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Abstract: An alternative to chemical fungicides in post-harvest diseases are the use of biocontrol
agents and their extracellular products against phytopathogens. Two relevant agents in post-harvest
infections are Thielaviopsis paradoxa and Colletotrichum gloeosporioides, causing large economic losses in
cacao, pineapple, and avocado during storage. In this work, we evaluated the effect of Wickerhamomyces
anomalus, an effective biocontrol agent, against these filamentous fungi, focusing on the production of
extracellular enzymes and their effect on fungal growth and germination. Moreover, we evaluated
the use of inactivated fungal biomass as an inducer in complete (Potato Dextrose Agar and Yeast
Peptone Dextrose) and minimal culture media. The antagonistic effect of W anomalus on the growth
of both phytopathogens was also studied. The extracellular enzymes in YPD cultures, using
T. paradoxa inactivated biomass as the best inducer, were capable of inhibiting the germination
of both phytopathogens. In minimal media, only the production of a 30 kDa glucanase with activity
against laminarin was observed. The enzyme was effective against the spore germination of T. paradoxa.
In post-harvest crop protection tests, growth inhibition of T. paradoxa was observed using the cell-free
enzyme extract, which is a promising system to protect cocoa fruits from T. paradoxa during post-harvest.

Keywords: glucanase; Wickerhamomyces anomalus; biocontrol; Thielaviopsis paradoxa; Colletotricum
gloeoesporioides

1. Introduction

The protection of post-harvest agricultural products, such as crops, fruits and vegetables, from the
attack of phytopathogenic fungi, represents an unsolved problem [1,2]. Worldwide, infections caused by
fungal phytopathogens account for 20–25% of the losses in harvested fruits and vegetables, with a strong
impact on product quality [3]. The most common practice to prevent these diseases is the application
of different synthetic fungicides that inhibit the growth of pathogens [4]. Some fungicides alter the cell
membrane of microorganisms and its biological functions; other processes affected by these compounds
are the synthesis of nucleic acids and proteins, signal transduction, cell division, and respiration [5].
However, some of the most important concerns about the use of these antifungal compounds are
the negative environmental impacts, the potential carcinogenic effect, the harmful influence on other
beneficial microorganisms, and the outbreak of resistance to chemicals in phytopathogenic agents [4].
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In recent years, the use of natural compounds has gained interest as an alternative to chemical strategies.
Biocontrol is a versatile option with potential to be applied in the field [2].

Biocontrol or biological control is the use of different organisms and natural substances as agents
against phytopathogenic microorganisms [6]. Biocontrol strategies involve the use of innocuous living
microorganisms, organic molecules, oils, chitin-hydrolysis products, hydrolytic enzymes, peptides,
and carbohydrates, among others [3,7]. In the context of microorganisms, bacteria and filamentous
fungi, such as Trichoderma spp., have been studied as potential biocontrol tools [8,9]. Yeasts are also one
of the most utilized groups because of their potent and versatile antagonism against phytopathogens [2].
To prevent host infection, yeast antagonism uses different synergistic mechanisms: mycoparasitism,
competition for space and nutrients, induction of host resistance mechanisms, secretion of metabolites,
toxin production, the release of volatile substances, and the generation of extracellular hydrolytic
enzymes, especially those that hydrolyze the cell wall, such as glucanases and chitinases [10,11].

The main target of these enzymes is the fungal cell wall, which contains structural polymers like
chitin and β-glucan [4,12]. The main effects of the hydrolytic activity of these enzymes on the cell wall
include: (1) generation of simple carbon compounds that are used as a source of carbon and nitrogen
by the biocontrol agent, (2) disruption of the integrity of the cell wall and the subsequent death of the
phytopathogen, and (3) an inhibitory effect on the germination of spores and conidia of filamentous
fungi [13,14].

Wickerhamomyces anomalus is an attractive biotechnological yeast that has been used for food
biopreservation, bioremediation, the production of biofuels, and the production of recombinant
enzymes [15–17]. As a biocontrol microorganism, this ascomycete protects different agricultural
products against the action of different phytopathogens, i.e., Botrytis cinerea, Penicillium roqueforti,
and Aspergillus flavus [18–21]. The mechanisms by which W. anomalus achieves this antagonistic effect is
associated with mycoparasitism, the production of volatile compounds, and the presence of hydrolytic
enzymes [22,23]. Although the use and effectiveness of this yeast as an antagonistic agent is well
established, studies on the use and production of hydrolytic enzymes using unconventional carbon
sources are of interest to expand its spectrum as a biocontrol agent.

