agronomy MBPY

Article

Fungal Endophytes as Biocontrol Agents against the
Main Soil-Borne Diseases of Melon and Watermelon
in Spain

Vicente Gonzalez 12, Eugenia Armijos 3 and Ana Garcés-Claver 2-3-*

1 Unidad de Proteccién Vegetal, Centro de Investigacion y Tecnologia Agroalimentaria de Aragén (CITA),

Avda. Montafiana, 930, 50059 Zaragoza, Spain; vgonzalezg@aragon.es

Instituto Agroalimentario de Aragon-IA2 (CITA-Universidad de Zaragoza), 50013 Zaragoza, Spain
Unidad de Hortofruticultura, Centro de Investigacion y Tecnologia Agroalimentaria de Aragon,
Avda. Montafiana, 930, 50059 Zaragoza, Spain; maeugenia-87@hotmail.com

Correspondence: agarces@cita-aragon.es

check for
Received: 8 May 2020; Accepted: 6 June 2020; Published: 9 June 2020 updates

Abstract: Watermelon and melon crops are affected by some important soil-borne fungal diseases
like carbonaceous rot (Macrophomina phaseolina), collapse (Monosporascus cannonballus), or the most
important pathology at an economic level, the Fusarium wilt (Fusarium oxysporum f. sp. niveum,
F. oxysporum f. sp. melonis, F. solani f. sp. cucurbitae, Neocosmospora falciformis, and N. keratoplastica).
The methods commonly used for their control are often ineffective, thus new approaches, as the
use of biological control agents, are constantly being sought. This work aimed to isolate, identify,
and test endophytic fungi for their antagonistic properties against the three mentioned diseases.
For this, about 350 endophytic fungal strains were isolated from asymptomatic watermelon plants.
Among these, 7 fungal species were selected to evaluate their antagonistic potential against
14 pathogens. Dual culture assays allowed to select two Trichoderma strains according to the
high inhibition rates observed (up to 93%), that were further employed in melon and watermelon
plants, showing that some of the pathogens were controlled in terms of disease incidence, exhibiting
a decrease up to 67% for T. lentiforme. In addition, three concentrations of Epicoccum purpurascens
extract was selected to evaluate the germicide effect, obtaining significant differences in the growth of
the pathogens depending on fermentation parameters.
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1. Introduction

Watermelon (Citrullus lanatus [Thunb.] Matsum. & Nakai) and melon (Cucumis melo L.) are
horticultural species of the Cucurbitaceae, widely cultivated throughout the world. Both species
represent economically important crops, especially in Spain, which is the most important producer in
Europe, with an annual production of 853,600 tons [1]. An important limiting factor for these cultures
around the world has long been the several diseases and pests that affect them, causing significant
losses [2,3]. Some of these pathologies have been recently characterized, while others are known for
more than a century [4]. In Spain and other producing areas of the Mediterranean, diseases like collapse
produced by Monosporascus cannonballus Pollack and Uecker (Diatrypaceae), the so-called charcoal rot
caused by Macrophomina phaseolina (Tassi) Goid. (Botryospharieceae) and Fusarium wilt are responsible
for annual important yield losses in both greenhouses and open-air fields [5-8].

Monosporascus cannonballus infects the root of many species of cucurbits in warm, arid, and semi-arid
areas, and also in subtropical regions around the world [9]. The most visible symptoms of its infection
are located at the root level, consisting of active rot and necrotic lesions, which causes wilting and
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gradual yellowing, and collapse of the plant [10]. Macrophomina phaseolina is considered as one of
the most harmful seed and soil-borne diseases. Its symptoms in watermelon and melon are similar,
with the presence of yellowing and death of the growing buds accompanied by aqueous lesions that
surround affected plant tissues, also with exudates that appear dark brown when drying, and even
cracked areas in the stem [10]. Together with these, special attention must be put on a group of diseases
commonly named as vascular fusariosis (Fusarium wilt). Symptoms of Fusarium wilt can appear at any
phenological stage, attacking seeds, seedlings, or adult plants. Several species and formae specialis (£. sp.)
of the genus Fusarium are known to be responsible for this disease. There are three well-known species
implicated, with slight differences and particularities according to host range: Fusarium oxysporum f. sp.
niveurmn (E.F. Sm.) W.C. Snyder and H.N. Hansen (Fon), E. oxysporum f. sp. melonis (Leach and Currence)
W.C. Snyder and H.N. Hansen (Fom) and F. solani (Mart.) Sacc. {f. sp. cucurbitae W.C. Snyder and H.N.
Hansen (Fsc) (actually included in genus Neocosmospora). The first one (Fon), with four pathogenic races
(race 0, 1, 2, and 3), specifically affects watermelon [11], while Fom, with four pathogenic races (0, 1, 2,
and 1.2) [12], is reported to be associated with melon. The third mentioned species, Fsc, is associated
with cucurbit species like watermelon, melon, squash, or pumpkin. For Fsc there have been described
two pathogenic races, 1 and 2, currently named Neocosmospora cucurbitae Sand.—Den., L. Lombard and
Crous, and N. petroliphila (Q.T. Chen and X.H. Fu) Sand.-Den. and Crous, respectively, both cited at
the national level [7,8,12]. In addition, the other two species, N. falciformis (Carrién) L. Lombard and
Crous (=F. falciforme) and N. keratoplastica (D. Geiser, O’'Donnell, Short, and Ning Zhang) Sand.-Den.
and Crous (=F. keratoplasticum), of the so-called F. solani species complex (FSSC) have been reported to
cause Fusarium wilt and root and stem rot in melon, watermelon, and squash [8,13].

Concerning disease management of cucurbits, factors associated with both climatic change and
social demand are producing changes in agricultural systems. Currently, progress is made towards
integrated and ecological production models, in which a limitation of the application of phytosanitary
treatments is necessary [14]. Those integrated methods include the use of biological control agents
(BCAs) for disease control [15], including those associated with cucurbits [16-18]. Optimization
of biological control involves the use of microorganisms preferably isolated from the crop under
the specific conditions in which they have to be applied, constituting the best way to get them
more efficient [19]. In this respect, although studies testing the antagonistic capabilities of certain
microorganisms against cucurbit pathogens have been reported, in most of these the BCAs were often
isolated from other crops and/or environments [16,20,21], and only a few were focused on the isolation
and characterization of fungal endophytes from cucurbits [22]. In-depth knowledge of microbial
communities living endophytically in these plant hosts could allow the recruitment of microorganisms
with the potential to be used as BCAs against the mentioned soil-borne diseases in Spain and other
affected areas of Mediterranean. In the present work, we report the evaluation of the antagonistic
potential of some endophytic fungi isolated from watermelon plants against a collection of some
watermelon and melon pathogens. The potential BCAs identified in this study could be used to control
the mentioned diseases per se or in combination with other useful strategies such as, for example,
grafting and/or breeding.

