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Abstract

Monosporascus root rot and vine decline of melon (MRRVD) is a destructive disease complex mainly occurring in semi-
arid cultivation areas. In the last decade, in the melon producing area of Sardinia (Italy), yield reductions up to 100% were
recorded due to the occurrence of MRRVD. The present study aimed to undertake a two-year survey of fungal pathogens
associated with MRRVD grown as a monocrop in two locations in Central Sardinia, Sinis, and Sassu, and to investigate
the possible role of soil fungal diversity in the disease development. Melon plants were affected by similar symptoms
but colonized by a set of soil-borne fungal pathogens different between surveyed sites and cropping seasons, including
Plectosphaerella melonis, P. cucumerina, Fusarium solani, Macrophomina phaseolina and Monosporascus cannonballus.
Olpidium bornovanus and O. virulentus were isolated using bait plants and detected by NGS analysis. Bait plants had a
general decrease in biomass and yellowing of foliage. The presence of most of the isolated pathogens was also confirmed by
the NGS analysis of the soil microbiome. Our results confirm that among the fungal complex implicated in the occurrence
of RRVD in Sardinia, O. bornovanus along with O. virulentus likely assume a key role in the development of the disease
alone and possibly in association with other pathogens. Differences in the pathogenic fungal spectrum here recorded in
symptomatic roots may be associated with agricultural practices, soil physicochemical characteristics, and fungal community
composition and function profile.
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Introduction

Root rot and vine decline of cucurbits (RRVD, also referred
to as “collapse”) is a destructive soil-borne disease com-
plex of melon (Cucumis melo L.) and watermelon (Citrullus
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lanatus (Thunb.) Matsum. & Nakai) mainly occurring in
arid and semiarid cultivation areas of these crops (Cohen
et al. 2012). Symptoms on roots are characterized by brown
lesions, corky areas, and rots resulting in rapid wilt of plants
followed by partial or total fruit loss. Symptomatic roots
are often colonized by different fungal pathogens, although
a single pathogenic organism may predominate (Infantino
et al. 2004; Chilosi et al. 2008). The soilborne ascomycete
Monosporascus cannonballus Pollack & Uecker has been
reported as causal agent of the Monosporascus root rot and
vine decline of melon (MRRVD) in different Mediterranean
areas including Italy (Chilosi et al. 2008), Israel (Cohen et al.
2000), Egypt (El-Desouky et al. 2003) and Greece (Marka-
kis et al. 2017). In Tunisia, M. cannonballus and the related
species M. eutypoides (Petrak) von Arx, have been associ-
ated with root rot and vine decline also of watermelon (Ben
Salem et al. 2013). In Apulia (South Italy), where melon
is mainly cultivated in open field, Plectosphaerella melonis
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(T. Watanabe & M. Sato) A.J.L. Phillips, A. Carlucci &
M.L. Raimondo (=Acremonium cucurbitacearum Alfaro-
Garcia, W. Gams & Garcia-Jim.), Rhizopycnis vagum D.F.
Farr, Nodulisporium melonis T. Watanabe & M. Sato, and
Plectosphaerella cucumerina (Lindfors) W. Gams (= Plecto-
sporium tabacinum (J.F.H. Beyma) M.E. Palm, W. Gams &
Nirenberg), have been frequently isolated from symptomatic
roots and appeared to be the main cause of the disease (Infan-
tino et al. 2004; Chilosi et al. 2008; Carlucci et al. 2012).
Acremonium cucurbitacearum was also reported as the pre-
dominant causal agent of collapse in Spain (Garcia-Jiménez
et al. 1994, 2000), along with M. cannonballus (Beltran et al.
2008).

Monosporascus cannonballus is considered to be the
main responsible for MRRVD alone (Bruton et al. 2000;
Chilosi et al. 2008), and in association with the zoosporic
fungal parasite of root epidermal cells Olpidium bornovanus
(Sahtiyanci) Karling (= Leiolpidium bornovanum Doweld)
(Pivonia et al. 1997; Stanghellini and Misaghi, 2011; Stang-
hellini et al. 2010, 2014; Aleandri et al. 2017). Olpidium
bornovanus is also considered as a direct virulent patho-
gen of melon, causing extensive browning of the roots and
growth reductions (Stanghellini et al. 2010, 2014) as well
as a vector of several viruses of cucurbits, including melon
necrotic spot virus (MNSV). This virus has been reported
as a probable cause of melon vine decline in Guatemala
(De Cara et al. 2008). In Central Italy, O. bornovanus was
isolated from soil with a history of MRRVD (Aleandri et al.
2014) and confirmed to be a melon root pathogen and impli-
cated in MRRVD occurrence likely in association with O.
virulentus (Sahtiyanci) Karling (= Olpidiaster virulentus
Doweld) (Aleandri et al. 2017). Similarly, both Olpidium
species were recently associated with RRVD of watermelon
and cucumber in Sardinia (Schianchi et al. 2019; 2020).
Olpidium virulentus is a vector of viruses of tomato and
lettuce, but not of cucurbits and generally is not considered
to be a plant pathogen (Maccarone 2013). Nevertheless, in
Ontario, O. virulentus along with the fungal pathogen Ver-
ticillium dahliae Kleb., was associated with vine decline of
tomato (Johnston-Monje et al. 2017).

