useful in controlling the disease. The persistence 

Fig. 4 Root image analysis using Winrhizo Pro software (Regent Instruments Inc. Canada). (A) Acquisition of the image of a root, (B) Shown in 
black is the part that the program considers to be a root, (C) Color analysis, colored in dark brown are the areas considered by the program to be damaged 
areas, colored in light brown are the areas considered by the program to be healthy areas, (D) Structure analysis, the skeleton of the root is marked by 
different colors depending on the diameter of the root. 
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of the inoculum and the difficulties in applying pesticides 
into the soil make the use of complementary measures 
necessary to avoid the disease. 

Some cultural practices could greatly reduce the repro-
duction of M. cannonballus in the soil. Perithecia are 
formed primarily after the crop has been terminated. They 
produce the only survival structures of the fungus in the 
soil, the ascospores (Waugh et al. 2003; Stanghellini et al. 
2004a). Therefore, any strategy to avoid the formation of 
perithecia would be valuable in reducing the level of asco-
spores of the soil. However, practices that kill living plants, 
such as foliar application of herbicides and mechanical 
destruction of vines, are counterproductive because they 
enhance rather than inhibit the production of perithecia 
(Stanghellini et al. 2004b). These treatments kill the plant 
but do not kill the hyphae which have a saprophytic growth 
after the death of the plant, allowing reproduction at even 
greater rates relative to the untreated controls. Conversely, 
exposing the infected roots by postharvest cultivation kills 
the pathogen hyphae in infected roots, thus preventing the 
formation of perithecia (Radewald et al. 2004). 

Biological control of M. cannonballus using hypovir-
ulent strains has been suggested since the earliest studies. 
A great variability in aggressiveness among isolates was 
reported as being mainly associated with the presence of 
some double-stranded RNA (dsRNA+) and the develop-
ment of yellow to brown pigments (Mertely et al. 1991; 
Lovic et al. 1993; Martyn and Miller 1996). Batten et al. 
(2000) studied these hypovirulent dsRNA+ isolates. It was 
possible to reduce the aggressiveness of a virulent dsRNA- 
isolate by co-inoculating it with a dsRNA+ hypovirulent 
isolate (10:1 hypovirulent:virulent). However, the presence 
of dsRNA did not ensure hypovirulence, and further stu-
dies in this direction are needed. In recent studies of the 
melanization in M. cannonballus, some compounds res-
ponsible from the yellow to brown colours of the degene-
rated cultures have been identified and related with the loss 
of fungal melanization and loss of virulence. However, the 
relationship of these pigments with the dsRNA remains un-
clear (Stipanovic et al. 2004; Wheeler et al. 2004). Prelimi-
nary studies with Trichoderma virens (Miller, Giddens and 
Foster) Arx and other species of the same genera that in-
hibit root colonization by certain soilborne pathogens have 
given good results in reducing infection with M. cannon-
ballus and A. cucurbitacearum (Bruton et al. 1998; Sanz et 
al. 1998). 
 
Resistance to root lesions 
 
The use of resistant cultivars is one of the best alternatives 
in controlling plant diseases. Traditionally, wild relatives of 
Cucumis melo have provided a wide range of variation for 
resistance to several diseases (Robinson and Decker-Wal-
ters 1997), but this variation is impossible to use, since sex-
ual crosses among C. melo and wild Cucumis species do 
not produce fertile hybrids (Chen and Adelberg 2000). For-
tunately, genetic variability within C. melo sp. is broad en-
ough to find certain tolerant cultivars. The first screening 
assays to find sources of resistance were made in infested 
fields, recording the number of wilted plants (Esteva and 
Nuez 1994; Cohen et al. 1995; Wolff 1995; Cohen et al. 
1996; Wolff and Miller 1998; Iglesias et al. 2000c). 

