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Abstract: In this study, the characteristic growth of Cladobotryum virescens on nine culture media
was analyzed. The growing behavior of this fungus was dependent on the culture medium. In vitro
analysis showed that oat agar was better than other media tested with the highest conidia production.
The antifungal activity against Fusarium chlamydosporum and Alternaria brassicicola was evaluated
by the Dual Culture method. C. virescens displayed high activity against both pathogens acting
through antibiosis and mycoparasitism. This effect was increased by a higher competitiveness of
the strain for the substrate. Furthermore, the crude ethyl acetate extract of the culture broth was
tested in vitro against Botrytis cinerea and Septoria tritici, as well as the hemibiotrophic oomycete
Phytophthora infestans using a microtiter plate assay at different concentrations. The extract showed
excellent inhibition even below 5 ppm. According to these results, we concluded that C. virescens can
be considered as a potential biological control agent in agriculture. To the best of our knowledge, this
is the first study to investigate C. virescens as a biocontrol agent for different diseases caused by five
relevant pathogens that affect cereals and vegetables.

Keywords: phytopathogens; antifungal; Fusarium; Alternaria; Botrytis; Septoria; Phytophthora

1. Introduction

Traditionally, natural products have been widely employed for the development of new
control strategies aiming to improve agricultural production. The scientific community focuses
on plant and fungal extracts and secondary metabolites isolated from these sources as natural,
environmentally friendly fungicides. Food production is affected, among other factors, by
the presence of phytopathogenic fungi and oomycetes which have a negative impact on
the development, yield, and quality of crops. Pathogens such as Fusarium chlamydosporum
Wollenw and Reinking (fusarium wilt pathogen on several crops) [1,2], Alternaria brassicicola
Schwein (black spot disease on Brassica spp. leaves) [3,4], Botrytis cinerea Pers. (grey mold
pathogen on many crops, including Fragaria × ananassa (Weston) Duchesne ex Rozier and
Vitis vinifera L.) [5,6], Septoria tritici Rob. ex Desm. (causing agent septoria leaf blotch of
Triticum species) [7,8], and Phytophthora infestans (Mont.) de Bary (causal agent of the late
blight disease on Solanum tuberosum L. and Solanum lycopersicum L.) [9,10] are among the
most aggressive. Their control is very difficult due to their genotypic mutability and adaptive
capacity, amongst other factors, which allow them to develop fungicide resistances [11,12].
Among the biggest challenges in agricultural production is the risks reduction and negative
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impacts of chemical products and fertilizers on the environment and human health. Therefore,
the search for mycopathogenic fungi to be used as tools for fungal disease control has been
a growing area of research throughout the last century. In addition, it is very important to
know the types of substrates in which the fungi grow and develop and the habitat conditions
in which they show different phenotypic expressions. Different substrates and habitats
modify the characteristics of the fungus, and as such it is important to analyze how it behaves
in the different environments and establish the most suitable conditions for its study [12].
The production of biologically active secondary metabolites (antifungal activity) has been
attributed to various microorganisms; however, these substances are produced only under
specific physiological conditions, and there is also great variability in the metabolic production
of each particular strain. Surface growth in solid media is one of the basic methods to study the
physiology of microorganisms, since the diameter of the colonies and the radial growth rate
are parameters widely used in bioassays and physiological investigations. It is of great interest
in the study of the physiology of a microorganism to test the use of different culture media,
since it has been observed that the complexity of the medium has a significant influence on
the growth of the mycelium and, therefore, on the speed of biomass production [11,12]. To
achieve a higher production of these antifungal or bioactive metabolites, optimal conditions
must be ensured during the trophophase for good development of the microorganism [13,14].

Cladobotryum spp. cause cobweb disease and are described as harmful in differ-
ent mushroom-producing countries. Cobweb is characterized by the growth of coarse
mycelium over the affected mushrooms [15]. On the other hand, several Cladobotryum spp.
produced inhibitory effects on some phytopathogenic oomycetes [16]. Ortiz and cowork-
ers evaluated three species of Cladobotryum and their crude ethyl acetate extracts in the
control of Corynespora cassiicola (Berk and M.A. Curtis) C. T. Wei by dual culture and
bioautographic TLC methods [17]. The obtained results showed that the strains produced
compounds with antagonistic effects on the pathogen. Similar results were reported by
Ramos-García [18] when studying the in vitro and in vivo activity of these isolates against
phytopathogenic fungi. To the best of our knowledge, these are the only reports regarding
the use of the anamorphic Cladobotryum virescens G.R.W. Arnold (conidial state of teleomor-
phic Hypomyces virescens G.R.W. Arnold and K. Põldmaa) [19,20] (Supplementary Materials,
Figures S1 and S2) as a biocontrol agent of diseases caused by phytopathogenic fungi.