In the context of phytopathogenic agents of global interest, a large number of filamentous fungi
cause damage to various crops; however, Colletotrichum gloeosporioides and Thielaviopsis paradoxa are two
of the most relevant agents since they attack a wide variety of fruits and vegetables leading to significant
economic losses [24–26]. C. gloeosporioides is the etiological agent of anthracnose, a disease characterized
by the presence of sunken necrotic lesions with concentric orange rings in the plant. This pathogen affects
a range of tropical, subtropical, and temperate fruits, crops, and ornamental plants, such as avocado
(Persea americana), tree tomato (Solanum betaceum), and mango (Mangifera indica) [27]. C. gloeosporioides is
responsible for up to 60% of the losses in the harvest of these crops [27]. T. paradoxa is a soilborne plant
pathogen that causes diseases in the date palm (Phoenix dactylifera), pineapple (Ananas comosus), coconut
(Cocos nucifera), agave (Agave tequilana), and cacao (Theobroma cacao) in the USA, Brazil, and México.
This pathogen represents more than 23% of the losses in some of these crops [28].

The goals of the present work were as follows: (1) To evaluate the antagonistic effects of W. anomalus
against Thielaviopsis paradoxa and Colletotrichum gloeosporioides using whole cells with different culture
media, and the hydrolytic enzymes from cell-free extracts; (2) To find the conditions for the production
of cell wall hydrolytic enzymes, focusing on glucanases and chitinases, using inactivated mycelia
as inducer, and following their expression pattern; and (3) To evaluate the inhibitory effect of the
glucanase produced by W. anomalus against C. gloeosporioides and T. paradoxa.

2. Materials and Methods

2.1. Strains and Culture Conditions

C. gloeosporioides was isolated from anthracnose-infected avocados, while T. paradoxa was obtained
from infected cocoa pods. The ATCC strain of W. anomalus was obtained from CINVESTAV-IPN and is



Agriculture 2020, 10, 325 3 of 15

registered in the NCBI database as CDBB-L-1446. The strains were maintained on commercial Potato
Dextrose Agar (PDA) (BD Difco™, Franklin Lakes, NJ, USA). The antagonistic effect of W. anomalus
was tested in PDA, Yeast Peptone Dextrose (YPD) (2% yeast extract, 2% peptone, and 2% dextrose),
and Minimal Medium (MM) composed of 0.3% dextrose, 0.3% NaNO3, and 0.3% of salt solution
(16 g/L monobasic potassium phosphate, 4 g/L sodium sulfate, 2 g/L potassium chloride, and 1 g/L of
calcium chloride).

2.2. Antagonism Tests Using W. anomalus Whole-Cells

The antagonistic effect of yeast against the growth of phytopathogens was evaluated in solid and
liquid media. In the first case, Petri dishes with PDA, YPD, and MM (1.5% agar) were inoculated
using a modification of the method described by Felestrino et al. [29], which can be summarized in
two steps. First, a 6 mm disc saturated with the mycelium of the phytopathogen was placed in the
center of the dish. Then, a cell suspension of W. anomalus with 1.0 unit of optical density at 600 nm
(OD600nm) was placed at the periphery of the plate, about 2.5 cm away from the central disc. The Petri
dishes were incubated at 28 ◦C for 72 to 120 h, and the radial growth was measured to evaluate the
degree of inhibition. This determination was made by measuring the diameter of the circle defined
by the radial growth of the fungus in the Petri dish, for both the control and the media containing
the antagonist. The control represented 100% of the growth. To obtain the inhibition percentage,
the percentage representing the diameter of the growth of the fungi with the antagonist compared
to the control was calculated. Five replicates were made for each media condition for subsequent
statistical validation using the software sp14 (SYSTAT Software, Inc. San Jose, CA, USA).