Melon is one of the most economically important veg-
etable crops in Sardinia, covering in 2019 approximately
850 ha, with a yield of 25,000 t ISTAT 2020). The com-
monest cultivated melon varieties belong to C. melovar.
inodorus, mainly concentrated in the Province of Oristano
(West Sardinia). In this cultivation area, melon growers have
recorded in the last decade important yield losses due to the
occurrence of root rot and vine decline symptoms, which
resulted in yield reductions of up to 100% in affected sec-
tors of fields (Balmas et al. 2016). In the same area, dis-
eased melon plants showing necrotic symptoms on leaves
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and branches, initially referred to as collapse, were caused
by MNSV (Tomassoli and Barba 2000). In general, the onset
and development of diseases caused by soil-borne patho-
gens depend on the interaction of several ecological fac-
tors, such as the soil microbial community structure and its
interactions with pathogens which may play a central role
in suppressing the development of the diseases. In fact, the
overall soil microbiota may exert beneficial effects, such as
stimulating plant growth, plant defences and antagonising
plant pathogens, especially in the rhizosphere (Crecchio
et al. 2018; Frac et al. 2018). In this view, the aim of the
present study was to assess the occurrence of root-infecting
fungi in two melon fields in Central Sardinia with a his-
tory of RRVD during 2013 and 2014, and their possible role
on the development of the disease. This was accomplished
through: i) the isolation and identification of the putative
causative fungal agents from roots of symptomatic plants;
ii) verify that Olpidium species and MNSV are involved in
the onset and development of the disease; iii) the assessment
of the soil fungal community structure.

Materials and methods
Plant cultivation

Two farms in the melon-producing area of Central Sardinia in
the Province of Oristano, with a history of RRVD were sur-
veyed at Sassu, Arborea, (39°49'06.4"N 8°35'05.38"E) and
Sinis, Cabras (39°54'34.40"N 8°26"22.85"E) in 2013 and 2014.
Melon (“Valiente” F1, HM.Clause Italia) was cultivated as a
monocrop in fields of about 1 ha in size and surveyed between
late August and the first ten days of September, at the end of the
cropping season, when plants approached maturity and symp-
toms of RRVD were present. The planting period was in May
with the harvest in September.

Soil sampling and M. cannonballus ascospores
determination

Soil samples were taken at 10- to 20-cm depth according
to a “W” sampling pattern in 2014. Soil samples were
then air-dried at room temperature for three weeks and
sifted through a 2 mm sieve to remove soil clods before
processing. The textural class of the surface horizon
(0-20 cm depth) of soils from both sites fell within the
clay and alkaline classification based on the particle size
distribution and an average pH of 8.2 (Table 1).

The ascospore population of M. cannonballus density in
each soil sample was determined in 2014 as described by
Stanghellini and Rasmussen (1992).



Journal of Plant Pathology (2021) 103:421-432

423

Table 1 Physicochemical properties of soils collected in the sites of
Sinis and Sassu, Sardinia, Province of Oristano, Italy

Physiochemical Sinis site Sassu site
property

TL % 5.0 17.7
oC % 1.81 1.42
N % 0.18 0.42
C/N 10.3 10.0
OM % 3.12 2.42
P,0; mg kg~! 18.0 22.0
K,O mg kg™ 204.0 224.0
pH 8.2 8.2
EC mS/cm 0.28 0.45
Clay % 44.6 47.0
Silt % 249 16.7
FS % 7.7 18.2
CS % 22.8 18.1

TL Available total limestone, OC Soil organic carbon, N total nitro-
gen, C/N ratio of the mass of carbon to the mass of nitrogen, OM
organic matter, P205 available phosphorous, K20 exchangeable
potassium, EC Electrical conductivity, FS fine sand, CS coarse sand