The aim of this study was to analyze the eco-morphological characterization of
Cladobotryum virescens growth on nine culture media, the in vitro antagonistic activity
of the strain and ethyl acetate crude extract from the culture broth against five pathogens
that affect agricultural production.

2. Materials and Methods
2.1. Fungal Strain, Growth Media and Conditions

The registration numbers of strains are shown in Table 1.

Table 1. Registration number of strains used in this research and preserved at INIFAT and IPB culture
collection.

Species Strain Number

Alternaria brassicicola Schwein INIFAT 4145
Botrytis cinerea Pers. IPB KSH 892
Cladobotryum virescens G.R.W. Arnold INIFAT C10/110
Fusarium chlamydosporum Wollenw and Reinking INIFAT 4147
Phytophthora infestans (Mont.) de Bary IPB KSH 894
Septoria tritici Rob. ex Desm. IPB KSH 895

INIFAT: Institute of Fundamental Research in Tropical Agriculture; IPB: Institute of Plant Biochemistry; TFC:
Tartu Fungal Culture Collection.

Cladobotryum virescens G.R.W. Arnold, was collected and identified by R. F. Castañeda
and preserved at the international recognized World Federation Culture Collections (WFCC
853) at INIFAT. The isolates were transferred into Petri dishes (9 cm diameter) and were
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grown on oat agar medium (OA) [21] for 10 days at 25 ± 2 ◦C. The phytopathogenic
fungi, Fusarium chlamydosporum and Alternaria brassicicola, from the same culture collection,
were grown under identical conditions. In addition, Botrytis cinerea, Phytophthora infestans
and Septoria tritici, deposited in the culture collection at the Leibniz Institute of Plant
Biochemistry, Halle (Saale), Germany, were grown according to the protocol established by
Stammler et al. [22–24] (Table 1).

2.2. Culture Characterization of Cladobotryum virescens INIFAT C10/110

A total of 20 mL of each of nine culture media used in this experiment (potato dextrose
agar (PDA), carrot agar, malt extract agar (MEA), rice agar, oat agar (OA), agar poor in
synthetic nutrients (SNA), yeast agar (YA), Czapeck agar (CZA), and Sabouraud agar
(SABG)) were poured into Petri dishes (9 cm). All of them were prepared according to
the protocol established at the Fungal Biodiversity Centre (CBS) [25]. C. virescens INIFAT
C10/110 cultures were grown for 10 days and then the abovementioned different culture
media were inoculated with a mycelial plug of the fungal cultures with a diameter of
0.7 cm, from culture on OA media, and incubated at 25–27 ◦C, HR = 66–75% and under
a 12/12 h darkness and light cycle. The growth of colonies was measured every day,
and culture characterization was evaluated after 10 days of inoculation. The following
qualitative characteristics were analyzed: the color of mycelium, superficial texture, shape,
edge, height, and internal structure, according to Frey et al. [26] and Bernal et al. [27]. The
experiments were performed with two repetitions by quintuplicate. Furthermore, conidia
production on the nine culture media was analyzed after 10 days of inoculation under an
Axioscop 40 microscope, and their concentration was determined by a Thomas BRAND
“Blaubrand” counting chamber. Each experiment was carried out in triplicate.

2.3. Ethyl Acetate Crude Extract

C. virescens was grown in twelve Erlenmeyer flasks (size 500 mL), each containing
200 mL of liquid oat extract, where oats were boiled and then filtered, and the broth adjusted
to pH 6.5. The culture was incubated under stirring conditions at 150 rpm for 15 days
(T = 25 ◦C ± 2 ◦C, y HR = 63–65%). All cultures were homogenized and filtered using glass
wool to separate the mycelium from the culture medium. The culture filtrate was extracted
with ethyl acetate by liquid–liquid partition (1:1, v/v). The organic solvent layer (upper
layer) was separated using a separating funnel and concentrated under vacuum, yielding a
dark red crude extract (460 mg) [17].

