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Resistance to meIon vine decline derived from Cucumis meio ssp. agrestis:
genetic anaIysis of root structure and root response
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Abstract
Melon vine decline is a major soilborne disease that causes severe
economic losses around the world. The fungal pathogens Monospo-
rascus cannonba/lus Pollack et Uecker and Acremonium cucurbitacea-
rum Alfaro-García, W. Gams et J. García-Jiménez have been reported
as the main causal agents of this disease. A relatively high leveI of
resistance has been reported in Cucumis meio L. ssp. agrestis (Naud.)
Pangalo in the Asiatic accession Pat 81. Although specific resistance
mechanisms controlling pathogen-induced root lesions have been
characterized in Pat 81, the development of a vigorous and branched
root system can also appreciably increase its tolerance to vine collapse.
The genetics of root traits related to root vigour and structure were
studied in the progeny derived from a cross between Pat 81 and the
highly susceptible cultivar 'Pifionet' market class 'Piel de Sapo'
(C. meio L. ssp. meio). The inheritance of specific resistance to
soilborne fungi was also studied by analysing root response to
inoculation employing naturally infested soi!. Estimates of the broad-
(H) and narrow-sense (h2) heritabilities indicated that the majority of
the variation for lesion resistance in lateral and fine roots, in the root
weight, root length, and the root surface area could be explained by
additive effects, whereas dominance is important in plant biomass and
resistance to lesions in hypocotyls. Selection for improved root systems
conferring resistance and tolerance to vine decline was successfully
conducted in BC. progeny derived from a Pat 81 x 'Pifionet' mating.
Moderate values of heritabilities (O.03-{).76) suggest that breeding
strategies that combine family and individual selection could enhance
genetic progresso As some of the traits analysed exhibited heterosis,
breeding methods directed towards recovering hybrid vigour may
increase gain from selection.

Key words: Cucumis meio - Acremonium cucurbitacearum -
Monosporascus cannonballus - breeding for resistancejtoler-
ance - root morphology - root damage

The complex disease of melon vine decline, also referred to as
melon collapse, root rot, or sudden wilt, causes severe economic
losses in many regions worldwide. Although other pathogens
may be involved, Monosporascus cannonballus Pollack et Uecker
and Acremonium cucurbitacearum Alfaro-García, W. Gams et
J. García-Jiménez have been reported as the primary causal
agent of this disease (García-Jiménez et al. 1994, 2000, Martyn
and Miller 1996, Bruton et al. 1998). Current disease manage-
ment is based mainly on methyl bromide soil fumigation prior to
planting. As the use of methyl bromide will be prohibited in the
near future, there is an urgent need to develop alterna tive
strategies for disease control (Cohen et al. 2000).

The development and release of resistantjtolerant melon
cultivars stems largely from difficulties in assessing field resist-

ance which is due to the complex aetiology of the disease and
environmental influences on the dynamics of plant collapse.
Despite such difficulties, screening methods using natural and
artificial inocula have been independently developed to select
resistantjtolerant germplasm in severely affected countries such
as Israel, USA and Spain (Cohen et aí. 1996,2000, Wolf and
Miller 1998, Crosby et al. 2000, Iglesias et al. 2000a).

Genetic control of resistancejtolerance to vine decline has
been investigated using progeny resulting from crosses between
resistantjtolerant and susceptible genotypes. Cohen et al.
(1996) studied tolerance to wilting derived from the Asiatic
breeding line P6a by employing a plant collapse index scored in
naturally infested fields, and suggested an additive mode of
gene action for tolerance. The severity of plant collapse is,
however, highly influenced by environmental stresses and
cultural factors (i.e. high temperatures, dry winds, fruit load,
etc.) (Cohen et al. 2000). Likewise, relationships between plant
collapse and the state of infested root systems have been
studied, and a resistance mechanism to root lesions caused by
pathogenic fungi has been proposed in germplasm of different
origins (Crosby et al. 2000, Dias et al. 2002). A large and
vigorous root system coupled with a capacity to regenerate
new rootlets after infection are traits, which have potential for
increasing tolerance to vine decline. For these reasons, it would
be desirable to accurately characterize the rooting systems of
genotypes (resistantjtolerant and susceptible) to determine
relative levels of resistancejtolerance to vine decline. Studies on
root morphology and structure in cucurbits are scarce because
of difficulties associated with root assessment by traditional
analysis procedures (Walters and Wehner 1994).

Crosby (2000) estimated narrow-sense heritabilities
for several melon root traits, and for root resistance to
M. cannonballus in crosses of resistant melon cultivars
(i.e. 'Doublon' and 'Deltex') and breeding lines, with highly
susceptible melon cultivars. Heritability values as estimated by
parent-offspring regression ranged from low (0.21) to
extremely high (values exceeding 1.0).

ln Spain, a relatively high leveI of resistance to vine decline
has been documented in an Asiatic accession (Pat 81) of the
wild species Cucumis meio L. ssp. agrestis (Naud.) Pangalo
after inoculation under natural and artificial conditions (Esteva
and Nuez 1994, Iglesias and Nuez 1998, Iglesias et al. 1999,
2000a,b). This accession confers tolerance to this disease
through developing a root system that is more vigorous and
branched than those of cultivated melons (Dias et a!. 2002). The
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/ high levei of resistance/tolerance found in Pat 81 is currently
being introgressed into susceptible Spanish cultivars of the
market class 'Piei de Sapo' and 'Arnarillo Canario' (Iglesias et al.
2000a,c). The genetics of the tolerance to plant collapse derived
from Pat 81 has been studied by Iglesias et al, (2000a). They
ernployed a new methodology based on the analysis of disease
progress curves to minimize the stochastic ftuctuation on the
percentage of collapsed plants caused by environmental factors.
Data from Pat 81 x 'Piei de Sapo' (and Pat 81 x 'Amarillo
Cana rio') derived crosses were fitted to an additive model.