For growth inhibition in a liquid medium, the effect on spore germination was evaluated.
Flasks with 50 mL of the three different media were inoculated simultaneously with five units of
OD600nm (to get an initial OD600nm = 0.1, one OD600 of W. anumalus corresponds to 4.2 × 107 cells/mL) of
W. anomalus obtained from a 20 h culture on a Petri dish and with 1.25 × 106 spores from a suspension
of the phytopathogen (dual-culture). The flasks were incubated at 28 ◦C and 120 rpm for 72 h.
The germination of the spores was observed by optical microscopy at 40×, and germination was
qualitatively evaluated. The experiments were performed in triplicate.

Additionally, the effects on the integrity of the cell wall and damage to the mycelia were evaluated.
In this case, 1.25 × 106 spores from a suspension of the phytopathogen were grown in 50 mL of each
medium, for 72 h at 28 ◦C and 120 rpm without the biocontrol agent. After this time, five units of
OD600nm of W. anomalus were inoculated, and cultures were further incubated for another 72 h in the
same conditions. To evaluate the effect on cell morphology, an aliquot was withdrawn and stained
with lactophenol blue to observe the structural damage under an optical microscope at a magnification
of 40× [30]. The experiments were performed in triplicate.

2.3. Determination of the Influence of Chitinases and Glucanases as Part of the Antagonistic Effect. Enzymatic
Production Systems

2.3.1. Analytical Methods. Enzyme Activity

Glucanase activity was measured according to the method described by Ramada et al. 2010 [31]
with some modifications regarding the incubation time and temperature. In a 200 µL PCR tube, 10 µL
of the enzyme sample was mixed with 20 µL of 0.75% laminarin in 50 mM sodium citrate buffer, pH 5.0.
The samples were incubated in a thermal cycler (techne TC-3000X) for 1 h at 37 ◦C, and then the
reaction was stopped with 100 µL of dinitrosalicylic acid (DNS) reagent [32], followed by heating the
tubes for five minutes at 96 ◦C. Finally, 100 µL of the content was transferred to a 96-well plate, and the
absorbance was read at 540 nm. The amount of glucose released was obtained from a glucose standard
curve. One unit of glucanase was defined as the quantity of enzyme necessary to produce 1 µmol of
glucose per hour under the reaction conditions. The experiments were carried out in triplicate.



Agriculture 2020, 10, 325 4 of 15

Chitinase activity was measured using a modification of the glucanase method. Briefly, in a 200 µL
PCR tube, 60 µL of the enzyme samples were mixed with 140 µL of 0.5% colloidal chitin, followed
by an 1 h incubation at 37 ◦C in a thermal cycler. After this, samples were centrifuged at 10,000 rpm
at 4 ◦C to separate the colloidal chitin, and 30 µL of the supernatant was transferred to new tubes,
mixed with 100 µL of the DNS reagent, and heated in the thermal cycler for five minutes at 96 ◦C.
Finally, 100 µL of the samples were transferred to a 96-well plate, and the absorbance was read at
540 nm. The amount of the N-acetyl-glucosamine (NAG) released was determined by interpolation
with a standard NAG curve. One unit of chitinase was defined as the quantity of enzyme necessary to
produce 1 µmol of NAG per hour under the reaction conditions.

2.3.2. Inducer Preparation for the Production of the Hydrolytic Enzymes

Three different inducers were tested for the production of the enzymes: (1) The natural substrate
chitin; (2) The inactivated biomass of T. paradoxa; and (3) The inactivated biomass of C. gloeosporioides.
It is important to note that, in contrast to chitinases, a specific inducer for glucanases was not used
due to the complexity of β-glucans. The biomasses of the phytopathogens were chosen due to the
constitution of their cell walls [33].

For the conventional inducer of chitinase, colloidal chitin was prepared by mixing 10 g of
commercial chitin (Sigma-Aldrich, St. Louis, MO, USA) with 100 mL of concentrated HCl and
incubating at room temperature for two hours under slow stirring. Subsequently, one liter of 95% cold
ethanol was added, and the mixture was incubated overnight at room temperature under rapid stirring.
The resulting mixture was filtered, and the paste was washed several times with 0.1 M phosphate
buffer at pH 7 and centrifuged to concentrate it, until the pH of the sample reached a value of 7.0.
The paste was sterilized and kept at 4 ◦C until further use [34].