2.4. Antagonistic Assays

In order to evaluate the in vitro antagonistic activity of C. virescens INIFAT C10/110, a
dual culture method was performed in Petri dishes (9 cm diameter) with OA [28]. In this
experiment, 0.7 cm mycelial plug of the culture of C virescens was placed on the Petri dish,
while a plug with the pathogens (F. chlamydosporum and A. brassicicola, independently) was
placed on the opposite side, with a distance of 4 cm between both fungal plugs. A plug of
OA medium was used as the control treatment, while the pathogen plug was placed on the
other side. All plates were incubated at 25 ± 2 ◦C under a 12/12 h darkness and light cycle
for ten days, after which the distance between the mycelia fronts of the pathogen and the
fungal test strain was measured. The results were transformed into the percentage of radial
growth inhibition (PRGI) of the pathogen. All tests were performed in quintuplicate. Three
different modes of action were evaluated:

1. Competition for substrate: Evaluations were made every 24 h by analysis of the
diameter of the colonies in cm. All tests were carried out in quintuplicates, and
results were analyzed with a bifactorial variance analysis using the Statgraphics 5
program. Differences between treatments were determined by a Tukey test at a 5%
significance level;
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2. Antibiosis: The percentage of radial growth inhibition (PRGI) was evaluated at three
and five days after inoculation (before the colonies had contact) and was calculated as
PRGI = (R1 − R2)/R1 * 100, where R1: radial growth of pathogen in control plates; R2:
radial growth of pathogen in dual culture plates before the points of interaction [29];

3. Mycoparasitism: Different types of mycoparasitism were evaluated: penetration (P),
vacuolization (V), lysis (L), and coiling (C) [30]. From the area of interaction between
both fungi (C. virescens and pathogen), three samples were taken. All the tests were
carried out in triplicate. A drop of Lactofenol was added to the sample, which was
analyzed with an optical microscope (Axioscop 40) at 100× and 400×.

2.5. Antifungal Screening of Ethyl Acetate Crude Extract

The ethyl acetate crude extract was tested in a 96-well microtiter plate assay against
B. cinerea, P. infestans, and S. tritici according to the protocol established by the Fungicide
Resistance Action Committee (FRAC) with slight modifications [22–24]. The ethyl acetate
crude extract was redissolved in DMSO and evaluated in different final concentrations
(125, 42, 14, 5, and 1.5 ppm). The solvent DMSO was used as a negative control, and the
commercially used fungicides Terbinafine and Epoxiconazole (Merck) served as reference
compounds. Eight days after inoculation, the pathogen growth was evaluated by mea-
suring the optical density (OD) at λ = 405 nm with a Tecan GENios Pro microplate reader
(5 measurements per well using multiple reads in a 3 × 3 square). Each experiment was
carried out in triplicate.

2.6. Statistical Analysis

Data were analyzed in Excel 2016. Statistical analyses were processed using analysis of
variance (ANOVA) Turkey test p ≤ 0.05 with Statgraphics 5 program. Differences between
treatments were determined by a Tukey test at a 5% significance level.

3. Results
3.1. Culture Characterization

Figure 1 shows the changes in the diameter growth of colonies and conidia production
of C. virescens INIFAT C10/110 in the different culture media evaluated (Table 2). The
results showed that the culture medium significantly influenced the growth of the colonies,
since there were differences between all nine tested culture media (Figure 1). The strain
showed greater growth in the oat agar, agar malt, potato dextrose agar (PDA) and Czapek
media, while the reduced growth was observed in the synthetic nutrient-poor agar (SNA),
rice agar and yeast agar media.
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Table 2. Conidia production of C. virescens INIFAT C10/110 on different culture media after 10 days.