A genetic study of vine decline resistancejtolerance derived
from Pat 81 has been conducted. This study required the
genetic analysis of root traits related to root vigour and
structure in progeny derived from a Pat 81 x 'Piei de Sapo'
mating. The inheritance of resistance to the causal soilborne
fungi responsible for lhe root lesions was also assayed as
root response to artificial inoculation by using naturally
infested soil. The genetic information obtained was then
used in the selection of resistant plants in a segregating
population.

MateriaIs and Methods
Plant material: The susceptible commercial cultivar 'Pifionet, Selec-
ción Torpedo' (Semillas Battle, S.A, Barcelona, Spain) of C. meio L.
ssp. meio (belonging 10 the cultivar group lnodorus, 'Piei de Sapo'
market c1ass) (PI) was used as the female parent in a cross with the vine
decline resistant accession Pat 81 of C. meio L. ssp. agrestis (Naud.)
Pangalo (P2; unadapted germplasm). The FI was self-pollinated (F 2),
backcrossed to lhe susceptible parent (BCI), and backcrossed to the
resistant parent (BC2).

Cultural techniques and experimental design: Resistance was assayed in
two soil substrates (one pathogen inoculated and one uninoculated).
The inoculated substrate consisted of a mixture of a soil (c1ayey-loamy)
naturally infested with the pathogens of different genera responsible
for collapse and pasteurized sand (I: I; vol/vol) (NS). The soil
originated from a field traditionally used for melon cultivation in
Valencia (Eastern Spain). The characteristics of this soil have been
analysed in a previous study. The isolates of M. cannonbal/us and
A. cucurbitacearum found in this field have proved to be more virulent
than many other Spanish and American isolates (lglesias et aI. 2000c).
The same mixture treated with methyl bromide was used as a sterilized
control (SS). The NS effect on melon rOOIS was compared with the
effect of SS artificially inoculated with M. cannonbal/us and/or
A. cucurbitacearum in previous studies (lglesias et al. 2000b,c, Dias
et al. 2002 and unpublished results). These studies revealed that
A. cucurbitacearum is a less aggressive pathogen than M. cannonbal/us.
Likewise, the root lesions were more severe and occurred earlier in NS
than in artificially inoculated substrates. Therefore, natural soil
inoculum (NS) that provides a more complete sample of the biotic
composition of infested soil was employed for experimentation to
ensure maximum root damage.

The number of plants evaluated for each generation in each soil
substrate (SS and NS) was: 10 for the PI> P2 and FI; 90 for the F2, and
50 for the BCI and BC2 families. Seeds were treated for I min with a
solution of sodium hypochlorite (1.5%), and germinated in Petri
dishes. After 4-5 days, they were sown in 0.6 kg pots with the soil
substrates previously described (SS and NS). Plants were grown in a
greenhouse in the summer season under controlled conditions (tem-
peratures from 25 to 30°C day/20 to 25°C night, RH from 60 10 70%
dayf75 to 85% night, and a photoperiod of about 13-15 h natural
light/II-19 h dark). Plants of the different generations were randomly
arranged in the greenhouse. Plants were hand-watered daily and
supplied with nutrient solutions (each plant received weekly I L of 15
N-IO P-15 K-2 mg, 200 rng/l, plus micronutrients).

Plant characterization: Plants were characterized about 40 days after
planting (DAP). After cutting the vines, the root systems were carefully
extracted from the pots. The substrate was ftushed with tap water, then
the roots were washed in distilled water. Roots were weighed, and
placed on c1ear glass submerged in a thin layer of water and spread
apart using dissecting needles. The roots were scanned (Epson 1680,
Epson America, Long Beach, CA, USA), and the total surface area of
the roots was estimated using the Adobe Photoshop 7.0 software
(Adobe Systems Incorporated, San José, CA, USA). lsolations were
made from randomly sampled plants of ali generations (roots of
approximately 50% of the plants assayed were analysed) to verify the
presence of fungi in the hypocotyls and roots of different orders (i.e.
primary, secondary, tertiary and higher) using the methodology
reported in Garcia-Jiménez et al. (1994).

For SS-treated plants, the following traits were evaluated at 40
DAP: biomass (B) (g), whole plant weight, root fresh weight (RFW)
(g), root surface area (RSA) (cm/) and lhe length of the three longest
lateral roots (LI, L2 and L3) (em). These traits were selected for family
characterization based on information obtained in previous studies
(Dias et al. 2002).

The plant biomass and RSA were evaluated at 40 DAP for plants
grown in NS media. However, RFW was not measured as F2 plants
were transplanted into the greenhouse after characterization. These
plants were self-pollinated to produce F3 families, which will be
employed for the identification of molecular markers Iinked to melon
vine decline resistance in the future. To avoid excessive handling of the
roots, only maximum root length (em) was measured (Lmax) at 40 DAP.
Root lesions caused by pathogenic fungi were visually scored using
three disease rating indices: (i) lesions on hypocotyls (LH) [O= healthy
with no lesions or discoloration, I = slight discoloration, 2 = rnoder-
moderate discoloration and/or with lesions, 3 = moderate maceration,
and 4 = severe maceration (Biernacki and Bruton 2000)]; (ii) lesions on
lateral roots (LLR) [O= healthy with no lesions (browning and
necrosis), I = mild lesions covering < 10% of the lateral root surface,
2 = mild to moderate lesions covering from 10 to 24% of the root
surface, 3 = moderate to severe lesions covering from 25 to 50% of the
root surface, and 4 = general root rot, where most of the lateral roor's
surface was affected (> 50%)]; and (iii) lesions on fine roots (LFR)
[O= healthy with no lesions (browning and necrosis), I = mild lesions
on < 10% of fine root mass, 2 = mild to moderate lesions on 10-24%
of root mass, 3 = moderate to severe lesions on 25-50% of root mass,
and 4 = severe browning, necrosis and root rot, where most of the fine
root mass was affected (> 50%)]. A relatively high correlation was
observed between LLR and LFR (r = 0.77, P < 0.001) in previous
studies (unpublished results). Therefore, the average of LLR and LFR
was used as a disease severity index (XLLFR), which was then used to
evaluate the response of the whole roots to the fungal damage. LH
scores lesion severity in a specific region of lhe plant and is
complementary to XLLFR.