Isolation of fungal community from diseased roots

For isolation of fungal pathogens, ten melon plants show-
ing RRVD symptoms were sampled in Sassu and Sinis sites
according to a “W” sampling pattern. Plants were carefully
washed under current water and examined for disease symp-
toms. Isolations were performed from tap and secondary
roots on Potato Dextrose Agar (PDA) (Oxoid Unipath) and
Malt Agar (MA) (Oxoid Unipath) amended with strepto-
mycin sulfate (200 mg L™") and neomycin (100 mg L) as
described by Chilosi et al. (2008). Monosporic or single-
hyphal tip isolates were produced for each colony. Following
sporulation, colonies were identified based on morphologi-
cal criteria. Fusarium spp. were identified based on mor-
phological characteristics of the structures on carnation leaf
agar (CLA) and the morphology of the colonies on PDA.
The fungal species obtained from the diseased roots were
counted based on their frequency of occurrence. The per-
centage of occurrence was expressed using the formula:
Frequency (%)=Number of isolates of a genus x 100/Total
number of isolates.

Isolation and identification of Olpidium spp. by bait
plants and plant biomass determination

Olpidium spp. were isolated from infested soil in 2014 as
described by Herrera-Vasquez et al. (2009) with some modi-
fications (Aleandri et al. 2017). The soil was sampled in
both Sassu and Sinis sites at 0-30 cm depth according to a
“W” sampling pattern. For each site, collected individual

samples were mixed in composite samples. Melon hybrid
“Dinero” (Syngenta Seeds, Milano, Italy) which was previ-
ously reported to be susceptible (Aleandri et al. 2017), was
used as a bait plant. Plants grown in sterilized soil mix, as
reported by Stanghellini et al. (2010), were used as a nega-
tive control. Seeds were surface sterilized with 3% sodium
hypochlorite and sown in sterilized vermiculite for pre-ger-
mination. After 10 days, 10 plantlets, with three replicates,
were transplanted into pots (0.5 L) containing a mixture of
field soil, sterilized quartz sand, sterilized vermiculite (2:1:1
v/v). Negative controls (10 seedlings with three replicates)
consisted of plants grown in sterilized potting mix. Plants
were left in a growth chamber with 12 h photoperiod, at
26 °C day / 18-20 °C night for forty-five days. After this
period, the seedlings were carefully removed, washed with
distilled water. The roots were taken from each bait plant
for the multiplex PCR assay and for microscopy analyses in
detecting and identifying Olpidium spp.

For the estimation of the level of Olpidium spp. colo-
nization, rootlets were prepared as described by Aleandri
et al. (2017) and rated using the method described for myc-
orrhizal colonization (Trouvelot et al. 1986) with some
modifications (Aleandri et al. 2017) using MYCOCALC
(http://www.dijon.inra.fr/mychintec/Mycocalc-prg/%20
download.html). Percentage of colonization by Olpid-
ium spp. was rated on a scale with five classes describing
increasing root infection percentages: 0, no infection; 1:
1%; 2: 5%; 3: 30%; 4: 70%; 5: 95% of infection. Coloni-
zation by Olpidium spp. was expressed as intensity of the
Olpidium spp. colonization in the root system sampled,
intensity = (95n5 + 70n4 + 30n3 + 5n2 + nl)/(total n. frag-
ments observed), where n5 =number of fragments rated 5;
n4 =number of fragments 4 etc.

To confirm the morphological identification of Olpidium
spp., symptomatic roots were analyzed by the multiplex
PCR assay as described by Aleandri et al. (2017). Genomic
DNA was extracted from root tissue using Nucleospin plant
IT kit (Macherey—Nagel, Diiren, Germany), according to the
manufacturer’s protocols. The PCR reactions and products
resolution were performed using Olpidium primers mix
(Herrera-Vasquez et al. 2009).

For biomass determination, twenty plants per treatment
were separated into the aerial part (stems and leaves), and
roots and their tissues were dried in a forced-air oven at
70 °C to constant weight.

Melon necrotic spot virus detection

For MNSYV detection, total RNA was extracted from ali-
quots of 10 mg from dried roots pooled sample using
RNeasy Mini Kit (Qiagen, Germany) following the man-
ufacturer’s instructions. Further, total RNA extracts were
obtained from fresh leaves and roots of healthy melon grown
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in protected greenhouses at CREA-DC and from a MNSV
infected sample of CREA-DC virus collection (Tomassoli
and Barba 2000; Herrera-Vasquez et al. 2010). Reverse tran-
scriptase (RT) PCR was carried out in a single step using
MNSV-specific primers MNSV1 (5'-GGAGGCAACATT
TCGTACA-3") MNSV2 (5'-AGAGACCAAGCGATCAAA
C-3") (Herrera-Vasquez et al. 2010) designed to amplify a
651 bp fragment of the coat protein gene. One step RT-PCR
protocol was performed in a total volume of 25 ul contain-
ing 2 ul of total RNA extract, 1X GoTaq® Reaction Buffer
(Promega), 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.4 pM
of each primer, 0.75U GoTaq®G2 DNA Polymerase (Pro-
mega), 1.2U AMV Reverse Transcriptase (Promega) and
20U RNaseOUTTM Recombinant Ribonuclease Inhibitor
(Invitrogen, ThermoFisher Scientific). Amplification was
performed according to the following conditions: reverse
transcription at 46 °C for 30 min, followed by denaturation at
95 °C for 5 min, and by 35 cycles of the following steps: 15 s
at 94 °C, 30 s at 55°C annealing and 45 s at 72 °C with final
extension for 10 min at 72 °C. RT-PCR-amplified products
were separated by electrophoresis on 1.2% agarose gel in
1 X TBE buffer and stained with ethidium bromide. Frag-
ment sizes were determined by comparison with a 100 bp
DNA Ladder Plus (MBI Fermentas).