These screenings were useful in selecting several resis-
tant/tolerant materials in the main countries affected by 
vine decline. In the USA, tolerance to the collapse symp-
tom has been reported in ‘Doublon,’ a Charentais type also 
resistant to MNSV, and ‘Deltex’, an Ananas type (Wolff 
1995; Wolff and Miller 1998). In Israel, the P6a line was 
resistant in field and an additive mode of gene action was 
suggested for the resistance (Cohen et al. 1995, 1996). The 
resistance found in the cultivar ‘Black Skin’, from Taiwan, 
is being introduced into Galia type melons (Cohen et al. 
2000). In Spain, the accession Cucumis melo subsp. agres-
tis Pat 81 was selected because of its resistance under field 
conditions (Esteva and Nuez 1994; Iglesias and Nuez 1998; 

Iglesias et al. 2000c; Dias 2003). The genetics of the resis-
tance derived from Pat 81 was studied under field condi-
tions, using several families obtained from the cross of Pat 
81 with susceptible cultivars ‘Amarillo Canario’- and ‘Piel 
de Sapo’-type (parents, F1, F2, BC1 and BC2) (Iglesias et al. 
2000c). However, in field assays, the erratic effect of un-
controlled environmental factors made the study of the 
trait’s genetics difficult. In this study, the percentage of 
symptomless plants scored at individual moments during the 
infection process in the field was an imprecise indicator of 
the resistance level of each genotype. It was necessary to 
analyze disease progress curves to minimize the stochastic 
fluctuations caused by environmental factors. Using these 
curves, data were fitted to an additive/dominance model 
without epistatic effects using a scaling test. The method of 
analysis also allowed for the characterization of the incom-
plete penetrance of resistance (Iglesias et al. 2000c). 

Even though the selection of some resistant cultivars 
was successfully done in field experiments, the fact that the 
vine decline is highly influenced by many environmental 
factors prevents the use of this kind of evaluation for breedi-
ng programs. To accurately select the best materials, metho-
dologies based on artificial inoculations and visual lesion 
scoring were proposed for breeding programs (Iglesias et al. 
2000a, 2000b). Crosby (2000) studied the inheritance of the 
tolerance to M. cannonballus based on the effect of the arti-
ficial infection on the root system. Several crosses between 
tolerant and susceptible cultivars were performed and data 
of total length, root surface area, root tips, etc. were ob-
tained from the image analysis of the root systems. The cul-
tivars that showed the least-affected root systems were 
‘Doublon’ and ‘Deltex.’ A high heterosis was found in 
some traits that led to estimates of heritabilities that were 
higher than 100%. A double mechanism of tolerance was 
suggested: morphological (improved root system) combined 
with a specific resistance to fungal lesions. 

Accession Pat 81, which was evaluated as resistant in 
field, displayed less widespread and less severe lesions than 
susceptible cultivars in inoculated soils. These mild lesions 
were not severe enough to produce root mass losses, con-
trary to the significant losses observed in susceptible culti-
vars (Iglesias et al. 2000b; Dias et al. 2004). The genetics of 
its resistance to root damage caused by M. cannonballus 
was studied (Dias et al. 2004). Estimates of the broad- and 
narrow-sense heritabilities indicated that most of the vari-
ation found for lesion resistance in both primary/secondary 
and tertiary root systems could be explained by additive 
effects. Lower heritabilities and higher importance of domi-
nance effects were found for lesions in hypocothyls, which 
shows that lesion severity in this area is more dependent on 
environmental factors (deep sowing or uneven distribution 
of inoculum in the soil). Therefore, scoring systems based 
on damage in the lateral roots and rootlets seem to be the 
most appropriate for selecting resistant material in segregant 
populations. Due to the high level of resistance found in Pat 
81, it was selected to initiate a breeding program that would 
allow introgression of its resistance into the most important 
Spanish melon types, such as ‘Piel de Sapo’ and ‘Amarillo 
Canario’ (Iglesias et al. 2000c; Dias 2003). 
 