For the production of phytopathogen biomass and its use as inducer, fungi mycelia were obtained
after 72 h culture in PDB, concentrated by filtration, washed with distilled water, centrifuged, dried on
an oven at 35 ◦C and stored at −20 ◦C until use.

2.3.3. Production of Hydrolytic Enzymes. Evaluation of Expression Pattern

W. anomalus was grown for 24 h on PDA plates under the conditions described before. After this
time, the biomass was collected and washed twice with sterile water. To avoid medium interferences,
at this stage, only YPD and MM broths were used. Flasks with 30 mL of each medium were prepared
with the addition of 0.5% (w/v) of the different inducers and inoculated with W. anomalus cells to give an
initial OD600nm of 0.1. Flasks were cultured for 24 h at 28 ◦C and 120 rpm. The biomass was separated
by centrifugation at 10,000 rpm for 10 min at 4 ◦C. The supernatant was collected, stored, and the
activities of the enzymes were determined. The experiments were performed in triplicate.

2.4. Evaluation of the Effect of Cell-Free Enzyme Extracts and Semi-Purified Glucanase on Conidia Germination
of T. paradoxa and C. gloeosporioides

W. anomalus was grown for 24 h in YPD or MM broths using the inducer that gave the highest
activity for both enzymes.

When the growth of W. anomalus was carried out in YPD medium, the culture was centrifuged,
filtered, and 100, 80, 60, 40, and 20 µL of the cell-free supernatant was placed in a 96-well plate, and the
volume was brought to 300 µL with fresh YPD medium. The solutions were inoculated with a 5 µL
conidial suspension of 4 × 104 spores/mL of each phytopathogen and incubated for 48 h. Germination
was calculated by measuring the optical density at 600 nm in each of the proposed systems using a
microplate reader. The control was considered as 100% germination. To calculate the germination
percentage, a direct comparison was made between the OD of the control and that of each condition.

For the growth of W. anomalus in MM broth medium, an extra purification or concentration step
was performed using 10 kDa cutoff Amicon® filters units (Centricon Merck-Millipore, Kenilworth,
UK). This extra step was performed because, according to the results explained below, in this system
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only the glucanase activity was observed, which made it a better candidate for a semi-purification of
the enzyme. Inhibition of conidia germination was tested under the same conditions as before.

2.5. SDS-PAGE and Zymogram of the Semi-Purified Glucanase

With the mycelium of T. paradoxa as an inducer, the 24 h MM culture media was centrifuged
at 10,000 rpm for five minutes at 4 ◦C. Then, the supernatant was filtered and concentrated using
10 kDa Amicon® filters units. The glucanase activity was measured as described above. The protein
concentration was measured using the Biorad protein kit, and a 12% SDS polyacrylamide gel was
carried out as described by Laemmli, 1970 [35]. The gel was stained with a silver stain to detect the
protein bands. For the zymogram, a 12% SDS polyacrylamide gel containing 0.03% laminarin was
used and treated according to Hong et al. 2017 [36,37]. After the electrophoresis, the gel was washed
with 50 mM acetate, pH 5.0, and incubated with Triton 2.5% for 30 min, washed again, and incubated
with the acetate buffer at 37 ◦C for 2 h while stirring. Finally, the gel was rinsed with distilled water
and submerged in a 0.15% 2,3,5-triphenyltetrazolium chloride solution and heated in a water bath at
90 ◦C until the activity bands appeared. Reaction of laminarin with the 2,3,5-triphenyltetrazolium
reagent generates a color change that corresponds with the glucanolytic activity.

2.6. Effect of the Crude Enzymatic Extract for the Protection of Post-Harvest Fruits

Post-harvest cocoa pods from the state of Chiapas, México, were used for this experiment.
Only the crude enzyme extract was used to evaluate its capacity to protect the fruits. To avoid possible
interactions between phytopathogens, we decided to use T. paradoxa spores only, because it was the
complementary carbon source used for the production of the enzyme extract.