Genetic analysis: To assess the effect of genotype on disease progres-
sion, data from genetically uniform classes (i.e. PI> P2 and FI), were
subjected to a unifactorial analysis of variance (ANOVA), and then
means for root traits were separated by a Duncan's test. The
correlations (pearson correlation coefficient, r) between some traits
were caJculated using Statgraphics Plus 4.0 computational software
(Statistical Graphics Corp., Rockville, MO, USA).

Traits were scored on individual plants to obtain generational
variances. Broad-sense heritability (H) estimates were derived using
population variance components by the formula described by Wright
(1968) as H = {aF2 - [(aPI + aP2 + 2aFI)/4]}/aF2. Narrow-sense
heritability (h2) was estimated using F2 and backcross generation
variance components as described by Warner (1952) as
h2 = [2aF2 - (aBCI + aBC2)]/aF2, where aPI is the variance of
PI (susceptible parent, cultivar 'Pifionet', 'Piei de Sapo'), aP2 is the
variance of P2 (resistant parent, Pat 81), aF I and aF 2 are the variance
of the FI and F2 generations, respectively, and aBCI and aBC2 are the
variance of the FI backcrossed to PI and P1, respectively. The least
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effective factors involved in the traits analysed were estimated as
described by Wright (1968) as n = (PI - pd/8(aF2 - aE), where
(FI - P2)2 is the squared difference between the mean value of the
parents, and aE is the environmental variance estimated as
aPI + aP2 + 2aF 1/4.

Selection of resistant plants in segregating backcross populations: The
disease assessment methodology and the genetic information obtained
from the genetic analysis described above were used to evaluate a Pat
81 x 'Pifionet' 'Piei de Sapo'-derived BCI population. Fifty backcross
plants were grown in a greenhouse in pots of 18 kg with a mixture of
field soil and commercial standard peat (Dias et al. 2002) in a 3 : I
ratio (v/v) during the spring-summer growing season, using drip-

_ irrigation (temperatures ranged from 25 to 30°C day/20 to 25°C night,
RH from 55 to 65% day/80 to 90% night, and 13-14/9-10 hours
photoperiod). Five plants of the cultivar 'Piiíonet', 'Piei de Sapo' and
Pat 81 were included as susceptible and resistant controls, respectively.
At the end of the growing cycle (110 DAP), the plants were sampled
for RFW, RSA, LI, L2, L3 and lesion rating indices (i.e. LH, LLR and
LFR). The branching arder (BO) for LI, L2 and L3 (i.e. BOI, B02
and B03, respectively) was also evaluated according to Dias et al.
(2002). A higher BO is associated with a greater capacity for soil
penetration and with an increase in the water and nutrient uptake
capacity of the plant (Crosby 2000, Iglesias et al. 2000b, Dias et al.
2002). However, such a measurement is laborious and for this reason
BO was only evaluated in the backcross population, but not in the
genetic analysis, which utilized a larger number of plants.

In previous studies (Iglesias et al, 2000b,c, Dias et al. 2002), Pat 81
plants and FI progeny always exhibited XLLFR values below 2.5, and
therefore this value was used as a resistance threshold point. The root
structure traits and LH scores of BCI progeny grouped by the
aforementioned criterion were subjected to a unifactorial ANOVA test.
Coefficients of variation were calculated for ali traits using Statgra-
phics Plus 4.0 software.

Resistant BCI plants with large and branched root systems were
selected and used for continued introgression of resistance genes into
cultivated melon. A second backcross (BCI_2) was obtained by
crossing the BCI to the susceptible parent, and 20 plants of this
backcross were grown and characterized for root traits and for
resistance as described for the BC I above.

Results
Genetic analysis of root structure and root resistance
There were significant differences between the parents and the
FI generation for most of the traits analysed (Tables 1 and 2).
In the SS treatment, Pat 81 and the FI plants developed roots
with greater fresh weight, RSA and length than the cultivar
'Piiíonet', of the 'PieI de Sapo' market c1ass (Table 1 and
Fig.l).

Inoculation of plants in the NS treatment caused lesions of
variable severity in the roots of the different generations
(Table 2). Monosporascus cannonbal/us was isolated from all
the sampled roots. Perithecia of this fungus were observed
associated with necrotic lesions in primary, secondary and
tertiary roots. Other pathogenic fungi that could increase the
severity of the lesions (i.e. A. cucurbitacearum, Macrophomina
phaseo/ina, and Pythium sp. and Fusarium sp.) were also
identified in approximately 80% of the roots sampled. Exam-
ination of Pat 81 and the FI revealed the presence of only mild
lesions in hypocotyls, lateral roots and fine roots. Disease
scores of these genotypes were significantly (P < 0.001) less
than those describing roots of the cultivar 'Piiíonet'. A high
correlation (r = 0.83, P < 0.001) existed between LLR and
LFR, using all generation data. Nevertheless, the correlation

Table I: Plant and root traits evaluated for resistance to vine decline in progeny derived from a cross between Cucumis meio ssp. agrestis Pat 81
(P2) and the melon cultivar 'Pifíonet' (PI), 'Piei de Sapo' market c1ass, grown in sterilized soil 40 days after planting