Culture Media Conidia Production
Spores/mL

Oat agar 28.2 × 106

Potato dextrose agar 25.0 × 106

Malt extract agar 23.7 × 106

Sabouraud agar 18.4 × 106

Carrot agar 27.8 × 106

Czapek agar 24.0 × 106

Yeast agar -
SNA agar -
Rice agar 8.2 × 106

C. virescens INIFAT C10/110 was studied in terms of the measured qualitative pa-
rameters, depending on the variants used. Regarding the coloration of the faster growing
colonies, they were pinkish-purple with variable intensity; the internal structure, in general,
consisted of coarse and filamentous grains. However, in the media with less growth, the
internal structure consisted of very fine and translucent grains, with scarce mycelium. The
height of the colonies of the strain was rather similar on all nine tested culture media, and
the edges only varied in some of them, where there were slightly undulating; in the rest,
they were regular edges.

The production of conidia is an important element of the biological cycle in fungi. In
the studied case, the best results were obtained in oat agar, potato dextrose agar (PDA),
malt extract agar, carrot agar, and Czapek agar, which had the most abundant conidia
production and the greatest diameter of the colonies (approximately 9 cm).

According to these results, it was decided to study the liquid cultivation of C. virescens
in potato dextrose and oat liquid media in order to analyze the differences in coloration, pel-
let formation, and mycelium production after 5, 10, and 15 days of incubation, respectively.
In this experiment, the best results were observed in oat medium (Table 3) [31].

Table 3. Characteristics of C. virescens colonies in liquid medium of potato dextrose and oats respec-
tively after 15 days.

Strain Culture Media
Coloration Pellet Formation Mycelium

Day 5 Day 10 Day 15 Day 5 Day 10 Day 15 Day 5 Day 10 Day 15

C. virescens
INIFAT
C10/110

PDA Light yellow White White - Low Low Low Low Low

Oat agar Red Red Red High High High Abundant Abundant Abundant

3.2. Antagonistic Assays
3.2.1. Competition for Substrate

In Table 4 and Figure 2 it is presented the competition for nutrients in the interaction
between F. chlamydosporum and C. virescens. The analysis of the C. virescens INIFAT C10/110
control exhibited a lower growth rate compared with the F. chlamydosporum control; how-
ever, when both strains were confronted, the results showed in vitro antagonistic activity
of C. virescens INIFAT C10/110 against the pathogen. This effect is statistically significant
from day four to the end of the experiment.

Results of the inhibition of the radial mycelial growth of A. brassicicola are shown
in Table 5 and Figure 3. The analysis of the proportion of media between Cladobotryum
and pathogen controls showed a similar growth rate for both fungi. However, C. virescens
had an inhibitory effect on the mycelial growth of the pathogen according to the media
ratio values when they were confronted. This effect is significant from the second day of
inoculation to day 10.
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Table 4. Competition for nutrients. In vitro inhibition activity of C. virescens on mycelial growth (cm)
of F. chlamydosporum from day 1 to 10 on OA medium. Media proportion was calculated as: mycelial
growth diameter of C. virescens/F. chlamydosporum CT and Cc refer to tested and control C. virescens,
respectively. Pc and PT refer to tested and control pathogen F. chlamydosporum, respectively.

Days C. virescens
Control (Cc)

Pathogen
Control (Pc)

Cladobotryum
virescens Tested

(CT)

Pathogen
Tested

(PT)

Media
Proportion

(Cc/Pc)

Media
Proportion

(CT/PT)

1 0.7 0.7 0.7 0.7 1.00 1.00
2 1.34 1.16 1.46 1.04 1.16 1.40
3 2.18 2.22 2.36 2.02 0.98 1.17
4 2.9 4.24 2.86 2.08 0.68 1.38
5 3.76 5.54 3.74 2.58 0.68 1.45
6 4.68 7.04 4.64 3.08 0.66 1.51
7 5.42 8.02 5.5 3.7 0.68 1.49
8 6.5 8.54 6.74 4.22 0.76 1.60
9 7.7 9 7.6 4.7 0.86 1.62

10 8.94 9 9 5.34 0.99 1.69
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Figure 2. Mycelial growth of F. chlamydosporum (pathogen tested) against strain C. virescens and the
control for ten days in dual culture. Mean and standard deviation is expressed in the error bar (n = 5).
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Table 5. Competition for nutrients. In vitro inhibition activity of C. virescens on mycelial growth (cm)
of A. brassicicola from day 1 to 10 on OA medium. Media proportion was calculated as: mycelial
growth diameter of C. virescens/A. brassicicola. CT and Cc refer to tested and control C. virescens,
respectively. Pc and PT refer to tested and control pathogen A. brassicicola, respectively.