2. Materials and Methods

2.1. Fungal Isolates

Plant materials prospected consisted of healthy watermelon plants and their associated
rhizospheres, coming from two sampling surveys carried out in some of the main producing areas
of Aragon (Spain). The first sampling was performed in a commercial field of Pefiaflor (Zaragoza,
Aragoén, Spain), consisting of 11 watermelon plants. A second sampling survey was carried out in
2 watermelon commercial fields in Alfamén (Aragon, Zaragoza, Spain), where 6 plants were collected
in each field. Watermelon plants were processed and surface sterilized with an EtOH solution (70%)
for 1 min, then with a 5% (v/v) commercial sodium hypochlorite solution for 3 min, and finally, washed
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4 times with sterile bi-distilled water. Then, plant fragments (roots and stems) were placed in 9 cm
@ Petri dishes with Potato Dextrose Agar (PDA) medium supplemented with streptomycin sulfate
(17 g of PDA, 13 g of agar, 1000 mL of distilled water, 0.3 g of streptomycin sulfate). Plates were then
incubated at 25 °C for 48 h in the dark to stimulate the development of endophytic fungi. After this,
emerging colonies were transferred to 6 cm & PDA plates, and each isolate subcultured to get pure
cultures for subsequent characterization.

2.2. Morphological and Molecular Characterization of Fungal Isolates

Fungal strains obtained were primarily identified and characterized morphologically.
Morphological characterization was carried out based on the study and comparison of different
somatic structures and/or sexual and asexual reproductive structures, from the observation of
microscopical slides of pure colonies on PDA plates. Besides this, to further confirm the identity of
some fungal isolates, molecular identification was made by direct sequencing of the ribosomal ITS
(Internal Transcribed Spacer) fragment for those taxa usually reported in the specialized literature
as microbial antagonists, as well as for certain sterile strains that did not show sufficient diagnostic
characters. DNA extraction of each isolate was carried out with the Extract-N-Amp Plant kit PCR
Kit (Sigma Aldrich Chemical Co., St. Louis, MO, USA) from mycelium of pure cultures, following
manufacturer’s instructions. For ITS amplification, ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and
ITS4 (5’-TCCTCCGCT-TATTGATATGC-3’) primers were used. The final volume of each PCR reaction
was 25 pL, containing 2 pL of genomic DNA of each isolate; 0.5 uL. dNTPs, 0.8 uL MgCl,; 2.5 pL of
10x PCR; 1 puL of each ITS primer; 0.2 uL of Taq polymerase (Invitrogen, Carlsbad, CA, USA) and 17 uL
H20 dd. PCR conditions were as follows: 1 initial cycle of 6 min at 94 °C, followed by 30 cycles of 1 min
at 94 °C, 1 min at 54 °C and 1 min at 72 °C. Amplified products were sequenced by the Sanger method
(Stab Vida, Caparica, Portugal). The ITS ribosomal DNA sequences obtained allowed the identification
of isolates by their comparison with homologous sequences deposited in public databases like GenBank
(using BLASTn tool) or Fusarium ID Database (http://www.westerdijkinstitute.nl/fusariumy/).

2.3. Selection of Microbial Antagonists

Among the isolates obtained, 7 strains, belonging to species that are usually reported as biocontrol
agents in the specialized literature, were selected to evaluate their antagonistic capacity against
14 pathogenic isolates of watermelon and melon belonging to the culture collection at CITA’s Mycology
Lab (Table 1).

Table 1. Pathogenic isolates and potential microbial antagonists used in this study for their evaluation
in dual plate cultures.

Pathogens Plant Host Abbreviation
Fusarium oxysporum f. sp. niveum (race 0) Citrullus lanatus Fon 0
Fusarium oxysporum f. sp. niveum (race 1) Citrullus lanatus Fon 1
Fusarium oxysporum f. sp. niveum (race 2) Citrullus lanatus Fon 2
Fusarium oxysporum f. sp. melonis (race 0) Cucumis melo Fom 0
Fusarium oxysporum £. sp. melonis (race 1) Cucumis melo Fom 1
Fusarium oxysporum f. sp. melonis (race 2) Cucumis melo Fom 2
Fusarium oxysporum f. sp. melonis (race 1.2y) Cucumis melo Fom12y
Fusarium oxysporum £. sp. melonis (race 1.2w) Cucumis melo Fom12w
Monosporascus cannonballus isolate Citrullus lanatus Mon
Macrophomina phaseolina isolate 1 Cucumis melo Merl
Macrophomina phaseolina isolate 2 Cucumis melo Mcr2
Fusarium solani f. sp. cucurbitae race 1 .
(=Neocosmospora cucurbitae) Cucurbita moschata Fsc R1
Fusarium solani f. sp. cucurbitae race 2 Cucurbita moschata r
(=Neocosmospora petroliphila) P
Fusarium solani Cuctmis melo Fs

(=Neocosmospora keratoplastica)
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Table 1. Cont.

Antagonists Source Abbreviation

Epicoccum purpurascens Ehrenb. Citrullus lanatus Ep
Bionectria ochroleuca Schroers & Samuels (=Clonostachys rosea

(Link) Schroers, Samuels, Seifert & W. Gams) Citrullus lanatus Bo
Moyrothecium verrucaria (Alb. & Schwein.) Ditmar Citrullus lanatus Mo
Aureobasidium pullulans (de Bary) G. Arnaud Citrullus lanatus Ap
Ceratobasidium sp. (binucleate Rhizoctonia) Citrullus lanatus Rb
Trichoderma harzianum Rifai Citrullus lanatus Th

Trichoderma lentiforme (Rehm) P. Chaverri, Samuels & F.B. Rocha Citrullus lanatus Tl

2.4. Dual Plate Cultures

All possible combinations of pathogen-antagonist were tested, as well as each fungus alone.
Tests were performed using the dual culture technique [23] in 9 cm & Petri dishes containing
Potato Dextrose Agar (PDA) supplemented with streptomycin sulfate in 3 biological replicates. Then,
two 4 mm J agar plugs with mycelium coming from a 2 to 5 days culture of both pathogens and
antagonists were placed, each one at both ends of the plate, 2 cm from its margin, respectively.
Individual controls for pathogens and antagonists were prepared by inoculating each of them (4 mm
@ discs) in the center of a 9 mm J PDA plate. Plates were incubated at 25 + 1 °C for 10 days in
the dark, taking measurements of the diameters of the colonies every 48 hours. To evaluate dual
plate assays, 2 radial measurements were taken with the aid of a digital gauge (Power Fix Profi) for
each confrontation. These radial measurements, together with the presence of hyphal interactions,
or extracellular secretions, were employed to characterize the mechanism of action (hyperparasitism,
antibiosis, etc.) exerted by each antagonist. For dual cultures of the Trichoderma species tested,
myecelial tufts were removed from the contact area of the facing colonies and observed under optical
microscopy to characterize the different structures and hyphal modifications associated with the
hyperparasitism produced.

Quantification of the antagonistic effects were determined by calculating the Percentage of Radial
Growth Inhibition (PRGI) [24,25]. An analysis of variance (ANOVA) of the PRGI values was carried
out after 10 days of culture, identifying differences between treatments, with the Tukey significance
test (p < 0.05). A statistical program JMP13 (JMP®, Version <13>. SAS Institute Inc., Cary, NC, USA,
1989-2007) was used. For each dual confrontation, a mean PRGI value of each of them was used
to perform analysis of the variance. Moreover, the degree of invasion/destruction of the pathogen
colonies caused by T. lentiforme and T. harzianum in dual cultures was recorded 10 days after inoculation,
using a visual scale with values from 0—4 described by Ortiz & Orduz [26], in which values above 3
were considered a satisfactory antagonistic capacity for a given strain of Trichoderma.