Root traits PI (N = 10) P2 (N = 10) FI (N = 10) P-value F2 (N = 90) BCI (N = 50) BC2 (N = 50) H/h2 n

Biomass (g) 8.8 ai ± 3.2 13.2 b ± 2.4 15.1 b ± 2.6 <0.001 14.4 ± 3.9 13.7 ± 4.4 15.3 ± 3.4 0.51/0.03 0.3
RFW (g) 1.45 a ± 0.62 3.08 b ± 0.89 2.86 b ± 0.84 0.001 2.64 ± 1.06 2.06 ± 0.92 3.07 ± 1.02 0.42/0.31 0.7
LI (em) 15.6 a ± 3.6 22.2 b ± 3.5 19.2 ab ± 3.9 0.009 19.5 ± 4.8 18.2 ± 4.2 20.6 ± 4.4 0.41/0.40 0.6
L2 (em) 12.9 a ± 2.9 17.8 b ± 1.8 16.3 b ± 2.5 0.001 16.9 ± 3.9 16.0 ± 3.2 17.7 ± 3.5 0.6/0.51 0.3
L3 (em) 10.0 a ± 2.0 15.1 b ± 2.8 14.7 b ± 2.4 <0.001 15.3 ± 2.7 15.2 ± 2.9 15.3 ± 2.3 0.2/0.12 2.2
RSA (crrr') 24.9 a ± 10.8 60.2 b ± 11.4 49.5 b ± 9.6 0.011 40.6 ± 13.8 36.4 ± 13.4 49.8 ± 12.7 0.43/0.21 1.9

N, number of plants characterized in each generation; RFW, root fresh weight; LI, L2, L3, length of the three longest lateral roots; RSA, root
surface area; H, broad-sense heritability = {aF2 - [(aPI + aP2 + 2aF 1)/4]}/aF2 (Wright 1968); h2, narrow-sense heritability =
[2aF2 - (aBCI + BC2)]/aF2 (Warner 1952); n, number of least effective factors = (PI - p2)2/8(aF2 - aE) (Wright 1968).
Values are given as mean ± SD.
I Numbers in the same row followed by the same letter are not significantly different according to Duncan means comparison test at P = 0.05.

Table 2: Plant and root traits, and lesion rating indices evaluated for resistance to vine decline in the progeny derived from a cross between
Cucumis meio ssp. agrestis Pat 81 (P2) and the melon cultivar 'Piüonet' (PI), 'Piei de Sapo' market c1ass grown in naturally infested soil 40 days
after planting

Root traits PI (N = 10) P2 (N = 10) FI (N = 10) P-value F2 (N = 90) BCI (N = 50) BC2 (N = 50) H/h2 n

Biomass (g) 8.1 ai ± 2.9 11.2 b ± 2.6 13.7 b ± 2.9 0.009 11.4 ± 4.0 11.5 ± 3.9 11.9 ± 3.3 0.51/0.37 0.15
Lmax (em) 11.4 a ± 3.5 17.6 b ± 3.3 16.6 b ± 3.7 0.011 16.1 ± 4.9 14.9 ± 5.0 18.2 ± 4.7 0.50/0.04 0.42
LH 3.1 b ± 0.8 0.0 a ± 0.0 0.5 a ± 0.7 <0.001 1.l±1.3 l.5±1.3 0.6 ± 1.2 0.76/0.15 0.94
XLLFR 3.3 b ± 0.8 1.6 a ± 0.7 1.9 a ± 0.6 <0.001 2.3 ± 0.8 2.7 ± 0.8 2.1 ± 0.7 0.30/0.25 2.01
RSA (crrr') l1.5a±5.3 33.8 b ± 6.2 29.2 b ± 7.1 <0.001 26.2 ± 11.1 18.7 ± 9.8 26.5 ± 8.4 0.66/0.65 0.76

N, number of plants eharaeterized in eaeh generation; Lmax>maximum length of the roots; RSA, root surfaee area; LH, lesions in hypocotyls;
XLLFR, average of the indices LLR and LFR [Iesions were scored on a seale from O (no lesions) to 4 (severe root lesions)]; H, broad-sense
heritability = {aF2 - [(aPI + aP2 + 2aFI)/4]}/aF2 (Wright 1968); h2, narrow-sense heritability = [2aF2 - (aBCI + aBC2)]/aF2
(Warner 1952); n, number of least effeetive factors = (PI - p2)2/8(aF2 - cE) (Wright 1968).
Values are given as mean ± SD.
I Numbers in lhe same row followed by the same letter are not significantly different according to Duncan means eomparison test at P = 0.05.
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PAT81 F1: 'Pinonet' x PAT 81 'Piíionet'

F2: 'Piâonet' x PAT 81

)

Fig. I: Root topology and structure of the accession Cucumis meio ssp. agrestis Pat 81, the melon cultivar 'Piiíonet', 'PieI de Sapo' market class,
and their FI and F2 progeny grown in sterilized soil 40 days after planting
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Table 3: Root traits and root lesions caused by pathogenie fungi ineiting vine decline as evaluated in baekerosses derived from a Cucumis meio
ssp. agrestis Pat 81 (P2) x 'Piiionet' (Pd, 'Piei de Sapo' market cIass mating grown in naturally infested soil 110 days after plantmg

Root traits P2 PI BClsl BClrl BCI_2S1 BCI_2rl P-value Coeffieient of variation (%)