Soil fungal community analysis

For DNA extraction, an aliquot of soil samples collected in
the 2014 cropping season was kept at 5 °C until process-
ing. Three biological replicates of each soil sample were
processed independently. Five grams per sample were then
extracted for total genomic DNA extraction using the ZR
Soil Microbe DNA MidiPrep (Zymo Research, USA) follow-
ing the manufacturer’s instructions. Amplifiability of DNA
samples was checked by PCR with ITSS x ITS4 primers
(White et al. 1990). Twenty microliters of genomic DNA
samples (10 ng/ul) were sent to Macrogen Inc. (Korea) for
amplicon sequencing with 454 GS FLX technology. For
amplicon formation, the fungal ITS1 region was chosen
(Schoch et al. 2012) and amplified with the ITSIF (CTT
GGTCATTTAGAGGAAGTAA) (Gardes and Bruns 1993)

Fig. 1 Melon plants showing
yellowing and vine desiccation
at the farm location of Sassu

a and Sinis b in 2013 cropping
season. Sardinia, Province of
Oristano, Italy
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and ITS2 (GCTGCGTTCTTCATCGATGC) (White et al.
1990) primers. Data from pyrosequencing were analysed
according to Chiellini et al. (2019) and significant changes
in the relative abundance of microbial taxa were detected
by linear discriminant analysis effect size (LEfSe) method
(Segata et al. 2011).

Results

Symptoms observation, M. cannonballus ascospores
quantification and culturable fungal species
isolation.

Foliar symptoms of diseased field-grown plants from both
farm locations were similar and characterized by yellowing
and gradual desiccation of the vines during fruit maturation
(Fig. 1). Roots and rootlets of the affected plants were gener-
ally characterized by reddish-brown lesions of the tap and
secondary roots and necrosis of secondary and tertiary roots.
Several fungal pathogens were isolated from symptomatic
plants sampled in the sites of Sassu and Sinis, with differ-
ences in species pattern and isolation frequency between
locations and cropping seasons (Table 2). In 2013, Plecto-
sphaerella melonis was the most frequent fungal species iso-
lated from roots and rootlets from symptomatic melon plants
in both surveyed sites, with a higher frequency of isolation
from Sassu. In both sites, Macrophomina phaseolina (Tassi)
Goidanich were also isolated. Fusarium solani (Mart.) Sacc.
was commonly isolated from symptomatic roots collected in
Sassu but not in those from Sinis. By contrast, isolates (or
strains) belonging to Fusarium incarnatum-equiseti species
complex and M. cannonballus were recovered only from
plants from Sinis.

A different picture emerged from the etiological analysis
performed in 2014. Fusarium solani appeared as the most
frequent pathogen in both locations. In Sassu, P. cucume-
rina, Rhizoctonia solani Kuhn and Fusarium oxysporum
Schltdl. were also isolated, whereas in Sinis M. phaseolina
and Cylindrocarpon sp. were recovered.
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Table 2 Culturable fungal species isolated from symptomatic melon
rootlets sampled at the farm locations of Sassu and Sinis, Sardinia,
Province of Oristano, Italy. Occurrence of fungal species per symp-
tomatic plant was rated on a 1-5 scale where 0=no isolation; *=up
to 25% colonies; **=26 — 50% colonies; ***=51-75% colonies;
##3% =76 -100% colonies isolated

Table 3 Biometric parameters of melon bait plants 45 days after
transplanting in soil naturally infested and sterilized control soil
sampled at the farm locations of Sinis and Sassu, Sardinia, Prov-
ince of Oristano, Italy. For each biometric parameter means followed
by the same letter are not significantly different at p>0.05 by one
way ANOVA (Tukey post-test)

Pathogen 2013 2014
Sassu Sinis Sassu Sinis

Alternaria sp. * 0 0 0
Cylindrocarpon sp. 0 0 0 wE
Fusarium acuminatum 0 * 0 0
Fusarium equiseti 0 o 0 *
Fusarium solani wE 0 wx wE
Fusarium oxysporum 0 0 * 0
Macrophomina phaseolina * * 0 *
Monosporascus cannonballus 0 * 0 0
Plectosphaerella cucumerina 0 0 * 0
Plectosphaerella melonis HoAk wE 0 0
Rhizoctonia solani 0 0 * 0

Ascospores of M. cannonballus were recovered from
both surveyed melon fields in 2014. The average num-
bers of ascospores were 0.8 +0.25 g~! soil from Sassu and
1.8+0.25 g7! soil from Sinis.