Days
Cladobotryum

virescens Control
(Cc)

Pathogen
Control

(Pc)

Cladobotryum
virescens Tested

(CT)

Pathogen
Tested

(PT)

Media
Proportion

(Cc/Pc)

Media
Proportion

(CT/PT)

1 0.7 0.7 0.7 0.7 1.00 1.00
2 1.3 1.1 1.36 0.8 1.18 1.70
3 2.18 2.42 2.22 1.28 0.90 1.73
4 2.92 3.12 3.16 1.56 0.94 2.03
5 3.66 3.66 3.86 1.82 1.00 2.12
6 4.62 4.68 4.68 2.02 0.99 2.32
7 5.5 6.2 5.56 2.34 0.89 2.38
8 6.4 7.58 6.58 2.5 0.84 2.63
9 7.54 8.24 7.74 2.8 0.92 2.76

10 9 9 9 2.9 1.00 3.10
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3.2.2. Antibiosis

The analysis of the PRGI values for the pathogens F. chlamydosporum and A. brassicicola
(Figure 4) showed that C. virescens inhibited mycelial growth for both pathogens, thus for
F. chlamydosporum values higher than 52% were obtained on the fifth day of incubation,
while for A. brassicicola values higher than 40% were obtained on the third day of incubation
of the pathogen and showed 50% on the fifth day of incubation. These results suggest that
C. virescens can have a potential antibiotic effect.
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Figure 4. Inhibition percentage growth of pathogen F. chlamydosporum (A) and A. brassicicola
(B) against C. virescens after three and five days of inoculation in dual culture on OA medium,
respectively. Mean and standard deviation is expressed in the error bar (n = 5).

3.2.3. Mycoparasitism

Microscopic observations of F. chlamydosporum hyphae revealed vacuolization and
whorls; no hyphal penetration or cellular lysis was detected. In addition, it was observed
that C. virescens overgrew the tested pathogen (Figure S3). On the other hand, microscopy
observations of A. brassicicola hyphae showed vacuolization, whorls, hyphal penetration,
and cellular lysis. C. virescens overgrew the tested pathogen (Figure S4).

3.3. Testing of Ethyl Acetate Crude Extract from C. virescens

The crude extract showed antagonistic activity against P. infestans. The inhibition
percent was higher than that of Epoxiconazole at all concentrations, while it was higher
than Terbinafine in the range of 1.5–42 ppm. However, at 125 ppm the percentage was
slightly lower than Terbinafine. (Figure 5).
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The antagonistic effect of the crude ethyl acetate extract from the culture broth of
C. virescens against B. cinerea is presented in Figure 6. The crude extract expressed low
activity compared with Epoxiconazole and Terbinafine.
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Figure 7 shows the antagonistic effect of crude ethyl acetate extract from the culture
broth of C. virescens against S. tritici. The crude showed stronger inhibition at concentrations
of 125 and 42 ppm.
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inoculation. Epoxiconazole and Terbinafine were used as positive control. Mean and standard
deviation is expressed in the error bar (n = 3).
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4. Discussion

In this study, we analyzed the cultural characteristics of C. virescens on nine different
culture media in order to define nutritional pattern and factors influencing the growth
of the strain and select the most suitable medium for its development. Additionally,
the antagonistic effect against five pathogens that caused significant damage in different
crops was analyzed. Conidia characteristics have been used to distinguish the species in
correlation to other factors [28,29,32]. In general, the morphology of conidia in synthetic
culture media can be changed according to slight or drastic variations [33,34]. It should
also be considered that fungi require carbon nutrients to produce energy and secondary
metabolites; therefore, this study was conducted in a detailed manner to determine the
best growth conditions [35–37]. To the best of our knowledge, this is the first report of
the qualitative characterization of C. virescens on nine culture media. Exponential growth
is connected to the physiological characteristics of the fungi and the differences between
substrates and incubation conditions. The strain showed the highest growth in oat agar
media. Similar results were found by Shirouzou et al. [38] for the best growth of fungal
strains, such as Beltraniella botryospora Shirouzu and Tokum., in artificial culture media
with OA.