RFW (g) 91.0 b2 69.7 a 63.5 a 114.9 e 123.6 e 142.9 d <0.001 67.0
RSA (crrr') 37.2 b 29.9 ab 28.4 ab 48.8 b 48.3 b 60.6 e 0.002 44.4
LI (em) 108.0 e 29.6 a 44.4 a 75.5 b 8l.0 b 154.4 e <0.001 51.4
L2 (em) 87.1 e 18.6 a 34.1 a 67.1 b 48.1 ab 92.2 e <0.001 53.8
L3 (em) 75.5 e 14.6 a 28.6 a 56.8 b 43.5 b 9l.6 e <0.001 57.9
BOI 5.7 b 3.5 a 3.9 a 4.8 ab 3.7 a 5.1 b 0.03 35.4
B02 5.6 e 2.8 a 3.7 ab 4.6 be 3.1 ab 5.0 e 0.003 37.8
B03 6.0 c 2.7 a 3.1 a 4.6 b 3.6 a 5.0 e <0.001 41.2
LH 0.0 a 4.0 e 3.6 e 1.9 b 4e 1.8 b <0.001 46.4
XLLFR 1.3 a 4.0 b 3.8 b 1.7 a 3.9 b l.1 a <0.001 41.2

I BCls/BCI_2s = BCI/BCI_2 plants with XLLFR > 2.5; BClr/BCI_2r = BCI/BCI_2 plants with XLLFR .;; 2.5. .
2 Numbers in the same row followed by the same letter are not signifieantIy different aeeordmg to Dunean means eompanson test at P = 0.05.
RFW, root fresh weight; RSA, root surface area; LI, L2 and L3,length of the three longest lateral roots; BOI, B02 and B03, branchmg order
of LI, L2 and L3, respectively; LH, lesions in hypoeotyls; XLLFR, average of the indices LLR and LFR. Lesions were scored on a scale from O
(no lesions) to 4 (severe root lesions).

between LLR and LFR, and hypocotyl damage (LH)
was comparatively lower (r = 0.55, P < 0.001; r = 0.50,
P < 0.001, respectively).

Root damage of plants in the NS treatment resulted in a loss
of biomass and a reduction of the RSA and root length in all
generations (Tables I and 2). However, Pat 81 and the FI
generation maintained a greater biomass and significantly
longer roots with a greater surface area than the susceptible
cultivar 'Pifionet' after infection (Table 2). Minor damage to
the root structure of Pat 81 and FI plants allowed for
regeneration of newly formed fine roots and root hairs which
replaced those damaged by the fungi.

Means for most traits of the FI and F2 were skewed towards
the resistant parent, P2 (Tables I and 2). Although heterosis
was observed for some traits, with FI means being higher than
Pat 81, these differences were not significant. In most cases,
backcrosses to susceptible parents (BCI) had mean values
between FI and PI, but these were skewed towards FI.
Inoculation of backcross progeny resulting from mating an FI
to a resistant parent (BC2) yielded mean values between FI and
P2·

Broad- and narrow-sense heritabilities could be estimated
from generational variances (Tables 1 and 2). Broad-sense
heritabilities varied from 0.76 to 0.20, which indicated that
environment was important in the expression of most of the
traits examined. The narrow-sense heritabilities were highly
variable among traits, ranging from 0.65 to 0.03. These
narrow- to broad-sense heritability values lend support to the
existence of additive effects in root traits in SS (weight,
surface area and length), RSA and disease severity index
(XLLFR) in NS plants. The re1atively low value of narrow-
sense heritabilities (0.03--D.37) for the biomass trait, both in
NS and in SS, and for LH (0.15) provides support for the
existence of dominance and/or epistatic effects associated with
these traits.

The least number of effective factors varied from 0.3 to 2.2
(Tables 1 and 2), suggesting that one or a few genes are
responsible for the differences observed between parents for
the traits analysed. However, the disparity in results found for
some traits (e.g., LI and L2 with n < 1, and L3 with n > 2)
might be explained by the existence of large environmental
variances. Likewise, the estimation method used assumes a
lack of epistasis and equal genetic effects, which will under-
estimate n (Mather and Jinks 1971).

Selection of resistant plants in segregating backcross populations
The information obtained by Dias et aI. (2002) and in the
genetic analysis was used to identify resistant plants in a Pat
81 x 'Pifionet', 'Piei de Sapo' BCI segregating population.
Significant differences (P < 0.001) in the LH and XLLFR were
detected between the parents, Pat 81 and 'Pifionet' (Table 3),
and the BCI population segregated for root lesion severity.
Inspection ofthe XLLFR index allowed for grouping BCI plants
into two groups: 24 partially resistant plants BClr
(XLLFR ::; 2.5) and 26 susceptible plants, BCIs (XLLFR > 2.5).
Although significant differences (P < 0.001) were obtained
between groups in LH, variability was high and plants rated as
0-4 were found in both the resistant and the susceptible group
(Table 3). As a severely damaged hypocotyl can lea~ to plant
death, LH must be considered complementarily to XLLFR for
the evaluation of melon genotypes against vine decline.

Significant differences (P < 0.001) were detected between
parents for fresh weight, RSA, root length and BO (Table 3),
thereby confirming data obtained from previous assays (Dias
et aI. 2002). Roots of BClr progeny were heavier, possessed a
larger surface area, and were longer and more widely branched
than roots of BCIs. Therefore, despi te the mild-to-moderate
lesions (XLLFR ::; 2.5) of BClr plants, a considerable root mass
was maintained after infection. Likewise, BClr roots displayed
a higher RFW and RSA than the resistant parent, which was
possibly because of the existence of heterosis for these traits.

The BCI_2 population also segregated for XLLFR, in which
eight were partially resistant plants, BCI_2r (XLLFR ::; 2.5), and
12 were susceptible plants, BCI_2S (XLLFR > 2.5). LH was
variable within each group (Table 3). As in the BC" significant
differences (P < 0.001) were detected between BCI_2r and
BCI_2S for all the root traits analysed. Moreover, roots ofBCI_2
progeny were significantly (P < 0.001) more vigorous, longer
and more branched than those ofBCI progeny, thus confirming
the effectiveness of selection. After infection, BC 1-2r plants
maintained a root mass larger than that of the resistant parent,
which probably contributed to their tolerance to vine collapse.