Hydraulic balance, modifying the root system 
 
The hydraulic balance of the plant depends on the vine and 
fruit demand as well as the capacity of the root to support 
this demand. It has been pointed out that some intensive 
cultural practices (such as mulch and drip irrigation) along 
with the high productivity of the melon hybrids have led to 
a great shoot:root disequilibrium (Krikun 1985; Cohen et al. 
2000; Pivonia et al. 2002b; Martyn 2007). As a high pro-
duction is desirable, it is more appropriate to modify the 
water absorption capacity of the root. Roots of plants deve-
loped under a high frequency drip irrigation system are 
shallow and dense, and are highly sensitive to water fluc-
tuations. A deeper and more extended root system would 
likely support better high water demand despite having les-
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ions. The size and structure of the root can be manipulated 
by changing the irrigation system. Low irrigation systems 
have been shown to postpone the onset of plant collapse 
and reduce disease incidence. However, these systems also 
reduce the number and quality of the fruits (Cohen et al. 
2000; Pivonia et al. 2004; Merghany 2006). 

The response of melon plants to vine decline may be 
attributed in part to the size and structure of the root sys-
tem. In fact, the tolerance of the Ananas-type melons has 
been previously attributed in part to its larger and more 
vigorous root system, which is better adapted to dry-land 
cropping (Cohen et al. 2000). Surprisingly, the compara-
tive study of susceptible (‘Magnum’ and ‘Caravelle’) and 
tolerant (‘Deltex’, an Ananas type, and ‘Doublon’) melon 
cultivars did not show significant differences between 
them in sterile soil. The differences appeared after the in-
fection, suggesting that tolerance was closely related to the 
integrity of the root system (Crosby et al. 2000). In this 
respect, a greater root system would not confer tolerance 
per se, but would be valuable in increasing the favorable 

response against vine decline (Dias 2004, unpublished data). 
During the root analysis of the breeding populations, the 
structure of the root system of C. melo subsp agrestis Pat 
81 was clearly different from that of the susceptible culti-
vars, which belong to the subspecies melo (Iglesias et al. 
2000b; Dias 2003). These differences in structure were ob-
served in healthy soils and remained after infection with M. 
cannonballus. Root system differences between cultivated 
and wild taxa have also been reported for other species, 
since the roots of wild plants are usually adapted to exploit 
more unpredictable and stressful soil environments (Jack-
son and Koch 1997; Johnson et al. 2000). The root struc-
ture of Pat 81 may enhance its tolerance to MRR/VD by 
conferring a higher capacity for soil exploration. 

Using Pat 81 as a donor of valuable genes for breeding 
root systems of cultivated melons is not an easy task. First-
ly, it is necessary to define which favorable characteristics 
from Pat 81 determine the “ideal” root in meeting our 
breeding objectives. Difficulties in root analysis can condi-
tion the root traits which are evaluated. A general tendency 

Fig. 5 Segregation for root cha-
racters and resistance to root 
lesions in melon plants grown in 
8L pots filled with naturally in-
fested soil (M. cannonballus and 
A. cucurbitacearum) and analysed 
60 days after planting. Above: 
(‘Piel de sapo’), highly damaged, 
(F1) derived from the cross be-
tween ‘Piel de Sapo’ and Pat 81, a 
certain degree of heterosis can be 
observed, (Pat 81), resistant to root 
lesions and with an improved root 
system. The other 6 roots are (F2) 
derived from selfing F1, segrega-
tion for root structure and lesions 
can be observed. 
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in root research has been to study easily measured traits 
related to root biomass. However, root studies based on 
these traits have been only marginally successful. Selecting 
plants with a greater overall root biomass would likely im-
pact yield negatively and would not ensure a higher capa-
city for soil exploration (Clarke and McCaig 1993; Zobel 
1995; Jonhson et al. 2000). Our results support this state-
ment, as ‘Piel de Sapo’, a highly susceptible Spanish me-
lon, displays a higher root biomass than Pat 81, and yet 
does not have an improved ability to overcome the disease 
(Fita et al. 2006b). Various colleagues have suggested that 
current root research should focus on other root traits, such 
as those related to root length and architecture (Jonhson et 
al. 2000; Wells and Eissenstat 2003). However, these are 
parameters which are difficult to measure. In our first stu-
dies, we evaluated root length and architecture by employ-
ing different visual scores. With these indices, we consis-
tently observed a more branched root system in Pat 81 in 
comparison with different types of cultivated melons (Dias 
et al. 2002). Recently, the use of root image analysis, with 
specific software (WhinRhizo, Regent Instruments, Cana-
da), and the use of more specific measurements of the ar-
chitecture, such as the branching order or number of lateral 
roots, have facilitated the accurate characterization of root 
structure. Using these methods, the results demonstrated 
that both seedling and adult plants of Pat 81 display signi-
ficantly higher values than ‘Piel de Sapo’ for all length and 
architectural traits assayed (maximum and average length 
of lateral roots, number of lateral roots, root order, total 
length of fine roots, branching pattern, etc.) (Fita et al. 
2004, 2006b). 