The fruits were visually evaluated to identify their state of health, and the fruits with signs of
disease or damage were discarded. The selected fruits were sanitized with sodium hypochlorite
(0.1% v/v for 10 min) and were subsequently washed with sterile distilled water to remove the excess of
hypochlorite. The cell-free extract was obtained from a culture of W. anomalus grown in PDB under the
conditions mentioned before. Under sterile conditions, four wounds of approximately 5 cm long and
2 cm deep were made in the cacao fruits. At each of these points, 100 µL of the cell-free extract was
placed and subsequently inoculated with a suspension of 1 × 106 spores/mL of T. paradoxa. The fruits
were placed in humid chambers (80% relative humidity) at 28 ◦C for seven days. The fungal decay of
the fruits was evaluated qualitatively. Three control fruits and three fruits inoculated with the cell-free
extract were used.

3. Results

3.1. W. anomalus Whole-Cells Inhibited the Growth of the Phytopathogenic Fungi

W. anomalus reduced the growth of C. gloeosporioides by 18.7%± 3.85, 43.1%± 2.20, and 51.4%± 13.2
on PDA, YPD, and MM, respectively (Figure 1A), in comparison with the controls. It also reduced the
growth of T. paradoxa by 27% ± 6.73, 14.2% ± 3.98, and 36.1% ± 11.5 on PDA, YPD, and MM, respectively
(Figure 1B), in comparison with their respective controls. The antagonistic effect showed a statistically
significant difference according to a one-way ANOVA and Tukey’s test (p < 0.05). According to the
figure, the inhibition of C. gloeosporioides growth is probably related to the production of soluble
metabolites, such as organic acids or enzymes, since the growth of the filamentous fungus stopped
before contacting the yeast biomass. In the case of T. paradoxa, inhibition seems to be related to
competition for space and nutrients. T. paradoxa in MM grew as a transparent mycelium that showed
a certain degree of resistance to this competitive mechanism (Figure 1B). The antagonistic effect of
W. anomalus against C. gloeosporioides was higher than in the case of T. paradoxa.
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Figure 1. Effect of W. anomalus on the growth of C. gloeosporioides (A) and T. paradoxa (B). Growth was
measured from the center to the limit of mycelium. Control (c) and with the antagonistic yeast (a).

3.2. Effects of W. anomalus on Spore Germination of C. gloeosporioides and T. paradoxa in Liquid Media

In the absence of the antagonist yeast, C. gloeosporioides (Figure 2A) and T. paradoxa (Figure 2B)
developed mycelia in the three media (controls). However, in the presence of W. anomalus, inhibition of
spore germination was observed with both phytopathogens, regardless of the media used. In the case
of T. paradoxa, some germinated mycelium was observed in YPD medium (Figure 2B(2a)), which agrees
with the possible mechanism of inhibition by competition that occurred in solid medium. Notably,
the degree of germination of T. paradoxa spores in the presence of W. anomalus was less than in the
control, which reinforces the strong inhibition of T. paradoxa germination by W. anomalus. In addition,
T. paradoxa showed little germination and short mycelial growth in MM in the absence of the antagonist,
which suggests that MM is not optimal for the growth of T. paradoxa.
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3.3. Damage to the Phytopathogen Cell Wall Structures in Co-Culture with W. anomalus

Figure 3 shows the mycelia of C. gloeosporioides (A) and T. paradoxa (B) in PDB, YPD, and MM
media in the absence (c) or presence of W. anomalus (a). In the first case, mycelia were fully stained by
the dye, indicating the integrity and viability of the cells. In the presence of W. anomalus, we observed
large morphological changes of C. gloeosporioides and T. paradoxa mycelia and deficient staining of the
cells. The greatest effect was observed for both phytopathogens in MM.
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3.4. Production of Hydrolytic Enzymes by W. anomalus

As shown in Figure 4, the highest chitinolytic activity was obtained in the presence of T. paradoxa
mycelia biomass (47 U, with a statistically significant difference), followed by colloidal chitin with
(38 U) and without an inducer (36 U), which suggests that W. anomalus produces chitinase constitutively.
When C. gloeosporioides biomass was present in the culture media, the chitinolytic activity was the same
as that obtained with media containing colloidal chitin or without an inducer (34 U). In contrast, there
was no significant difference in the glucanolytic activity produced by W. anomalus without an inducer
(56 U), or in the presence of T. paradoxa mycelia (58 U), colloidal chitin (50 U) or C. gleosporioides mycelia
(52 U). A one-way ANOVA and Tukey’s test (p < 0.05) were performed to evaluate the statistical
significance of the differences.