Discussion
This is the first genetic analysis of resistance/tolerance to vine
decline in progeny derived from Pat 81, based on root response
to naturally infested soil. Although the diversity of the
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Table 3: Root traits and root lesions eaused by pathogenie fungi ineiting vine decline as evaluated in baekerosses derived from a Cucumis meio
ssp. agrestis Pat 81 (P2) x 'Pifionet' (PI), 'Piei de Sapo' market class mating grown in naturally infested soil 110 days after planting

Root traits P2 PI BClsl BClrl BCI_2S1 BCI_2rl P-value Coeffieient of variation (%)

RFW (g) 91.0 b2 69.7 a 63.5 a 114.9 e 123.6 e 142.9 d <0.001 67.0
RSA (crrr') 37.2 b 29.9 ab 28.4 ab 48.8 b 48.3 b 60.6 e 0.002 44.4
LI (em) 108.0 e 29.6 a 44.4 a 75.5 b 81.0 b 154.4 e <0.001 51.4
L2 (em) 87.1 e 18.6 a 34.1 a 67.1 b 48.1 ab 92.2 e <0.001 53.8
L3 (em) 75.5 e 14.6 a 28.6 a 56.8 b 43.5 b 91.6 e <0.001 57.9
BOI 5.7 b 3.5 a 3.9 a 4.8 ab 3.7 a 5.1 b 0.03 35.4
B02 5.6 e 2.8 a 3.7 ab 4.6 be 3.1 ab 5.0 e 0.003 37.8
B03 6.0 e 2.7 a 3.1 a 4.6 b 3.6 a 5.0 e <0.001 41.2
LH 0.0 a 4.0 e 3.6 e 1.9 b 4e 1.8 b <0.001 46.4
XLLFR 1.3 a 4.0 b 3.8 b J.7a 3.9 b l.la <0.001 41.2

I BCIs/BCI_2S = BCI/BC\_2 plants with XLLFR > 2.5; BC\r/BC\_2r = BCt/BC\_2 plants with XLLFR ,;; 2.5. .
2 Numbers in the same row followed by the same letter are not signifieantly different aeeording to Dunean means eompanson test at P = 0.05.
RFW, root fresh weight; RSA, root surfaee area; LI, L2 an_d L3, length of the three longest lateral roots; BO I, B02 and B03, branching order
of LI, L2 and L3, respeetively; LH, lesions in hypoeotyls; XLLFR, average of the indices LLR and LFR. Lesions were seored on a seale from O
(no lesions) to 4 (severe root lesions).

between LLR and LFR, and hypocotyl damage (LH)
was comparatively lower (r = 0.55, P < 0.001; r = 0.50,
P < 0.001, respectively).

Root damage ofplants in the NS treatment resulted in a loss
of biomass and a reduction of the RSA and root length in ali
generations (Tables I and 2). However, Pat 81 and the FI
generation maintained a greater biomass and significantly
longer roots with a greater surface area than the susceptible
cultivar 'Pifionet' after infection (Table 2). Minor damage to
the root structure of Pat 81 and FI plants allowed for
regeneration of newly formed fine roots and root hairs which
replaced those damaged by the fungi.

Means for most traits of the FI and F2 were skewed towards
the resistant parent, P2 (Tables I and 2). Although heterosis
was observed for some traits, with FI means being higher than
Pat 81, these differences were not significant. In most cases,
backcrosses to susceptible parents (BCI) had mean values
between FI and PI, but these were skewed towards FI'
lnoculation of backcross progeny resulting from mating an FI
to a resistant parent (BC2) yielded mean values between FI and
P2•

Broad- and narrow-sense heritabilities could be estimated
from generational variances (Tables 1 and 2). Broad-sense
heritabilities varied from 0.76 to 0.20, which indicated that
environment was important in the expression of most of the
traits examined. The narrow-sense heritabilities were highly
variable among traits, ranging from 0.65 to 0.03. These
narrow- to broad-sense heritability values lend support to the
existence of additive effects in root traits in SS (weight,
surface area and length), RSA and disease severity index
(XLLFR) in NS plants. The relatively low value of narrow-
sense heritabilities (0.03---0.37) for the biomass trait, both in
NS and in SS, and for LH (0.15) provides support for the
existence of dominance andjor epistatic effects associated with
these traits.

The least number of effective factors varied from 0.3 to 2.2
(Tables I and 2), suggesting that one or a few genes are
responsible for the differences observed between parents for
the traits analysed. However, the disparity in results found for
some traits (e.g., LI and L2 with n < I, and L3 with n > 2)
might be explained by the existence of large environmental
variances. Likewise, the estimation method used assumes a
lack of epistasis and equal genetic effects, which will under-
estimate n (Mather and Jinks 1971).

Selection of resistant plants in segregating backcross populations
The information obtained by Dias et al. (2002) and in the
genetic analysis was used to identify resistant plants in a Pat
81 x 'Piiíonet', 'PieI de Sapo' BCI segregating population.
Significant differences (P < 0.001) in the LH and XLLFR were
detected between the parents, Pat 81 and 'Piiionet' (Table 3),
and the BCI population segregated for root lesion severity.
Inspection of the XLLFR index allowed for grouping BCI plants
into two groups: 24 partially resistant plants BClr
(XLLFR ~ 2.5) and 26 susceptible plants, BCls (XLLFR > 2.5).
Although significant differences (P < 0.001) were obtained
between groups in LH, variability was high and plants rated as
0---4 were found in both the resistant and the susceptible group
(Table 3). As a severely damaged hypocotyl can lea~ to plant
death, LH must be considered complementarily to XLLFR for
the evaluation of melon genotypes against vine decline.