2.5. Evaluation of Fungicide Effects of Secondary Metabolites from Epicoccum Purpurascens

In addition to dual cultures, the fungicide capacity of the different secondary metabolites produced
by Epicoccum purpurascens was tested by incorporating a liquid extract of this species into solid agar
media. To do this, 3 flasks containing 300 mL of CM liquid medium (5 g malt extract, 5 g yeast
extract, 5 g glucose, 1000 mL of distilled water) were inoculated with 4 mycelial plugs coming from
a fresh culture of the fungus. Flasks were shaken (135 rpm) and incubated at 25 °C during 5, 10,
and 15 days post-inoculation (dpi), respectively. After these 3 incubation periods, each one of the
cultures was centrifuged, and the supernatants were filtered with a vacuum filtration system of 0.45 um
pore (Nalgene, Thermo Fischer Scientific). Then particle-free filtrate obtained was incorporated at
3 concentrations (0.5%, 1%, and 2%) to PDA plates where the pathogenic isolates were inoculated
at the center of the dish and incubated at 25 °C. Three repetitions were made per pathogen, days of
extract, and concentration with their respective controls consisting of PDA plates without filtrate.
The evaluation of the germicidal effect was determined by measuring the radial growth of the
different colonies in comparison with the controls. An analysis of variance (ANOVA) was carried out,
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including 2 factors, days of fermentation before extracting and doses (%) supplemented to the medium.
For comparison between means, a post hoc Tukey test at a 5% significance level was used. Finally,
filtrate treatments of E. purpurascens, that showed significant values of inhibition of fungal growth were
compared with those obtained from dual cultures with the same strain to determine which treatment
exhibited the best antagonistic effect. For the statistical analysis of these results, a comparison of means
with Student’s t-test at a 5% significance level was performed.

2.6. In Vivo Biocontrol Assay

To confirm the potential as biocontrol agents of the 2 Trichoderma isolates (T. harzianum and
T. lentiforme) used in the dual culture plate bioassays detailed above, it was decided to test their
antagonistic effect against a set of pathogens in watermelon and melon seedlings in a growth chamber.
Thus, ‘Black Diamond” watermelon seeds and ‘Charentais T” melon seeds were impregnated with
the fungicide TMTD (Pomasol) and deposited in a 9 mm J Petri dish on a bed of sterilized filter
paper moistened with 5 mL of sterile bi-distilled water. Pre-germination was carried out at 28 °C for
5 days. Germinated seeds were then placed in plastic trays with substrate (Professional substrate,
Projar, Valencia, Spain) previously autoclaved (20 min, 120 °C) and grown for 10 days in a growth
chamber at 28 °C day/25 °C night (16 h day) cycle. For this bioassay, T. harzianum and T. lentiforme were
used against 11 pathogens: Fon 0, Fon 1, Fon 2, Fsc R1, Fp, Mcr, and Mon for watermelon and Fom 0,
Fom 1, Fom 2, and Fom 1.2w for melon, respectively.

All pathogens were previously grown in Petri dishes in PDA medium. Then, 9 flasks were
prepared with 200 mL of liquid CM medium and inoculated with 3 mycelial plugs of each one of
the pathogens (except for both Mcr and Mon, whose inoculum preparation is described below) and
incubated at room temperature under agitation (120 rpm). After 3 days of incubation, the fermentation
broth was filtered, and the conidial concentration of all isolates adjusted to 10° conidia/mL with
the help of a haematocytometer. For Mcr and Mon, inoculum consisted of colonized wheat grains
previously autoclaved for 3 h, inoculated with 6-8 agar plugs coming from fresh colonies of both
taxa, and incubated in 12 mm & Petri dishes for 10 days at 25 °C in the dark. Watermelon and melon
seedlings were then inoculated by adding these wheat grains to the potting substrate at 5 g/L.

Finally, a conidial solution (10° conidia/mL) of the antagonist isolates was also prepared. To do
this, 9 mm O Petri dishes containing mature, sporulated colonies from both Trichoderma species were
flooded with sterile bi-distilled water, and vigorously shaken to detach the conidia in the aqueous
medium, and then collected in sterile conditions. The conidial solution thus obtained was adjusted to
10° conidia/mL and a final volume of 600 mL of inoculum was disposed per antagonist.

To perform the inoculation, both watermelon and melon seedlings were extracted from the
substrate and their roots were washed with sterile water. Then, they were inoculated either by root
immersion or by adding colonized wheat grains to the substrate. For the first case, they were submerged
2 min in the mixed conidial solutions of both each pathogen and the corresponding antagonist. In the
case of wheat grains, plants were first submerged 2 min in the conidial solution of each Trichoderma
species, and then they were sown in the potting medium containing those colonized wheat grains.
For each treatment and combination, 6 plants were inoculated and sown in two pots each (3 + 3).

Control plants were disposed of, inoculated only with pathogens or antagonists and also negative
controls consisting of non-inoculated plants. Pots were incubated in a growth chamber for 30 days in
a 28 °C day/25 °C night (16 h day) cycles. Counts for disease progress were made at the end of the
culture period, measuring the degree of symptomatology of the seedlings, employing a visual scale
from 1 to 4 as follows: 1 = healthy plants; 2 = stunted growth and damage of up to 50%; 3 = presence
of foliar lesions, yellowing, wilting and root damage; 4 = dead plants. From the annotated disease rate
data, disease incidence (%) was obtained to determine percent wilt incidence, based on the number of
wilted plants (values 3 and 4) indicate out of total plants [27]. Dead plants were removed at the end of
the growth period and processed to fulfill Koch’s postulates.
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3. Results

3.1. Endophytic Fungi Associated with Watermelon Plants. Selection of Microbial Antagonists

From a total of 23 watermelon plants surveyed, 347 endophytic fungal strains were obtained from
the tissues analyzed (roots and stems), belonging to 67 OTUs (Operational Taxonomical Unit) (Figure 1).
Most of endophytes recovered were not specifically associated with a given host tissue (phyllosphere,
rhizosphere, rhizoplane, or vascular tissue). However, some degree of tissue specialization could be
found, existing differences especially among the taxa recovered in both aerial and hypogeous tissues,
although not so much at the level of the rhizosphere and the rhizoplane. Thus, only a few taxa like
those belonging to genera Trichoderma, Fusarium, Phoma, Macrophomina, or Rhizoctonia were recovered
from the rhizoplane, although species from these genera were also found infecting the inner root
tissues or living saprophytically in the rhizosphere.

a b
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Figure 1. Endophytic fungi (genera and/or species) obtained in the present study in each of the
localities sampled. Bars indicate the number of strains obtained per operational taxonomic unit
(OTU). Green and brown bars indicate the type of tissue from which they were isolated, stem or
root, respectively. *Asterisks indicate that the taxonomic determinations were made from internal
transcribed spacer (ITS) sequences; (a) Fungi isolated from a commercial field of Pefiaflor; (b) Fungi
isolated from a commercial field of Alfamén.