We further investigated if the production of chitinase and glucanase followed the same pattern in
minimal media (MM) and YPD. As seen in Figure 5, in minimal media, only glucanase activity was
present. The glucanase activity was the same in all cases, regardless of the presence or absence of
inducers. However, there was a 37% loss of activity compared to the complete media YPD (Figure 4).
A remarkable difference was the absence of chitinase activity in minimal medium. Taken together,
the complete medium should be used when the goal is to produce both hydrolytic enzymes from
W. anomalus, but the minimal medium offers the advantage of obtaining only a single enzyme.
A one-way ANOVA and Tukey’s test (p < 0.05) did not show a statistically significant difference
between the conditions.
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3.5. Inhibition of Spore Germination by the Enzymes Produced in YPD (Glucanase and Chitinase) and
MM (Glucanase)

Next, we compared the inhibition of C. gloeosporioides and T. paradoxa germination by the chitinases
and glucanases produced by W. anomalus in YPD. As shown in Figure 6, the cell-free supernatant
inhibited C. gloeosporioides germination up to 72%, and nearly 100% inhibition of T. paradoxa germination
was obtained when using 31 U of the combined enzymes.

To study the inhibition of germination by the glucanase produced by W. anomalus in MM with
0.5% (w/v) of T. paradoxa mycelia, a cell-free supernatant was concentrated with 10 kDa cutoff Amicon®

filter units. Glucanase activity was assayed with the concentrated supernatant from MM as described
in the methods. Figure 7 shows that 13 U of the enzyme inhibited 90% of T. paradoxa germination.
Further addition of glucanase units did not increase the inhibition of T. paradoxa germination.
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3.6. Electrophoretic Analysis and Zymogram of the Glucanase Produced by W. anomalus in MM

Electrophoresis of the concentrated supernatant followed by the determination of glucanase
activity in the gel was carried out to obtain information on the molecular mass of the enzyme produced
by W. anomalus in MM. The silver-stained gel shows that the amount of protein in the supernatant is
quite low, and that protein is distributed in three minor bands (Figure 8A). We found two bands with a
molecular mass close to 30 kDa. The zymogram showed just one band of 30 kDa associated with the
hydrolysis of the laminarin (Figure 8B), which is in agreement with the reported molecular mass of the
enzyme [37].
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3.7. The Cell-Free Extract Is Effective for the Protection of Cacao Pods against T. paradoxa

Figure 9 shows the protection of the cell-free extract against T. paradoxa in cacao fruits. In the
control fruits (without cell-free extract) (Figure 9A), there were signs of disease, including a decrease
in the quality of the fruit, darkening of the skin, and a decrease in the turgor of the fruit. Further,
the presence of mycelia in the wounds (orange circles) were observed. In contrast, fruits treated with the
crude extract (Figure 9B) maintained their quality during the incubation period. There was an increase
in the darkening of the fruit, although the absence of mycelium in the wounds (orange circles) was
noted. These results indicate the potential for in vivo use of the cell-free yeast extract for post-harvest
fruit protection.

Agriculture 2020, 10, x FOR PEER REVIEW 11 of 15 

 

 

Figure 9. Effect of W. anomalus cell-free extract on cacao fruits infected by T. paradoxa. (A) Control 
without cell-free extract and (B) treatment with cell-free extract. The fruits were incubated for seven 
days at 28 °C to evaluate their protective effect. 