Olpidium spp. characterization from bait plants
and biometric parameters analysis.

In 2013, Olpidium spores were observed microscopically in
rootlets from symptomatic roots sampled in both surveyed
sites. This result prompted us to undertake a deeper investi-
gation in the 2014 cropping season on the Olpidium species
potentially involved in the disease using bait plants grown
on the naturally infested soil showed symptoms of yellow-
ing. Control plants grown in sterilized soil did not show
apparent symptoms. Based on the morphology of the resting
spores, O. bornovanus was detected in roots of bait plants
from Sassu alone and together with O. virulentus in that
from Sinis. The root colonization by Olpidium spp. rated
using MYCOCALC software reached an intensity level in
the root system of bait plants of 41.4% and 31.2% respec-
tively from Sinis and Sassu. The identification of both O.
bornovanus and O. virulentus was confirmed by the multi-
plex PCR assay.

None of the root extracts from the root pooled sample
were positive for MNSV by RT-PCR. The expected DNA
fragment of 651 bp was amplified from the extract of the
positive control sample, but not from healthy leaves and root
extracts.

Results of dry biomass analysis of aerial part and root
system from bait plants are shown in Table 3. Plants grown
in sterilized control soils from Sinis had significantly higher

Location Soil Aerial part dry  Root apparatus
weight (g) dry weight (g)
Sinis sterilized 2.792a 0.202b
naturally infested 2.372b 0.207b
Sassu sterilized 2.836a 0.350a
naturally infested 2.998a 0.243b

aerial part biomass compared to that naturally infested,
whereas those from Sassu were statistically similar. Root
biomass from plants grown in sterilized soil from Sinis was
similar to that from the naturally infested soil, whereas those
grown in the sterilized one from Sassu resulted statistically
higher than that from naturally infested sampled in Sinis.

Analysis of soil fungal community composition

The analysis of the soil fungal microbiota in both sites
was carried out on samples collected in 2014. The results
revealed the predominance of fungi belonging to the phylum
Ascomycota (about 60% of the total), followed by Zygomy-
cota and Basidiomycota (Fig. 2). The overall fungal com-
munity structure analysis showed significant differences
between the two sites. More specifically, the relative abun-
dance of Zygomycota and Glomeromycota was much higher
in Sinis than in Sassu (+98.7% and 217.9%, respectively,
p <0.05). On the other hand, significant differences in Asco-
mycota and Basidiomycota frequency did not occur.

In Fig. 3 are graphically represented the results of the
LEfSe analysis, showing statistically and biologically
consistent differences between Sassu and Sinis sites.
Differences are represented in the colour of the most
abundant class (red indicating Sassu, green indicating
Sinis, and yellow non-significant). As expected, at the
phylum level Ascomycota generally displayed a higher
fungal abundance in Sassu site than in that of Sinis. Spe-
cifically, most of such differences occurred within fungi
belonging to Venturiales, Eurotiomycetes, Pezizomy-
cetes, and Saccharomycetes taxa (b, d, i and k in Fig. 3)
which abundance values in Sassu resulted almost 2-3
times than in Sinis, ranging from 3.2-4.3% to 0.5-1.9%,
respectively. Consistent differences in the compositions
and structures among the beneficial fungal communi-
ties of the surveyed fields were found by NGS analysis
(Table 4). Most of them were detected from the soil of
Sassu with a higher relative abundance of beneficial and
antagonistic fungi such as Cladosporium cladosporioides
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Fig.2 Relative abundance (%)
of phyla Ascomycota, Basidi-
omycota, Chytridiomycota,
Glomeromycota, Rozellomycota

and Zygomycota revealed in Unidentified
soils from Sassu (green) and
Sinis (red) samples (¥*p < 0.05) Zygomycota

Rozellomycota
Glomeromycota F *
Chytridiomycota

Basidiomycota

Ascomycota

0 10

B Sassu M Sinis

(Fresen.) G.A. de Vries, Sordaria araneosa Cain. Moreo-
ver, to a lesser extent, also genera Cladosporium, Chrys-
osporium, Aspergillus, and Penicillium were more abun-
dant in Sassu than in Sinis. Despite Sordariomycetes
showed higher values in Sinis than in Sassu, the relative
abundance of some of its genera belonging to Sordariales
such as Acremonium, Fusarium, and Cercophora spp.
displayed significantly higher values in Sassu than Sinis.
Among Ascomycota, Spegazzinia (Incertae sedis), Pleos-
pora (Dothideomycetes), and Lecythophora (Sordariomy-
cetes) were the main genera which were more abundant
in Sinis than in Sassu.