In the survey sampling carried out in Pefiaflor, a total of 218 endophytic isolates (representing
31 OTUs) were identified; among them, the genus Fusarium was one of the most prevalent (31%),
including isolates belonging to taxa like F. oxysporum f. sp. niveum (9%) or Gibberella (8%). Some of the
isolates (23% from the total) could not be identified morphologically. In addition, certain isolates isolated
here were identified as species with antagonistic potential, belonging to genera like Ceratobasidium,
Bionectria, Myrothecium, Trichoderma, and Epicoccum. In one of the two fields of the locality of Alfamén,
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92 isolates were identified (representing 25 OTUs). Again, some of the most prevalent isolates
represented taxa from the genera Fusarium (25%), Giberella (9%), or Alternaria (7%). Finally, in the
second field of Alfamén, 37 isolates (representing 11 OTUs) were identified, including species of genus
Trichoderma (41%), pathogens like the above mentioned F. oxysporum f. sp. niveum (30%) and other
potential antagonists such as Aureobasidium pullulans. After taxonomic identifications made up by
morphological and/or molecular methods among all the isolates obtained, seven endophytic taxa
belonging to species usually reported as ABCs were selected (Table 1).

3.2. Dual Culture Pathogens-Biocontrol Agents (BCA)

To evaluate the protective effect of the 7 isolates previously selected against the 14 pathogens
employed, dual plate confrontations were made by culturing both species simultaneously. It was
observed that T. harzianum (Th) exhibited significant high values of growth inhibition against the
14 pathogens selected (Table 2). The highest average PRGI value was obtained in the confrontation
with Mon with 93.4%. It was visually observed how the antagonist stopped or minimized the diameter
of the colony of this pathogen (Figure 2). Growth inhibition rates of Th with the rest of pathogens were
always above 39.2%, corresponding to the lower mean value observed in confrontation with Fon 2.

Fon0 FonO/Th Fonl Fonl/Th Fon2 Fon2/Th

i) FomO/Th

Foml.2y Foml.2y/Th Foml.2 w Foml1.2w/Th

Mcrl/Th

Fsc RI Fsc RI/Th Th (control)
i p =

Figure 2. Growth inhibition effects of Trichoderma harzianum (Th) against 14 selected pathogens. From left
to right there is a pathogen control plate followed by the dual culture plate (pathogen/T. harzianum).
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Table 2. Average values of the percentage of radial growth inhibition (PRGI) (mean + standard deviation) obtained in each dual plate confrontation for 14 pathogens
and 7 antagonists, after 10 days of culture.

Trichoderma Trichoderma Epicoccum Aureobasidium Myrothecium C basidi Bionectria
harzianum lentiforme purpurascens pullulans verrucaria eratobasidiuin sp. ochroleuca
Fon 0 563 de =+ 45 443 fg + 113 296 abed = 18 233 cde + 08 153 bc + 14 456 ab =+ 69 241 od =+ 43
Fon1 567 de + 21 606 cd + 08 290 bed + 42 429 a + 22 40 od =+ 45 399 bc + 46 198 d =+ 17
Fon 2 392 f + 10 510 efgh + 10 49 fg =+ 60 73 fg + 50 39 od + 40 210 od =+ 53 77 e £ 20
Fom 0 676 bed + 13 656 bed + 15 359 ab =+ 27 267 bede + 3.6 104 bc + 26 336 bc =+ 101 300 abc + 1.6
Fom 1 409 f + 98 424 h =+ 61 163 e <+ 09 200 def + 60 77 bed + 47 376 bc =+ 91 321 ab =+ 25
Fom 2 471 ef £ 22 494 efgh + 66 202 de =+ 35 402 ab + 61 272 a + 57 299 bc =+ 87 305 abc = 1.1
Fom12y 562 de =+ 13 471 fgh + 25 223 cde + 22 346 abc + 96 86 bed + 35 322 bc + 63 217 d =+ 14
Fom12w 603 cd =+ 06 599 def + 09 339 abc + 12 294 abcd + 23 142 bc =+ 34 367 bc =+ 141 329 a + 21
Mon 934 a + 07 933 a =+ 07 101 efg =+ 116 x! 37 od =+ 65 648 a =+ 76 x!
Mecr1 702 bc + 63 561 defg + 24 x! x ! x ! 43 d = 74 x!
Mcr2 722 b =+ 15 761 b + 51 413 a + 25 194 def + 38 164 ab + 18 310 bc + 91 78 e + 47
Fsc R1 741 b + 12 734 bc + 16 166 ef =+ 35 293 abcd + 84 148 bc + 24 43 d =+ 13 201 d =+ 44
Fp 704 bc + 13 651 bed + 36 311 abed + 13 245 cde + 48 197 ab =+ 19 239 bed + 42 255 bed + 05
Fs 661 bcd + 36 682 bcd + 13 306 abed + 17 138 fg =+ 19 150 bc =+ 47 449 ab =+ 26 253 bed = 20

For each column, means followed with different letters are significantly different (Tukey, p < 0.05). x!: PRGI values could not be calculated because the radial length of the pathogen in dual
culture was greater than radial length in control plate. Columns are alternately shaded for easy reading
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When analyzing the inhibition effects of T. lentiforme (T1), it was observed that average PRGI values
were slightly higher than in the case of T. harzianum, varying from 42.4% with Fom 1 to 93.3% for Mon.
For the rest of the antagonistic strains (Figure 3), growth inhibition rates were in general lower. For Ep,
the highest PRGI value was 41.3% in the confrontation with Macrophomina phaseolina isolate 2 (Mcr2)
(Figure 3a), which represents a much lower PRGI value than those obtained with Trichoderma species.
In plate confrontations, Mo exhibited low levels of antagonism with PRGI values between 27.2% and
3.7% (Figure 3b). In the dual confrontations against Ap it was observed that average PRGI values were
found between 42.9% for Fon 1 and 7.3% for Fon 2 (Figure 3c). In the case of Bo, the average values of
PRGI ranged from 32.9%, for Fom 1.2 w, to 7.7% for Fon 2 (Figure 3d).

Figure 3. Effect of inhibition of the rest of antagonists on the growth of several pathogens. From left to
right there are control plates of both antagonists and pathogens followed by the dual culture plate.
(a): E. purpurascens (Ep)/M. phaseolina (Mrc2). (b) M. verrucaria (Mv)/Fon 2. (c): A. pullulans (Ap)/Fon 1.
(d): B. ochroleuca (Bio)/Fom 1.2w. (e): Binucleate Rhizoctonia (Rb)/M. cannonballus (Mon).
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Finally, in dual confrontations with Rb, average PRGI values were slightly higher than those
observed for Ap and Bo. Thus, the values obtained ranged between 64.8% for the confrontation with
Mon (Figure 3e) to 4.3% against both Mcr1 and Fsc R1.