Significant differences (P < 0.001) were detected between
parents for fresh weight, RSA, root length and BO (Table 3),
thereby confirming data obtained frorn previous assays (Dias
et al. 2002). Roots of BClr progeny were heavier, possessed a
larger surface area, and were longer and more widely branched
than roots of BCls. Therefore, despi te the mild-to-moderate
lesions (XLLFR ~ 2.5) of BCI r plants, a considerable root mass
was maintained after infection. Likewise, BClr roots displayed
a higher RFW and RSA than the resistant parent, which was
possibly because of the existence of heterosis for these traits.

The BCI_2 population also segregated for XLLFR, in which
eight were partially resistant plants, BCI_2r (XLLFR ~ 2.5), and
12 were susceptible plants, BCI_2S (XLLFR > 2.5). LH was
variable within each group (Table 3). As in the BC" significant
differences (P < 0.001) were detected between BCI_2r and
BCI_2S for ali the root traits analysed. Moreover, roots ofBCI_2

progeny were significantly (P < 0.001) more vigorous, longer
and more branched than those of BCI progeny, thus confirming
the effectiveness of selection. After infection, BCI_2r plants
maintained a root mass larger than that of the resistant parent,
which probably contributed to their tolerance to vine collapse.

Discussion
This is the first genetic analysis of resistance/tolerance to vine
decline in progeny derived from Pat 81, based on root response
to naturally infested soil. Although the diversity of the
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pathogens isolated from NS confirms the complexity of melon
vine decline aetiology, M. cannonballus plays a prominent role
in disease development. Results support the existence of a
difference in response of resistant and susceptible plants to
hypocotyl pathogen attack (LH), when compared with
responses observed in lateral and fine roots (XLLFR). The
severity of lesions in hypocotyls is reported to be highly
influenced by environmental and cultural factors (i.e. sowing
depth, contact surface area and uneven distribution of
inoculum in the soil) (Bruton et aI. 2000). Likewise, different
pathogens could be associated with lesions in different parts of
the roots. For instance, M. phaseolina, as well as some other
soilborne pathogens, attacks the crown, whereas M. cannon-
ballus and A. cucurbitacearum predominantly attack primary
or secondary roots. Although the use of NS for screening
melons against vine decline has its shortcomings, it seems
difficult to represent the biotic complexity of the disease using
artificial inoculations of sterile soil. The complementary use of
LH and XLLFR is suggested in order to evaluate the resistance
of the different melon genotypes to melon vine decline.

The resistance mechanism of plants against the pathogenic
fungi in Pat 81 is associated with a vigorous and branched root
system (Dias et aI. 2002). Previous studies documented a
reduction of root area after infection (even in partially
resistant genotypes) mainly due to the loss of fine roots
(Crosbyet aI. 2000). However, Pat 81 maintained a higher root
mass after infection when compared with the susceptible
cultivar 'Pifionet'. This trait could potentially confer tolerance
to vine collapse in melon germplasm despite the development
of mild-to-moderate root lesions.

The resistance to fungi and root vigour were also observed
in Pat 81 progeny. The mild infection detected on FI roots is
consistent with previous field results (Iglesias et aI. 2000a),
where plants did not collapse or exhibited a lower collapse
incidence than the susceptible parent.

Broad- and narrow-sense heritability estimates provide
support for the existence of additive effects in root weight,
surface area and length in SS and RSA and the disease severity
index XLLFR in NS. However, dominance and/or epistatic
effects also seem to be associated with biomass and LH in
inoculated populations. Previously, Crosby (2000) demonstra-
ted the importance of additive genetic control of traits related
to the length and surface of the root system in melons in
response to vine decline pathogens. Such genetic control has
been reported for different root parameters in other crops
(Clarke and McCaig 1993, Johson et aI. 1996). The heritabil-
ities obtained by Crosby (2000) for the surface are a and length
of the root system in melon, both before and after infection
with M. cannonba/lus, were higher than those obtained in the
current study (some exceeded I). The authors attributed these
high values to the method used, which often inflates heritabil-
ity estimates, and to the dramatic heterotic effect on certain
traits in the progeny of several of the crosses examined.

One or a few genes seem to be involved in the control of
most root traits, but one must take into account the limitations
in the experimental methodology which underestimates the
number of least effective factors. A monogenic or oligogenic
control will facilitate the selection of these traits in breeding
programmes.

These data agree with the genetic model for resistance/
tolerance to vine decline previously derived from Pat 81, as
assayed by the percentage of collapse in field-grown plants
(Iglesias et aI. 2000a). This also supports the idea that the

occurrence of mild lesions in a vigorous root system can lead
to a reduction in the incidence of collapse. This relationship
implies that selection for resistant plants in segregating
populations may be accomplished by assaying solely the
infection on the roots to avoid the difficulties associated with
reproducing the vine collapse syndrome under field conditions.
lt may also be possible to carry out selection of plants with
improved root structure in pathogen-free soil (i.e. larger,
longer and more branched root systems) in order to increase
plant tolerance to vine collapse.

A preliminary selection experiment has been conducted and
described. Selection based on the XLLFR index enabled identi-
fication of BCI individual plants with mild root lesions and
vigorous, widely branched roots after infection at the end of the
crop cycle. These plants were then used to continue the intro-
gression process for resistance to vine decline. The character-
ization of the second backcross to 'Pifíonet', 'Piei de sapo'
showed that selection was effective for most disease-associated
traits. These early generation results are suggestive of possible
gain from selection in more advanced cycles of introgression
when 'Pifionet', 'Piei de Sapo' is used as the recurrent parent.
Because of moderate heritability, it is suggested that a combi-
nation of selection methods (individual and family) be used to
improve selection effectiveness. For example, the characteriza-
tion of selfed progeny derived from selected plants may provide
information less affected by environment, thereby allowing for
more precise single-plant selection. Moreover, in this case
where traits are controlled primarily by few genes contributing
additive effects and where moderate heritabilities occur, the
identification of target trait-linked molecular markers may be
useful for enhancing breeding efficiency.