Conversely, in Sinis site, taxa belonging to Zygomy-
cota revealed to be about 100% more abundant than in
Sassu, and most of which corresponded to Mortierella
genus (about 14% in Sassu and 30.2% in Sinis). Moreo-
ver, also Glomeromycota and Chytridiomycota were
more abundant in Sinis than in Sassu. Specifically,
Glomeraceae and the genus Olpidium showed signifi-
cantly higher values in Sinis than in Sassu.

Different cucurbit pathogens were detected in both
surveyed sites (Table 5). Among them, O. bornovanus,
M. cannonballus, P. melonis and F. solani detection from
soil paralleled their occurrence in the cropping season in
2013 on symptomatic plants. Conversely, M. phaseolina
isolated from roots sampled from both sites, F. equiseti
isolated roots from Sinis and O. virulentus baited from
soil sampled in Sinis were not detected by NGS analysis.
In 2014, fungal pathogens isolated by plants correspond-
ing to that found by NGS analysis were F. solani from
both sites, and P. cucumerina, from Sassu.
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Discussion

In this study, we characterized the culturable potential patho-
gens colonizing roots of plants with symptoms of MRRVD
and soil fungal composition in two fields located in the
same climatic region with soil characterized by limited
differences.

The results presented in this work indicate that the
MRRVD symptoms observed in two consecutive years in
two different locations in Central Sardinia on melon grown
as a monocrop can be associated with a different pattern of
potential pathogens. MNSV which was previously found to
be associated with the disease (De Cara et al. 2008) was not
detected. In 2013, P. melonis, which is considered as one of
the main causal agents of the disease in the Mediterranean
basin (Alfaro-Garcia et al. 1996; Chilosi et al. 2008; Car-
lucci et al. 2012), appeared to be the most frequently isolated
species in both sites. Fusarium solani, a species complex
containing isolates that cause diseases in many horticultural
crops including melon (Chilosi et al. 2008), was the pre-
ponderant pathogen isolated from symptomatic roots sam-
pled in 2014. From symptomatic plants sampled in Sassu,
M. phaseolina and P. cucumerina have been also isolated
respectively in 2013 and 2014. The former is a polyphagous
pathogen occurring in both temperate and tropical regions
of the world (Manici et al. 1995) and is often referred to
as the causative agent of charcoal rot because of the dark
coloration of the colonized host tissues. The latter has been
reported as one of the fungi associated with cucurbit col-
lapse by Carlucci et al. (2006). Interestingly, M. phaseolina
infection of melon was found to be often accompanied by
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Ascomycota

I Sassu
I Sinis

I

(Y0 (3

Fig.3 Cladogram generated by LEfSe analysis showing enriched
taxa in soils from Sassu (red) and Sinis sites (green). The central
points represents the root of the tree (Fungi), and each ring represents

various Fusarium species, mostly F. solani (Chilosi et al.
2008; Cohen et al. 2012). Fusarium equiseti was frequently
isolated from symptomatic plants collected in Sinis in 2013,

Table4 Occurrence of the main Operational Taxonomic Units
(OTUs) from soil fungal microbiota related to cucurbit fungal patho-
gens in Sassu and Sinis sites

Pathogen Sassu Sinis ratio
Fusarium solani 224.0% 15.0 14.9
Plectosphaerella cucumerina 165.0%* 7.0 0.2
Plectosphaerella melonis 117.0%* 41.0 2.8
Olpidium bornovanus 114.0%* 96.6 1.2
Sclerotinia sclerotiorum 28.3 0 0
Rhizoctonia solani 14.0% 2.33 6.0
Fusarium oxysporum f. sp melonis 0.3 0 0
Myrothecium roridum 0 19.66 0
Monosporascus cannonballus 0 1.66* 0