On the other hand, the differences of each antagonist on each pathogen were also evaluated.
The results of the post-hoc Tukey’s test showed that the mean value of PRGI were significantly different
among the antagonists for all pathogens. For Fon 1, Fon 2, Fom 0, Fom 1.2w, Mon, Mcr1, Mcr2, Fp,
and Fs, the Th and T! antagonists caused higher mean percentages of inhibited of growth than the
other antagonists tested, being the mean PRGI significantly higher than those caused by the rest of the
antagonists (Supplementary material Table S1).

The degree of in vitro invasion and destruction of the mycelium of the two Trichoderma species
employed on the pathogens was measured (Table 3). Both T. lentiforme and T. harzianum invaded the
total surface of the M. cannonballus colony (Mon) and their mycelia were able to actively sporulate on it
with a value of 4. Trichoderma lentiforme exhibited no invasion of the colony surface with the pathogens
Fon 1, Fom 0, Fom 1, or Fom 2, as T. harzianum with the pathogens Fom 1, Fom 2, and Fsc R1. It should
also be noted that the two strains of Trichoderma exhibited a profuse mycelial growth of cotton-white
appearance, that after 4 days began to produce sporulation of olive green color in the confronting
plates. This fact suggested that the pathogens tested did not produce any inhibitory effect on the
Trichoderma spp., since their mycelium developed normally on the plate.

Table 3. Degree of invasion (mean + SD of three replicates) of the 14 pathogen colonies caused by
Th and TI in dual culture, 10 days after inoculation. A visual scale with values from 0 to 4 described
by Ortiz & Orduz [26] was used, in which: 0, no invasion of pathogen colony; 1, invasion of 25% of
the pathogen colony surface area; 2, invasion of 50% of the pathogen colony surface area; 3, invasion
of 100% of the pathogen colony surface area; 4 invasion of 100% of the pathogen colony surface area
and sporulation.

Combination Pathogen-Th Colonization Ability Combination Pathogen-TI Colonization Ability

Fon 0/Th 1.0+0.0 Fon 0/T1 1.3+06
Fon 1/Th 1.0+ 0.0 Fon 1/Tl 1.0+0.0
Fon 2/Th 0.7 £ 0.6 Fon 2/Tl 1.7+16
Fom O/Th 1.0+ 0.0 Fom O/Tl 1.0+0.0
Fom 1/Th 0.0+0.0 Fom 1/Tl 0.0+0.0
Fom 2/Th 0.0+0.0 Fom 2/Tl 0.0+0.0
Fom 1.2 y/Th 0.7 + 0.6 Fom 1.2 y/TI 1.0+0.0
Fom 1.2 w/Th 20+0.0 Fom 1.2 w/Tl 1.0+0.0
Mon/Th 4.0+00 Mon/TI 4.0+ 0.0
Mcrl/Th 3.0+ 0.0 Mcrl/TI 20+00
Mcr2/Th 40+0.0 Mcr2/Tl 3.0+0.0
Fsc R1/Th 0.0 +0.0 Fsc R1/T1 03+06
Fp/Th 2.0+0.0 Fp/Tl 1.0+0.0
Fs/Th 20+1.7 Fs/Tl 1.0+0.0

As a result of its hyperparasite behavior, different types of interactions and hyphal structures
of Trichoderma spp. have been observed when Trichoderma interacted with pathogens. Some of these
structures were present in the confrontations with the different pathogens that were inhibited in dual
plate confrontation and included the formation of papilla-like structures, appressoria, lysis of pathogen
hyphae, or the presence of typical coil hyphae in the antagonist (Figure 4).

3.3. Fungicide Effects of Secondary Metabolites from Epicoccum Purpurascens

The radial growth measured for the 14 pathogens inoculated with the three doses (0,5%, 1%,
and 2%) of E. purpurascens (Ep) extract fermented by 5, 10, and 15 dpi are shown in Table 4. Decrease
of the radial growth of pathogens inoculated with E. purpurascens metabolites was observed only for
some of them, as Fon 0, Fom 2, Fom 1.2y, Fom 1.2w, and Fp, being the mean radial growth slightly lower
than those without inoculating.
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Figure 4. Interaction of Trichoderma spp. with pathogenic species in dual plate confrontation.
(a,b): Papillae-like structures. (c,d): Celllysis. (e): Appressorium formation. (f-h): Coil hyphae. Bars =10 um.

Table 4. Radial growth (in mm) of pathogens (mean value + SD of three replicates) inoculated in
a potato dextrose agar (PDA) medium containing 0.5, 1, and 2% extract of metabolites filtered from
liquid cultures of Epicoccum purpurascens at 5, 10, and 15 dpi.

Fermentation Days of Epicoccum purpurascens

5 dpi 10 dpi 15 dpi
Pathogen  Control *
Extract Doses Extract Doses Extract Doses
0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2%

Fon 0 41.8+23 383+09 393+10 393+13 367+11 365+05 387+08 31.0+28 300+26 298+15
Fon1 340+12 319407 276+63 267+04 354+11 315+26 294+29 238+41 205+13 18.0+0.38
Fon 2 291+27 325+17 334+09 338+07 287+49 325+18 293+11 196+15 200+£324 184+23
Fom 0 381+09 369+14 354+10 305+06 271+52 345+14 254+5.6 238+27 255+09 285+05
Fom 1 403+03 41.8+16 406+05 395+25 396+12 391+15 390+17 379+12 402+03 381+09
Fom 2 30.7+50 255+28 234+20 23.0+07 277+12 235+x18 236x17 174+02 236+46 280x41
Fom1.2y 414+04 405+09 369+06 364+16 375+17 402+09 392+08 39.0+03 389+12 350+28
Fom12w 398+0.8 330+67 362+20 380+10 390+16 365+42 368+07 338+35 320+26 253+54
Mon 434+02 434+03 433+00 433+0.0 433+0.0 433+00 433+00 433+00 432+00 432+0.1
Mcrl 433+02 429406 435+06 432+03 431+03 432+01 432+02 432+02 428+04 431+0.1
Mcr2 424+10 363+33 395+21 387+20 422+07 398+18 407+04 349+1.0 322+29 337+14
FscR1 341+20 346+03 33503 321+03 329+06 328+01 318+05 336+05 326+01 341+13
Fp 41.7+11 389406 362+15 371+08 403+03 397+04 382+06 333+03 332+02 322+0.1

Fs 43.8+00 433+17 426+14 422+01 433+04 432+02 430+02 389+01 382+04 387+02

* Control represents pathogenic fungus culture in PDA plates without E. purpurascens filtrate.

Analysis of variance revealed significant differences (p < 0.05) among the days, the doses, and the
pathogens. There were also significant interactions between day and pathogen, dose and pathogen,
as well as the three-way interaction (Table 5).

Table 5. Analysis of variance (ANOVA) results for radial growth of the pathogenic fungi cultured in
a PDA medium containing 0.5, 1%, and 2% extract of metabolites filtered (dose) from liquid cultures of
Epicoccum purpurascens at 5, 10, and 15 dpi (days).