Acknowledgements
The authors thank the Brazilian Agricultural Research Corporation
(Embrapa) for providing a predoctoral fellowship to Dr Rita de C. S.
Dias. The authors also acknowledge the technical assisrance of the
Plant Pathology department, Polytechnic University of Valencia, for
fungal management. This research was supported by the Comisión
Interministerial de Ciencia y Tecnología (CICYT) project AGL2000-
1809-C03-02.

References
Biernacki, M., and B. D. Bruton, 2000: Comparison of leaf-area index

with root weight for assessing plant darnage by soil-borne patho-
gens. Acta Hort. 510, 163-169.

Bruton, B. D., V. M. Russo, J. García-Jirnénez, and M. E. Miller,
1998: Carbohydrate partitioning, cultural practices, and vine decline
diseases of cucurbits. In: J. D. McCreight (ed.), Cucurbitaceae '98,
189-200. Amer. Soe, Hort. Sei. Press, Alexandria.

Bruton, B. D., J. García-Jirnénez, J. Armengo1, and T. W. Popham,
2000: Assessrnent of virulence of Acremonium cucurbilacearum and
Monosporacus cannonbal/us on Cucumis me/o. Plant Dis. 84,
907-913.

Clarke, J. M., and T. N. McCaig, 1993: Breeding for efficient root
systerns. In: M. D. Hayward, N. O. Bosemark, and r. Romagosa
(eds), Plant Breeding: Principies and Prospects, 485--499. Chaprnan
& Hall, London.

Cohen, R., Y. Elkind, Y. Burger, R. Offenbach, and H. Nerson, 1996:
Variation in the response of melon genotypes to sudden wilt.
Euphytica 87, 91-95.

Cohen, R., S. Pivonia, Y. Burger, M. Edelstein, A. Garnliel, and
J. Katan, 2000: Toward integrated management of Monosporascus
wilt of melons in Israel. Plant Dis. 84, 496-505.



72 DIAS, PICÓ, ESPINOS and NUEZ

/Crosby, K., 2000: Narrow-sense heritability estimates for root traits
and Monosporascus cannonballus tolerance in melon (Cucumis meio)
by parent-offspring regression. Acta Hort. 510, 149-154.

Crosby, K., D. Wolff, and M. Miller, 2000: Comparisons of root
morphology in susceptible and tolerant melon cultivars before and
after infection by Monosporascus cannonballus. HortScience 35,
681-683.

Dias, R. de C. S. B. Picó, J. Herraiz, A. Espinós, and F. Nuez, 2002:
Modifying root structure of cultivated muskmelon to improve vine
decline resistance. HortScience 37, 1092-1097.

Esteva, J., and F. Nuez, 1994: Field resistance to melon dieback in
Cucumis meio L. Cucurbit Genet. Coop. 17, 76-77.

García-Jiménez, J., M. T. Velázquez, C. Jordá, and A. Alfaro-García,
1994: Acremonium species as the causal agent ofmuskmelon collapse
in Spain. Plant Dis. 78,416-419.

García-Jiménez, J., J. Armengol, R. Sales, and B. D. Bruton, 2000:
Fungal pathogens associated with melon collapse in Spain. EPPO
Bull.30, 169-173.

Iglesias, A., and F. Nuez, 1998: Caracterizacíón de diversas entradas
de melón frente ai colapso o muerte súbita. Actas de Horticultura
22, 139-147.

Iglesias, A., B. Picó, and F. Nuez, 1999: Resistance to melon dieback
in Cucumis meio ssp. agrestis Pat 81. Phytopathology 89, S35.

Iglesias, A., B. Picó, and F. Nuez, 2000a: A temporal genetic analysis
of disease resistance genes: resistance to melon vine decline derived
fram Cucumis meio varo agrestis. Plant Breed. 118, 1-6.

/

Iglesias, A., B. Picó, and F. Nuez, 2000b: Artificial inoculation
methods and selection cri teria for breeding melons against vine
decline. Acta Hort. 510, 155-162.

Iglesias, A., B. Picó, and F. Nuez, 2000é: Pathogenicity of fungi
associated with melon vine decline and selection strategies for
breeding resistant cultivars. Ann. Appl. Biol. 137, 141-151.

Johson, L. D., J. J. Marquez-Ortiz, D. K. Barnes, and J. F. S. Lamb,
1996: Inheritance of root traits in alfalfa. Crop Sei. 36, 1482-1487.

Martyn, R. D., and M. E. Miller, 1996: Monosporascus root rot/vine
decline: an emerging disease of melon worldwide. Plant Dis. 80,
716-725.

Mather, K., and Jinks, J. L., 1971: Biometrical Genetics, 2nd edn.
Chapman and Hall, London.

Walters, S. A., and T. C. Wehner, 1994: Evaluation of the U.S.
cucumber germplasm collection for root size using a subjective
rating technique. Euphytica 79, 39--43.

Warner, J. N., 1952: A method for estimating heritability. Agron. J.
44, 427--430.

Wolf, D., and M. Miller, 1998: Tolerance to Monosporascus .oot rot
and vine decline in melon (Cucumis meio L.) germplasm. Hort-
Science 3:1, 287-290.

Wright, S., 1968: Evo1ution and the Genetics ofPopulations. Genetics
and Biometric Foundations, Vol. I. University of Chicago Press,
Chicago.

I