*also detected in symptomatic plants as reported in Table 2
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the next lower taxonomic level (phylum through genus). The diameter
of each circle represents the relative abundance of the taxon

however, to our knowledge, it has never been associated with
RRVD. Monosporascus cannonballus has been isolated
from 20% of symptomatic plants from Sinis in the cropping
season 2013, whereas was not detected in Sassu and in both
localities during 2014. This result might be due to differ-
ences in inoculum potential and environmental conditions
such as the microbial community and edaphic character-
istics. Ascospores density was consistently higher in soil
from Sinis (1.8 ascospores g~! soil), than that found from
the soil in Sassu (0.8 ascospores g~! soil). The value from
Sinis is close to that indicated by Waugh et al. (2003) as a
minimum threshold of inoculum for this disease, but still
within the range reported in other melon and watermelon
producing areas in the Mediterranean area where the dis-
ease occurs (Beltran et al. 2007; 2008; Rhouma et al. 2019).
It has been shown that M. cannonballus is adapted to hot,
semiarid climates with saline and alkaline soils (Martyn and
Miller 1996). Moreover, it has been shown by Boughalleb
et al. (2010) in Tunisia that vertisol vs. other soils, disease
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Table 5 Occurrence of the

. 8 . Microorganism
main Operational Taxonomic

Sassu Sinis Ratio Reference

Units (OTUs) from soil fungal
microbiota related to beneficial
and antagonistic fungi in Sassu
and Sinis sites

Cladosporium cladosporioides

Sordaria araneosa

Glomus

Rhizophagus irregularis

2120  29.0 7.3
131.3 0 0

Wang et al. 2013
Clement et al. 2016

uncultured ectomycorrhizal fungus uncultured 76.6 36.3 2.1

56.3 53.7 1.0

22.3 13.0 1.7 Aleandri et al. 2015a

Talaromyces purpurogenus 20.6 0 0 Scervino et al. 2011
Arthrobotrys hertziana 11.0 0 0 Scholler and Rubner 1999
Verticillium cf biguttatum CBS 58,473 8.6 0 0 Jager and Velvis 1984

Trichoderma aureoviride
Ampelomyces quisqualis
Trichoderma harzianum
Acremonium sclerotigenum
Minimedusa polyspora

Stilbella aciculosa

4.0 4.0 1.0
3.7 0.3 11.0
1.0 8.7 0.1
0.3 21.3 0
0.3 12.7 0
0 34.3 0

Lieckfeldt et al 2001

Falk et al. 1995

Aleandri et al. 2015b

Lo Piccolo et al. 2015
Beale and Pitt. 1995
Lewis and Papavizas. 1993

incidence, the percentage of clay, and pH had a significant
correlation with ascospores density at the end of the growing
season. In a study aimed to assess the relationship between
physicochemical soils properties and spatial distribution of
M. cannonballus ascospores densities in Tunisia, a posi-
tive correlation was found between ascospores density and
organic matter, organic carbon, the mass of nitrogen, and
electrical conductivity with an ascospores highest level at
10-20 cm depth (Rhouma et al. 2019). In this respect, there
are no apparent chemical-physical differences in the soils
of the two monitored locations that can be associated with
the differences in inoculum density recorded. The soil from
Sinis had higher levels of organic matter and organic car-
bon, while Sassu had a higher level of total nitrogen and
salinity. The only difference between soil was the highest
level of the organic matter recorded in Sinis soil. This might
have favored the disease by increasing the soil moisture level
(Libohova et al. 2018), which is a factor that was found to
directly affect colonization of root epidermal cells by zoo-
spores of O. bornovanus and indirectly affect ascospore ger-
mination and root colonization by M. cannonballus (Stang-
hellini et al. 2014).

Olpidium bornovanus was isolated in bait plants from
both sites and detected by NGS analysis, while O. viru-
lentus was isolated only by bait plants from Sinis. The
potential role of these pathogens in the disease occur-
rence can be suggested since M. cannonballus was not
detected in the rootlets. Bait plants from both sites had
a general decrease in biomass and showed yellowing of
foliage, thus indicating that Olpidium infection had a
negative effect on plant health. Notably, among Chytrid-
iomycetes, Olpidium spp. was more abundant in Sinis
(0.97%) than Sassu (0.64%). Previous work has shown
that O. bornovanus, in combination with O. virulentus
and M. cannonballus, was capable to induce root rot

@ Springer

and vine decline in bait plants from soil sampled under
greenhouse in a farm with a known RRVD history (Ale-
andri et al. 2017). Similarly, O. virulentus was suggested
as one of the causative agents of vine decline of tomato
in Ontario, Canada (Johnston-Monje et al. 2017). There-
fore, our results suggest that, in agreement with previous
findings, MRRVD, which was previously attributed in
Italy mainly to M. cannonballus, P. melonis and P. cuc-
umerina can be associated in Central Sardinia also to O.
bornovanus and O. virulentus.