Source of Variation Sum of Squares df Mean Square F p

Days 1685.159 2 842.579 195.100 0.000
Dose 74.032 2 37.016 8.571 0.000
Pathogen 10144.267 13 780.328 180.685 0.000
Days*Dose 5.954 4 1.489 0.345 0.848
Days*Pathogen 1604.482 26 61.711 14.289 0.000
Dose*Pathogen 228.520 26 8.789 2.035 0.003
Days *Dose*Pathogen 749.974 52 14.423 3.340 0.000

Error 1153.096 267 4.319 1153.096 267

df, degrees of freedom; F, F-ratio; p, level of significance (p < 0.05).
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Whereas significant differences of the radial growth were found among the days of fermentation of
the Ep for Fon 0, Fon 2, Fom 1, Fsc, and Mcr2; the radial growth varied significantly among both the days
of fermentation of the Ep and the doses of Ep extract for isolates Fon 1 and Fon 2. It was highlighted
the case of Fom 0, in which the radial growths at 15 dpi (23.8-28.5 mm) were significantly lower
than those measured at 10 and 5 dpi and that of the control (38.1 mm) (Table 4). On the other hand,
isolates Fp, Mon, and Mcr1 did not show significant differences with their controls, comparing both the
fermentation days and the extract dose (%). Overall, results seem to indicate that whereas the dose
(%) of filtered extract influenced growth inhibition lightly, data coming from the days of fermentation
of the extract resulted in significantly different in most cases. Thus, the highest concentration and
antifungal activity of secondary metabolites of Ep was obtained after 15 days of agitation in liquid
culture (Table 4). Nevertheless, to achieve the highest values of PRGI, an optimization of days of
fermentation and dose of extract parameters should be necessary for each pathogen.

For those pathogens in which the radial growth was significantly lower than that controls, it was
determined that of the two types of treatment (liquid extract of Ep or dual plate confrontation with Ep),
it resulted in being effective to inhibit mycelial growth of these, comparing between treatments (Table 6).

Table 6. Comparison of radial growth (mean value + SD) between dual culture and secondary
metabolites extract inhibition assays with E. purpurascens.

Radial Growth (in mm) of Pathogens Caused by Epicoccum purpurascens

Pathogen
Dual Culture Liquid Extract p-Value
Fon 0 28.0 + 0.7 30.3 + 21 0.1105
Fonl 25.6 + 1.5 17.9 + 0.8 0.0016
Fon 2 19.6 + 1.1 194 + 23 0.8456
Fom 0 24.6 + 1.0 25.9 + 25 0.3932
Fom 2 22.5 + 0.9 239 + 3.7 0.5189
Fom1.2y 30.9 + 0.9 38.3 + 2.1 0.0001
Fom 1.2 w 27.0 + 0.5 35.7 + 4.1 0.0058
Mecr2 20.8 + 0.9 33.6 + 2.1 0.0001
Fsc R1 27.1 + 1.1 38.2 + 0.6 0.0001
Fp 25.2 + 0.5 32.2 + 0.1 0.0001
Fs 28.1 + 0.7 38.6 + 0.4 0.0001
t-Test values indicate the level of significance (p-value) for each pathogen. Significant levels p < 0.05 are indicated
in bold.

Isolates Fon 0, Fon 2, Fom 0, and Fom 2 showed no significant differences between the two types of
biocontrol tests. It was observed that only the radial growth of Fon 1 was significantly minor when
cultured in PDA with filtrates, while the rest of pathogens (Fom 1.2w, Fom 1.2y, Mrc2, Fsc R1, Fp, and Fs)
significantly decreased their growth in dual plate confrontations. Fast-growing pathogens (i.e., Mon
and Mcr1) were not evaluated because of their growth rates in both tests, which did not allow the
establishment of the antagonist in the plate to secrete antifungal substances to the medium, preventing
fungal growth.

3.4. Bioassay Tests of Biocontrol with Trichoderma Spp in Watermelon and Melon Seedlings

Two strains of Trichoderma (Th and Tl), which showed higher growth inhibitory capacity in dual
culture, were selected to test its capacity to reduce disease symptoms in both melon and watermelon
plants artificially inoculated with a set of fungal pathogens. Results obtained for each plant host are
indicated in Table 7.

In the case of watermelon plants, there were slight to moderate reductions in the incidence of the
symptoms in plants treated with Trichoderma for most of the pathogens. This was especially patent for
the case of those plants infected with Mcr1 and Fsc R1 treated with T. lentiforme, which did not show
symptomatology or it was practically invaluable (with a disease incidence of 0%), versus the plants
inoculated with the pathogens alone, which were highly affected (67%) (Figure 5).
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Table 7. Degree of symptomatology of ‘Black Diamond” watermelon and ‘Charentais T" melon plants
inoculated with Trichoderma harzianum (Th) and Trichoderma lentiforme (T1) alone and in combination
(T1 + pathogen and Th + pathogen) with Fon 0, Fon 1, Fon 2, Mon, Mcr1, Fsc R1, and Fp (watermelon),
and Fom 0, Fom 1, Fom 2, and Fom 1.2 y (melon), respectively. Degree of symptomatology was evaluated
using a visual scale from 1 to 4, in the following way: 1 = healthy plants; 2 = stunted growth and
damage of up to 50%; 3 = presence of foliar lesions, yellowing, wilting and root damage; 4 = dead plants.
Disease incidence (%) is indicated in parentheses.

Black Diamond Watermelon Plants 2
Plants Non-Inoculated
1.00 + 0.00 (0%)
Plants Inoculated with Antagonists

Th Tl
1.00 + 0.00 (0%) 1.50 + 0.54 (0%)
Plants Inoculated with Antagonist + Pathogen and Only Pathogen
Tl + Pathogen Th + Pathogen Pathogen
Fon 0 1.50 + 0.55 (0%) 1.50 + 1.22 (17%) 2.50 + 0.83 (33%)
Fon 1 2.66 + 1.50 (50%) 3.16 + 0.98 (67%) 2.50 + 0.83 (33%)
Fon 2 1.50 + 0.55 (0%) 1.83 + 0.98 (33%) 2.00 + 0.00 (0%)
Mon 2.17 +1.17 (33%) 1.50 + 1.22 (17%) 2.17 + 0.41 (33%)
Merl 1.00 + 0.00 (0%) 2.83 + 0.98 (50%) 3.17 + 1.33 (67%)
FscR1 1.17 + 0.41 (0%) 2.50 + 1.22 (50%) 3.00 + 0.89 (67%)
Fp 1.00 = 0.00 (0%) 2.50 + 1.05 (50%) 2.17 +1.17 (33%)

Charentais T Melon Plants 2
Plants Non-Inoculated
1.00 + 0.00 (0%)
Plants Inoculated with Antagonists

Th Tl
1.00 + 0.00 (0%) 1.00 + 0.00 (0%)
Plants Inoculated with Antagonist + Pathogen and Only Pathogen

Tl + Pathogen Th + Pathogen Pathogen
Fom 0 1.00 + 0.00 (0%) 1.00 + 0.00 (0%) 1.50 + 0.55 (0%)
Fom 1 3.66 + 0.82 (100%) 3.33 + 0.82 (83%) 3.50 + 0.55 (100%)
Fom 2 2.00 + 0.00 (0%) 1.00 + 0.00 (0%) 3.33 + 1.03 (67%)
Fom1.2 3.50 + 0.84 (83%) 3.67 + 0.82 (83%) 3.67 + 0.52 (100%)

2 Data are expressed as means + SE from experiments with 2 replicates of 3 plants each.
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Figure 5. Comparison of protection effects of Trichoderma strains, T. harzianum (Th) and T. lentiforme (TI),
in ‘Black Diamond’ watermelon plants (BD) against the cucurbit pathogens Macrophomina phaseolina
(Mcr1) and Fusarium solani f. sp. cucurbitaceae race 1 (Fsc R1) when T. harzianum or T. lentiforme
and these pathogens were inoculated simultaneously and individually in climatic chamber bioassay.
(a,b): Disease incidence (%) of plants inoculation with Mcr1 or Fsc R1 alone or in combination with
Th or TI. (c,d): Response of the plants inoculated with Mcr1 or FscR1 alone or in combination with
Th or TI. BD represented watermelon plants without inoculate.
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Conversely, the results of disease incidence for melon seedlings did not show great rates of
symptom reductions, except in the case the melon plants inoculated with T! and Fom 2, which did not
show symptoms (0%), whereas the plants inoculated with Fom2 showed a disease incidence of 87%
(Table 7).