4. Discussion 

Yeasts have been used for biocontrol with a considerable safety range compared to bacteria and 
filamentous fungi [11]. The secretion of enzymes such as chitinases, exoglucanses, or proteases is a 
common trait during host–pathogen interactions [38,39]. In certain cases, antagonism is the result of 
enzymatic cell wall damage [28]. In this study, we focused on the influence of W. anomalus (Pichia 
anomala) against C. gloeosporioides and T. paradoxa and found two hydrolytic activities produced in 
two culture media. We chose these phytopathogens because they are important in the post-harvest 
infection of avocado and cacao pods, among other fruits, as emphasized in the introduction section. 
The impact of the diseases caused by these fungi in countries such as China, Mexico, and India is so 
important that up to 100% loss of fruit crops, such as the mango, have been reported when these 
fungi develop under certain humidity and temperature conditions [40]. (CP) (at 100 ng.mL-1 final 
concentration) 

Growth inhibition of both phytopathogens by W. anomalus was effective regardless of the 
medium used, either solid PDA, YPD or MM media. In agreement with this result, several studies 
have shown the ability of this yeast to generate biocontrol in rich media [36–39,41,42]. Biocontrol by 
W. anomalus is likely the result of the secretion and diffusion of metabolites in solid media, even under 
limited resources. We also detected a decrease in the growth of both phytopathogens in minimal 
media, especially for T. paradoxa, which had a large delay in the development of mycelium [43]. 
Inhibition of C. gloeosporioides and T. paradoxa germination by W. anomalus was observed in liquid 
YPD and minimal media, which could be explained by the secretion of lytic enzymes. In this sense, 
growth inhibition of several microorganisms by a fermentation product from W. anomalus was 
previously described, and this effect was attributed to antifungal compounds secreted into the culture 
media [44]. Sixty yeast species were tested for the inhibition of Penicillium roqueforti growth, and W. 
anomalus was the most effective because it produced cell wall degrading enzymes and different killer 
proteins [45]. While these tests were mainly made in rich media, in this study we found that the 
minimal media could provide enough resources for W. anomalus to generate metabolites that diffuse 
in solid media and generate antagonism against phytopathogens. 

Figure 9. Effect of W. anomalus cell-free extract on cacao fruits infected by T. paradoxa. (A) Control
without cell-free extract and (B) treatment with cell-free extract. The fruits were incubated for seven
days at 28 ◦C to evaluate their protective effect.
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4. Discussion

Yeasts have been used for biocontrol with a considerable safety range compared to bacteria
and filamentous fungi [11]. The secretion of enzymes such as chitinases, exoglucanses, or proteases
is a common trait during host–pathogen interactions [38,39]. In certain cases, antagonism is the
result of enzymatic cell wall damage [28]. In this study, we focused on the influence of W. anomalus
(Pichia anomala) against C. gloeosporioides and T. paradoxa and found two hydrolytic activities produced
in two culture media. We chose these phytopathogens because they are important in the post-harvest
infection of avocado and cacao pods, among other fruits, as emphasized in the introduction section.
The impact of the diseases caused by these fungi in countries such as China, Mexico, and India
is so important that up to 100% loss of fruit crops, such as the mango, have been reported when
these fungi develop under certain humidity and temperature conditions [40]. (CP) (at 100 ng·mL−1

final concentration)
Growth inhibition of both phytopathogens by W. anomalus was effective regardless of the medium

used, either solid PDA, YPD or MM media. In agreement with this result, several studies have shown
the ability of this yeast to generate biocontrol in rich media [36–39,41,42]. Biocontrol by W. anomalus
is likely the result of the secretion and diffusion of metabolites in solid media, even under limited
resources. We also detected a decrease in the growth of both phytopathogens in minimal media,
especially for T. paradoxa, which had a large delay in the development of mycelium [43]. Inhibition of
C. gloeosporioides and T. paradoxa germination by W. anomalus was observed in liquid YPD and minimal
media, which could be explained by the secretion of lytic enzymes. In this sense, growth inhibition
of several microorganisms by a fermentation product from W. anomalus was previously described,
and this effect was attributed to antifungal compounds secreted into the culture media [44]. Sixty yeast
species were tested for the inhibition of Penicillium roqueforti growth, and W. anomalus was the most
effective because it produced cell wall degrading enzymes and different killer proteins [45]. While these
tests were mainly made in rich media, in this study we found that the minimal media could provide
enough resources for W. anomalus to generate metabolites that diffuse in solid media and generate
antagonism against phytopathogens.