In addition, C. virescens exhibited a faster growth compared with the pathogen
F. chlamydosporum and inhibited the mycelial growth of A. brassicicola. Values of in vitro
inhibition of the tested phytopathogens are the result of the high competition for nutrients
and space. In addition, the excretion of metabolites with significant fungistatic action over
the pathogens was also evidenced. Similar results were found by Santos et al. [39] when
evaluated 24 isolates of Cladobotryum mycophilum against eight phytopathogens [40,41].
Thrichoderma species are the most studied and used for the control of plant disease [41].
Khaledi et al. (2016) studied the biocontrol mechanisms of 11 Trichoderma spp. isolates
against M. phaseolina, and the results revealed that all isolates inhibited the mycelial growth
of the pathogen from 20.2 to 58.7% in the dual culture tests [42]. The PRGI reported in this
study are in a range of the values reported by these authors.

Several authors have described Cladobotryum spp. as mycoparasitic on many
pathogens [43]. This genus is known to cause hyphal lysis by producing a wide vari-
ety of secondary metabolites with marked antifungal as well as antibacterial activities and
repressive effects on cancer cells [44–46]. C. virescens showed antifungal effects against
F. chlamydosporum. The strain exhibited strong competition for the substrate and high
mycoparasitism (mainly vacuolization and enrollment). Different authors refer to these
kinds of hyphal interaction for Trichoderma, considering them as a potential for use as
biocontrol agent [47].

Microscopic observations of A. brassicicola hyphae showed vacuolization, enrollment,
hyphal penetration and cellular lysis. C. virescens was able to cover the pathogen and
inhibit the development and growth of A. brassicicola. Different types of interactions are
important characteristics when selecting a biocontrol agent. The greater the probability
that fungi will manifest several modes of action, the more efficient and long-lasting the
control on the pathogen will be [48,49]. We provided evidence of three modes of action
present in C. virescens when it is confronted by phytopathogenic fungi. These results are
important to reduce risks of pathogen resistance. The competition with pathogens for space
and nutrients and the production of antifungal compounds are important mechanisms in
biocontrol activity [50]; therefore, this strain should be considered as a potential biocontrol
agent to be used for fungal disease control.

Taking into account the results obtained by Ortiz et al. [17] when evaluating the
antagonistic effect of the ethyl acetate crude of C. virescens against Corynespora cassiicola by
the qualitative bioautographic TLC method, it was decided to evaluate the ethyl acetate
crude against P. infestans, S. tritici, and B. cinerea through the microtiter plate method
at five different concentrations. The crude extract exhibited strong growth inhibitory
activity against the oomycete P. infestans. Additionally, the extract inhibited the growth
at concentrations as low as 1.5 ppm, i.e., it was more active than the positive controls
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Terbinafine and Epoxiconazole. Most likely, this is caused by the presence of secondary
metabolites produced by the strain. In contrast, modest inhibition was shown against the
ascomycete S. tritici, and no inhibition effect was observed against B. cinerea. The antifungal
effect is determined by the presence of metabolites produced by C. virescens under the
fermentation conditions used, which are not able to inhibit the growth of B. cinerea on this
in vitro assay. In the literature, various secondary metabolites from the genus Cladobotryum
have been reported, mainly polyketides and α-pyrone derivatives, with antifungal effects
against saprophytic (wood-rotting) fungi, such as Ganoderma lucidum (Curtis) P. Karst [51].

5. Conclusions

This work shows evidence of the differences in terms of the cultural characteristics of
C. virescens in nine different culture media. Furthermore, C. virescens showed an inhibitory
effect on the mycelial growth of the selected phytopathogens, F. chlamydosporum and
A. brassicicola. The crude extract showed inhibition of the growth of P. infestans at low
concentrations and is a promising candidate as a biocontrol agent against diseases caused
by P. infestans. Investigations on the isolation and purification of the active constituents
present in ethyl acetate crude extract are in progress in our laboratory.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13020389/s1, Figure S1: Confrontation of the colonies
of Cladobotryum virescens and Fusarium chlamydosporum; Figure S2: Confrontation of the colonies of
Cladobotryum virescens and Alternaria brassicicola.
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