Soil microbial diversity and community structure are
known to be shaped by both spatial and temporal variability,
especially in the rhizosphere where the continuous flow of
organic compounds derived from roots is available (Smalla
et al. 2001). Fungal community composition was reported as
most closely associated with changes in soil nutrient status,
whereas soil pH was shown to be the most influential factor
for the bacterial community (Lauber et al. 2008). According
to this finding, we found in the two sites a variation in car-
bon, total nitrogen, and P,0O5 content which, although slight,
may have influenced the fungal community composition,
while this appeared not structured by pH, since an identical
result in the two sites was detected.

Among soil microbial communities, beneficial micro-
organisms not only serve plants in acquiring water and
nutrients but also promote plant growth and stimulate plant
health (Berendsen et al. 2012). A group of beneficial fungi
implicated in promoting plant health, such as the mycor-
rhizal fungus Rhizophagus irregularis and the antagonistic
Trichoderma atroviride Bissett and T. aureoviride Rifai from
both fields. Other species, such as C. cladosporioides, Sord-
aria araneosa Cain, were mainly present in soils from Sassu,
whereas the relative abundance of beneficial fungi was con-
sistently lower in Sinis. Aspergillus spp. and Penicillium
spp., which include saprophytic and antagonistic species
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were poorly represented in both Sassu (0.66% and 0.29%,
respectively) and Sinis (0.28% and 0.94%, respectively). The
different composition of the population of pathogenic fungi
detected on symptomatic plants in the two surveyed loca-
tions might be related also to the different composition of the
beneficial microbiological community along with difference
in some soil chemical characteristics, such as organic carbon
and nitrogen.

The predominant species of Ascomycota detected in
Sassu have been described as belonging to Pezizomy-
cetes, Saccharomycetes, and Sordariales. Among Pezi-
zomycetes, the dominant genus was Scutellinia, which
showed the highest percentages in Sassu compared to
Sinis (1.96% vs 0.02%, respectively) and whose species
are generally considered saprophytic fungi well adapted
to bare ground and scattered vegetation, with relatively
high pH and low organic matter (Schumacher 1993).
The presence of Saccharomycetes, mainly represented
by saprophytic species of the family Dipodascaceae
(2.6%), have a widespread distribution and are commonly
found in decaying plant tissues. Their higher presence in
Sassu might be related to the different N source avail-
ability in such soils (De Hoog et al. 1986). However,
the main genus of this family is Geotrichum candidum
Link, which is known to cause disease sour rot in sev-
eral plants (Thornton et al. 2010), including melon (Kim
et al. 2011).

The increase of the relative abundance of soil Sordari-
ales in Sassu compared to Sinis (1.2% vs 0.2%, respectively)
might be due to the higher sand values occurring in Sassu.
It was recently reported that the presence of soil macro-
aggregates (>2 mm) might enhance the abundance of soil
Sordariales (Tian et al. 2019). Interestingly, Sordariomycetes
also include Xylariales which dominate Sinis soils compared
to Sassu (11.9% vs 6.3%, respectively), which includes Mon-
osporascus spp. and M. cannonballus. However, the occur-
rence of M. cannonballus detected by NGS analyses was
0.02% in Sinis soils whereas it was not detected in Sassu.
Nevertheless, most of the species belonging to Xylariales
detected were “unidentified”, both in Sassu (5.9%) and Sinis
(11.2%).

On the other hand, Sinis soils were dominated by the
fungal genus Mortierella, belonging to Zygomycota and
accounting for 30.2% of the total fungal sequences (only
14.3% in Sassu soil). This might explain the low abundance
of Fusarium spp. which were more abundant in Sassu (1.7%)
than in Sinis (0.3%). Previous studies have shown that some
species of Mortierella are enriched in suppressive soils, and
several isolates have been revealed as potential antagonistic
agents against various plant pathogens such as Fusarium
spp. (Xiong et al. 2017).

Conclusions

Our overall results confirm that among the fungal complex
implicated in the occurrence of RRVD, O. bornovanus along
with O. virulentus, probably in association not only with M.
cannonballus as previously found but also with other patho-
genic fungi (P. melonis, M. phaseolina and F. solani), likely
are implicated in the development of the disease. Differences
in the pathogenic fungal spectrum here recorded in sympto-
matic roots may be associated with agricultural practices, soil
physicochemical characteristics, microclimatic conditions, and
fungal community composition and function profile. Further
research should focus on getting information on direct disease
determinants such as the composition of roots exudates pro-
duced by melon grown in different agronomical conditions
and their role in providing the basis for the establishment of
plant-microorganism interactions in soil. The rapid and con-
tinued developments of NGS techniques, along with a sharp
decrease of the prices of the analyses, will allow in the next
future to better understand and decipher the role of the forces
shaping the structure of microbial populations of natural and
agricultural soils (Srivathsan et al. 2018; Nilsson et al. 2019).
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