The lack of Cotton blue staining of both C. gloeosporioides and T. paradoxa mycelia induced by
W. anomalus suggests that the extracellular hydrolytic enzymes produced by the yeast damaged the
cell wall structures of both phytopathogens. In agreement with our results, Tayel et al. described the
degradation of the cell wall in mixed cultures of W. anomalus and Aspergillus spp. [21]. Platania et al.
reported damage to mycelia of P. digitatum, and described granulations and bending [46]. Moreover,
Bhattacharya et al. used Cotton blue staining to observe the affected mycelia of Fusarium oxysporum by
the action of hydrolytic enzymes from Bacillus pumilus [30].

The generation of extracellular hydrolytic enzymes is a common trait in fungal cells, and it is well
known that these metabolites can be produced in rich media. In addition, the use of an inducer in some
cases can increase the production of hydrolytic enzymes. Still, there are reports that some inducers
might decrease the production of these enzymes. In the specific case of W. anomalus, two genes have
been reported for extracellular glucanases (WaEXG1 and WaEXG2) when the yeast is grown in the
presence of glucose and the cell walls of phytopathogenic fungi. In this context, it was determined
that the WaEXG2 gene had a greater influence on the metabolism of the yeast, which could mean
that the enzyme encoding by this gene plays a greater role in the biological control mechanism in
W. anomalus [23]. Hong et al. reported that the use of colloidal chitin could lead to a decrease in the
hydrolytic enzymes because it can affect the growth of W. anomalus, even in rich media [36]. In this
study, three inducers were tested: colloidal chitin, C gloeosporioides inactive biomass, and T. paradoxa
biomass. We found that only T. paradoxa biomass in YPD induced a small increase in the production
of hydrolytic enzymes by W. anomalus. Otherwise, it seems that the production of lytic enzymes
was constitutive. This result could be due to the specific composition of the T. paradoxa cell wall [33].
On the other hand, one report showed that chitinase is regulated by a repressor/inducer system and
is expressed only under certain conditions [13]. Frändberg and Schnürer also reported the lack of
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extracellular chitinases in media without some chitooligosaccharides [47]. It is possible that chitinases
cannot be expressed in minimal media in comparison with the rich media.

Cell-free supernatants of the YPD media proved to be effective against both phytopathogens.
Several authors also reported the potential use of cell-free supernatants against different phytopathogens.
Inhibition by Bacillus subtilis against mold-generating fungi (Bortrytis cinerea, Penicillium digitatum)
was reported using the cell-free supernatant produced in rich media [48]. Here, using the cell-free
supernatants of YPD media containing mycelia biomass as inducer, we observed an inhibition of spore
germination of both phytopathogens, resulting in 20% germination for C. gloeosporioides and just 3%
for T. paradoxa. This result suggests that the hydrolytic enzymes produced by W. anomalus have a better
efficiency compared to the results of Jiang et al. [49], showing that cell-free supernatants obtained
from Pantoea dispersa cultured in PDB media inhibited between 33% and 36% of the spore germination
of Ceratocytis fimbriata,. They also concluded that the extracellular metabolites of P. dispersa caused
damage to the hyphae. Because rich media is expensive for the production of the hydrolytic enzymes,
this study offers the possibility of using MM. W. anomalus cultured in MM secreted only glucanase,
with 92% inhibition of spore germination. The biochemical data regarding the molecular mass is
consistent with the results of other authors [36,37], which ensures the nature of the enzyme. Based on
the results obtained, the enzymes produced by W. anomalus can be used to control the mycoparasites
T. paradoxa and C. gloeosporioides under the experimental conditions. The trials should be extended to
other parasites/crops to look for a broad-spectrum biocontrol agent.

5. Conclusions

The yeast W. anomalus secretes hydrolytic enzymes, even in the absence of an inducer. However,
depending on the growth media, there is a differential expression of chitinase. The production of
chitinase was detected in rich media, but not in minimal media, suggesting that some factors present
in YPD media induce the synthesis of chitinase. Our results indicated that the best condition for
the production of both hydrolytic enzymes in rich media by W. anomalus-1446 was to include the
mycelium of T. paradoxa. In minimal media, the production of glucanase was the same in all conditions.
Extracellular enzymes inhibited spore germination (>70%) and proved to be effective against both
phytopathogens. Under in vivo conditions, the enzymatic extract was effective against the growth of
T. paradoxa on cacao fruits. The secretion of glucanase by W. anomalus in minimal media is practical for
the production of a single lytic enzyme at a low-cost.
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