To confirm that the degree of symptomatology was related to the inoculation of antagonist and/or
pathogen and ensure that plants were effectively colonized at the root level, all inoculated plants were
submitted to Koch’s postulates. In all the pathogen control plants analyzed, the initially inoculated
pathogens were recovered. In addition, in the treatments combining the two Trichoderma strains and
the different pathogens, both fungi were recovered in all cases.

4. Discussion

4.1. Fungal Isolates

Endophytic fungal species associated with asymptomatic watermelon plants were mostly
ascomycete fungi (including mitosporic fungi), followed by a small group of taxa from both the
basidiomycetes and zygomycetes, together with some oomycetes (genus Phytophthora). The percentages
of isolation of these taxonomic groups were in agreement with those obtained in the majority of studies
on the analysis of the endophytic fungal diversity associated with numerous plant hosts (symptomatic
or healthy) [28]. It was also observed that identified watermelon endophytes were mostly composed
of fungal genera and species not associated specifically with this host, being usually reported as
ubiquitous taxa, living on a wide range of plant hosts (e.g., Aureobasidium, Ulocladium, Alternaria,
Epicoccum, etc.). An exception was the presence of some specific pathogens of watermelon, including
F. oxysporum £. sp. niveum (Fon) (20 isolates), together with five isolates of Fusarium solani and other
species of this genus, not specifically related with cucurbits. This seems to suggest that, specifically
associated pathogens are commonly present as dormant of facultative parasites in the inner tissues of
healthy plants [29]. The existence of such type of non-specialist fungal communities was expected,
as it has been reported in other studies on similar hosts, due to the annual cycle of the crop, where the
time that the plant remains in the soil does not allow the colonization and infection by specific and
complex endophytic communities [28].

Among the isolates obtained, there were identified fungal taxa exhibiting different life strategies
including saprophytes, latent pathogens, or antagonists. This last group was the basis to select potential
BCAs in the several biocontrol assays performed. Such kind of strategies are commonly designed to
exploit the antagonistic potential of microbial communities associated with plants [30]. Characterization
of the isolated fungi allowed the selection of potential microbial antagonists with different modes
of protection mechanisms according to existing literature, including hyperparasitism, antibiosis,
or competition for space or nutrients. In this sense, it was selected an isolate of B. ochroleuca,
an ascomycetous species usually employed as a biocontrol agent [31] by its complex lifestyle,
which combines a hyperparasitic behavior against other fungi with the production and secretion
of mycotoxins. Another microorganism selected was Aureobasidium pullulans, which is currently
considered as one of the most common fungal plant endophytes. In this sense, A. pullulans is
a ubiquitous microorganism with proven properties as a biocontrol agent, whose mechanisms of
action include the production of antifungal enzymes, competition for nutrients, or the induction
of defense mechanisms in the plant host [32]. Myrothecium verrucaria is another selected soil-borne
ascomycete with antagonism properties. In addition to living on the soil, this fungus is also present as
an endophyte in a broad range of hosts, having been commonly cited as a potent natural mycoherbicide
due to the production of phytotoxins or as a promising biocontrol tool as an entomopathogenic
fungi [33]. Furthermore, M. verrucaria is considered to possess potential antagonistic properties against
phytopathogenic fungi, through the production of several types of lytic enzymes [34]. Another selected
taxon, Epicoccum purpurascens, is a well-known ubiquitous endophyte, usually inhabiting the tissues of
numerous plant species, with proven antagonistic action on certain pathogens due to the production
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and secretion of antibiotic substances [35]. In addition, selected, the basidiomycete genus Ceratobasidium
(binucleate Rhizoctonia) belongs to the so-called Rhizoctonia species complex that includes taxa with
potential as biocontrol agents, with a mechanism of action based on competition for nutrients and/or
infection sites [36]. Finally, two species of the genus Trichoderma (T. harzianum and T. lentiforme) were
also selected, both belonging to a group of highly studied hyperparasitic fungi and widely marketed as
biological control agents against a wide range of fungal plant pathogens [37], including soil species [38].

4.2. In Vitro Antagonism

Dual confrontations of the above mentioned BCAs against 14 cucurbit-specific soil-borne pathogens
resulted in very different microbial growth reduction effects, depending on the type of microorganism
considered. Inhibition effects were more effective when the two Trichoderma strains were confronted
in comparison with the rest of antagonists, being their PRGI values sensibly higher for most of the
combinations performed. As previously pointed in numerous studies [39], including bioassays against
cucurbit pathogens [40,41], the combination of several simultaneous mechanisms of inhibition occurring
in Trichoderma (i.e., hyperparasitism, antibiosis or competition for space and nutrients) [42], allows this
genus to obtain very notable growth inhibition results in the plate. Concerning in vitro assays, there are
numerous studies evaluating the antagonistic potential of genus Trichoderma. Thus, Fernandez and
Suarez, [43] demonstrated in a research with T. harzianum and Fusarium oxysporum in Passiflora edulis,
that the first can slow the growth of the pathogen more than 50%, obtaining PRGI values of 65.91%.
In relation to cucurbit diseases, several studies [40,44] have found variable efficacies reducing mycelial
growth in plate assays employing different Trichoderma species against several Fusarium species and
other specific soil-borne pathogens. In this sense, Boughalleb et al. [40] assayed the antagonistic effects
of four Trichoderma species among others, against several cucurbit-associated Fusarium taxa, and found
inhibition values not above 50% unlike the results here obtained.

Dual culture assays conducted with both Th and TI showed high percentages of PRGI, especially
against M. cannonballus (Mon). For this pathogen, it was observed that Trichoderma isolates exhibited
(in addition to their lytic activity) rapid mycelial growth, preventing the fast-growing rates of Mon
once the strain began to grow on the plate. This type of simultaneous effect was already observed by
authors like Zhang [45] or more recently Rhouma [46], where these authors reported inhibitory activity
of several Trichoderma species (including T. harzianum), combining both parasitism effects with the
secretion of antibiotic substances like gliotoxins. Concerning other fast-growing cucurbit pathogens,
Aly [47] demonstrated the potential of T. harzianum as a biocontrol agent against M. phaseolina (Mcr),
registering PRGI values above 70%.