Studies of the root systems have been traditionally de-
layed because of the difficulty in extracting roots from the 
soil/pots, the challenging process of properly defining root 
parameters and their complex plastic responses that com-
plicate the analysis. Many of the difficulties which arise 
during the analysis of root structure can be overcome by 
combining root image analysis with in vitro culture tech-
niques (Fita et al. 2005a). These systems allow us to per-
form in vivo studies of root development and are now be-
ing used in a population of introgression lines that are seg-
regant for root structure traits to identify molecular mar-
kers linked to the genes involved in desired root traits. 

The genetics of root traits have been studied in an F2:3 
families derived from the cross of Pat 81 and ‘Piel de 
Sapo’ (Fig. 5) (Fita et al. 2004, 2006b). Broad-sense herit-
abilities were low to moderate, which indicates the impor-
tance of environmental effects on the variation observed in 
most of the traits examined. The narrow-sense heritabilities 

were also moderate, the additive effects being more impor-
tant than the dominant. These parameters are being suc-
cessfully used to select melon plants with a root archi-
tecture that exploits the largest possible soil volume. This is 
not only useful in improving the resistance to vine decline, 
but also in overcoming other biotic and abiotic soil stresses. 
Deeper root systems are able to reach lower layers of the 
soil profile which can be richer in water and nutrients. In 

Fig. 6 Roots of plants grown in M. cannonballus naturally infested soil 
for 90 days (the fine rootlets have been removed for a better 
observation of the root structure). (A) Piel de Sapo susceptible cultivar, 
(B) Pat 81, resistant cultivar, (C) BC2 derived from the cross of PS and Pat 
81 plus two backcrosses to PS, (D) BC4 derived from the cross of PS and 
Pat 81 plus four backcrosses to PS. 

Fig. 7 Fruits of plants whose roots are shown in 
Fig 6. (A) Piel de Sapo (B) Pat 81, resistant cultivar, 
(C) BC2 derived from the cross of PS and Pat 81 plus 
two backcrosses to PS, (D) BC4 derived from the 
cross of PS and Pat 81 plus four backcrosses to PS. 
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fact, root length and the branched structure of the root sys-
tem has been largely used to improve vegetables against 
drought stress (Clarke and McCaig 1993; Jonhson et al. 
2000). Crosby (2000) also studied the heritability of some 
root traits in several crosses between tolerant and suscep-
tible cultivars, finding high heritabilities for total root 
length and root surface area (measured with Rhizo 3.8 Pro) 
and great heterosis in certain crosses. 