For the rest of the protective strains assayed, it was observed that PRGI values obtained against
most pathogenic strains did not vary sensibly between them for a given pathogen. An exception was
observed for M. verrucaria (Mv), which exhibited low rates of PRGI against most of the soil-borne
pathogens tested. This could be explained, either by the slow growth rate of this species thus that
most of the pathogens invaded the entire plate before M. verrucaria could secrete enzymes to the
medium, or due to the nutrient composition used (standard PDA medium), that may not favor their
production. Although M. verrucaria is well-known both as a bioherbicide agent [48] or as a common
entomopathogenic species mainly due to its ability to secrete hydrolytic enzymes, antibiotics or
cyclopeptides [49], the obtained growth inhibition values do not seem to suggest the use of this species
as a microbial antagonist against certain soil-borne species.

Relatively fast-growing species like B. ochroleuca, E. purpurascens, and Ceratobasidium sp. exhibited
similar discrete PRGI values in general terms, comparing with the other slow-growing antagonist,
A. pullulans. Again, it should be mentioned that the growth of this antagonist was usually slower
than that of the pathogens. We observed both the secretion of inhibitory substances and the presence
of hyperparasitism (presence of hyphal lysis of the pathogen) in dual culture confrontations for
B. ochroleuca (Figure 3d). Similar results were reported by Soares de Melo [50], in which a B. ochroleuca
strain showed a hyperparasitic mechanism against pathogenic genera like Rhizoctonia or Pythium,
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and by Rodriguez [51], who indicated the mixed nature of control mechanisms of a Clonostachys
rosea (=B. ochroleuca) strain, since it produced either antibiotic substances and hyperparasitized
Sclerotinia sclerotiorum in dual culture assays. Ceratobasidium sp. strain assayed showed a capacity
to reduce the growth of the pathogens tested, with a high capacity of colonization of the medium in
all plate confrontations, and even exhibiting a certain effect of hyphal lysis, like in the confrontation
against Mon. Interestingly, control mechanisms described for binucleate Rhizoctonia are usually the
competition for nutrients and space (as revealed by the high rates of colonization observed in our
study), induced resistance [52], and even growth promotion effects have been reported in cucumber
plants treated against damping-off pathogens [53], but no hyperparasitism has been usually reported
between hyphae of Ceratobasidium spp. and other plant pathogenic fungi.

Aureobasidium pullulans was able to exert certain growth inhibition in most pathogens tested,
despite the absence of hyphal contact observed between the different antagonist/pathogen combinations.
In this sense, colony patterns of Fon 1 and Fon 2 isolates were clearly modified and their growth
slowed probably by the interaction with compounds secreted to the media by both M. verrucaria and
A. pullulans. Some authors [54], hypothesize about a mixed mechanism of antagonism of A. pullulans,
including competition for nutrients, induction of defense responses and the production of lytic enzymes.
Wachowska and Glowacka [55] reported that when employing A. pullulans against Fusarium culmorum
(a winter wheat pathogen) this fungus was able to reduce disease severity up to 21%. Given the fact
that A. pullulans exhibits a complex control mechanism [56], inhibition rates observed in our work
could be compatible by the presence of such mechanisms in agreement with the mentioned studies,
in spite of the slow growing and colonization rates observed.

4.3. Fungicide Effects of Secondary Metabolites from Epicoccum Purpurascens

Concerning the inhibitory effects of culture filtrates of E. purpurascens, results indicated that the
dose of the filtered extract (%) did not influence the ability for mycelial growth inhibition, although there
were differences with controls. Conversely, the variable days of fermentation employed to obtain
filtrates were significantly different in most cases. The highest antifungal activity of secondary
metabolites of Ep was obtained after 15 days of liquid culture, probably associated with a stationary
phase of the culture. When comparing average data of radial growth of pathogens from both dual
confrontations in a plate and incorporating liquid extracts of Ep, results obtained showed that inhibition
effects observed in dual confrontations of Ep in a plate were higher (in terms of mycelial growth) than
those recorded with liquid culture extracts. It has been reported that the type of control mechanism
exerted by Ep is based on antibiosis through certain metabolites diffused to the culture medium [57].
Although PRGI values recorded for Ep were below 50% against all pathogens, in some cases (e.g., Mcr2),
values were comparable to those obtained with Trichoderma species.

Epicoccum purpurascens has been largely reported and tested as a biocontrol agent alone or in
combination with chemical fungicides, due to its antagonistic properties not only against fungal
pathogens [58] including cucurbit pathogens [59], but also controlling other plant parasites like
nematodes [60]. Several studies have compared the inhibition effects of antibiotic compounds
produced by E. purpurascens from both living dual cultures and filtrates. In this sense, Favaro [61] found
that organic extracts of E. nigrum resulted in more discrete inhibition effects comparing with those
observed in plate culture, although the differences observed depended on the range of concentrations
employed. In addition, Guerra-Guimaraes [62] also reported that the inhibition effects of E. nigrum
on the development of Colletotrichum kahawae were different depending on the incubation times from
which the extracts were obtained.

4.4. Plant Protection Assays

Results of biocontrol assays seem to reflect, according to many other similar studies in
cucurbits [40,44], the difficulty in obtaining the same rates of growth inhibition of pathogens when
treatments with antagonists are scaled to living plants. This protection is difficult to obtain, even when
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formulations based on Trichoderma are applied preventively, allowing prior root colonization of the
antagonist. Just in the same way as in our study (Figure 4), several authors have reported remarkable
reductions of disease rates when applying Trichoderma isolates to watermelon and melon plants
artificially infected with pathogens like Fusarium solani f. sp. cucurbitae [63] or F. oxysporum f. sp.
cucumerinum [44]. Another important effect related to Trichoderma, is the ability of the different species
of the genus to promote and stimulate plant growth, widely studied in different plant species including
cucurbits [64]. However, our results (data not shown) showed that inoculation of both protective
Trichoderma strains only increased root biomass comparing with data of control plants, as previously
pointed for this genus in numerous plant hosts, suggesting another relevant feature of the genus from
the biotechnological point of view, its potential use as a microbial fertilizer [65].

5. Conclusions

The present study has aimed to explore the capabilities as microbial antagonists of certain
endophytic fungal isolates obtained from healthy tissues of watermelon plants, allowing to test
different species against some of the most important soil pathogens affecting melon and watermelon
in Spain and other Mediterranean areas. Results have highlighted the in vitro antagonistic capacity
of the genus Trichoderma above the rest of the antagonists tested. It was also found that the use of
liquid culture extracts of the antagonist Epicoccum purpurascens did not offer advantages comparing
with the direct plate confrontation of this species with the pathogens. In addition, the two species of
Trichoderma selected for testing their abilities in melon and watermelon plants against some of these
pathogens, offered discrete symptom reduction rates for most of them, compared with direct plate
assays. This type of studies constitute a starting point for the adoption of IPM methods in cucurbits,
where the integration of data coming from the screening of natural resistances, a correct selection of
varieties and rootstocks or the employment of microbial antagonists can contribute to the control and
management of certain soil diseases in these crops in our latitudes.
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