The two resistance mechanisms derived from Pat 81 – 
a high resistance to root lesions and a long and branched 
root system – are currently being exploited in a breeding 
program. A combined selection for resistance to M. can-
nonballus and for a favorable root structure is being con-
ducted. Favorable traits are being introgressed into the 
genetic background of the most important Spanish melon 
types, ‘Piel de Sapo’ and ‘Amarillo Canario’ (Dias 2003; 
Fita et al. 2005b). This program has reached the 3rd and 4th 
backcross generations (Fig. 6). It should be noted that Pat 
81 has unfavorable agronomic features. It develops small 
and soft fruits, with green flesh which is acid and has a low 
content of soluble solids (Fig. 7). We have studied the 
agronomic value of the backcross generations obtained. At 
the third backcross generation we found values for fruit 
weight, total soluble solid content, flesh thickness, etc. 
similar to those of the cultivated variety. There was no 
difference in these traits between the third and the fourth 
backcross generations, which implies that the third 
backcross can already be selfed to obtain the first resistant 
pre-commercial materials (Fita et al. 2005b; Fig. 7). 
 
Grafting 
 
Another method for enlarging the capacity of soil explora-
tion and enhance resistance to soilborne pathogens has 
been grafting plants. The popularity of grafting to over-
come plant diseases is increasing, and nowadays it is used 
routinely for watermelon in the Mediterranean basin to 
avoid Fusarium wilts. Although all cucurbits can be hosts 
of M. cannonballus and A. cucurbitacearum (Mertely et al. 
1993a; Armengol et al. 1999), some species have been re-
ported to be tolerant to one or both fungi. The slow disease 
development and the large root system enable these plants 
to complete the growing season (García-Jiménez et al. 
1990; Edelstein et al. 1999; Cohen et al. 2000). However, 
the results of grafting melons onto Cucurbita rootstocks 
varies. In general, the use of grafted plants reduces the wilt 
incidence, but the response in terms of yield or quality de-
pends on many factors as rootstock-scion or the cultivation 
method. Moreover, in melon-cucurbita graftings, the oc-
currence of rootstock-scion incompatibility has been repor-
tedly hampering the extensive use of Cucurbita rootstocks 
(Fig. 8B) (Edelstein et al. 1999; Traka-Mavrona et al. 
2000; Edelstein et al. 2004; Cohen et al. 2005). Using me-
lon as rootstock not only avoids incompatibility problems, 
but also the detrimental effects of some cucurbit rootstocks 
in fruit quality (Cohen et al. 2002; Nisini et al. 2002). Ac-
cession Pat 81 has been tested as rootstock for melon, and 

has had excellent results (Fig. 8A). Its use as a rootstock 
avoids the occurrence of wilt and does not have a greater 
detrimental effect on fruit quality than when grafting on 
Cucurbita. Moreover, no incompatibility has been reported 
(Fita et al. 2007, and unpublished). 
 
ACHIEVEMENTS AND PERSPECTIVES 
 
The significance of vine decline in melon crops has in-
creased throughout the world. As the presence of the disease 
is a sum of different factors, the only control alternative is 
that of integrated management. This must combine the use 
of the available tolerant/resistant germplasm (via grafting or 
improved lines with resistance to fungus and improved root 
systems) with the use of techniques that avoid the build-up 
of the inoculum, and an adequate management of the crop to 
avoid unnecessary stresses. The efforts of several scientists 
and the development of new methodologies have contrib-
uted to advances in these three directions. 

Methodologies, such as real-time PCR and image anal-
ysis, are now being used to accurately phenotype segregant 
populations for resistance and root structure. Genotyping of 
these populations is also currently being conducted to iden-
tify markers linked to the resistance and the root structure 
traits for a marker-assisted selection. Also, the Monospo-
rascus cannonballus-melon system has been used to pro-
duce an EST sequence collection under the Spanish Melon 
Genome initiative (Puigdomènech et al. 2007). Several 
cDNA libraries have been constructed from healthy roots 
and infected roots with M. cannonballus (using roots of 
both resistant and susceptible genotypes). These sequences 
have been included in an oligo-microarray of melon (along 
with other cotyledon, leaves and fruit-derived sequences) 
that has been used to perform differential expression studies 
(Puigdomènech et al. 2006). The results of these studies will 
provide candidate genes for further investigation into the 
response of melon genotypes to this soilborne disease. 
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