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acetate, a compound produced during the co-culture of Trichoderma
sp. and Bacillus subtilis
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Abstract
The co-culture of plant beneficial microbes to stimulate the production of antimicrobial metabolites is gaining ground. Here,
the inactivated Colletotrichum gloeosporioides mycelium was used to induce the biosynthesis of antifungal compounds in the
co-culture systems of Trichoderma sp. and Bacillus subtilis. The hexanic extracts obtained from the co-culture systems were
tested against C. gloeosporioides. Those that inhibited the phytopathogen growth were further fractionated by column and
thin-layer chromatography and analyzed by gas chromatography coupled to mass spectrometry (GC—MS). Ethyl butanoate,
butyl acetate, acetic acid, 2-butoxyethanol, 3,5-di-tert-butyl-4-hydroxybenzaldehyde, 3,5-di-tert-butyl-4-hydroxybenzyl
alcohol, hexadecanoic acid, and octadecanoic acid were identified. Butyl acetate was the most abundant compound, and its
application affected the morphology and mycelial development of C. gloeosporioides, thereby inhibiting the radial growth,
reducing spore formation, and inducing soft colonies. We conclude that co-culturing Trichoderma sp. and B. subtilis promotes
the production of novel diffusible organic compounds with an antifungal effect on C. gloeosporioides.
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Introduction

Avocado (Persea americana Mill) is an ancient fruit origi-
nally from Central America that has been consumed by local
populations, mainly in Mexico, for more than 10,000 years
(Aratjo et al. 2018; Ayala Silva and Ledesma 2014). Cur-
rently, it is one of Mexico’s most exported fruits, with Mex-
ico being the most significant contributor to the global mar-
ket (>33.6% of the global production) (FAOSTAT 2017).
Recent reports have shown that in June 2019, over 1x 10°
tons of avocado were harvested in Mexico, resulting in a
net economic gain in the region of $2,000,000,000 (SIAP
2019). Moreover, the avocado demand will increase in the
upcoming years. For these reasons, avocado is a significant
economic resource in Mexico.

Plant growth and development, including fruit produc-
tion, are affected by two types of environmental factors:
abiotic stress (e.g., soil pH, nutrient and water availabil-
ity, temperature, and soil salinity) and biotic stress (e.g.,
pathogenic microorganisms, parasites, weeds, and insects)
(Fraire-Velazquez et al. 2011). The latter stress can occur
at two different stages in avocado production called as
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pre-harvest and post-harvest stage (Darvas and Kotze
1987). The pre-harvest stress includes diseases such as
root rot, caused by the oomycete Phytophthora cinamonni,
that results in smaller leaves and fruits (Zentmyer 1984).
Another example is Cercospora spot, caused by Cercos-
pora purpurea (aka Pseudocercospora purpurea), that is
visible as small brown/purple lesions on leaves and fruits
(Pernezny et al. 2000). The post-harvest stress includes
diseases that affect the fruit during the ripening process
and thus its commercialization. Two significant post-har-
vest diseases are known to affect avocados: stem-end rot,
induced by Dothiorella spp., and anthracnose, caused by
Colletotrichum gloeosporioides. Their general symptoms
involve brown spots on the fruit skin and pulp decay (Will-
ingham et al. 2001), thus affecting fruit quality and caus-
ing significant economic losses.

Different methods counteract pre- and post-harvest dis-
eases, and the most common one uses chemical fungicides
to inhibit pathogen growth (Willingham et al. 2001). How-
ever, extensive fungicide use has several drawbacks; for
example, it can generate fungicide-resistant pathogens, con-
taminate the natural environment, and negatively affect the
non-pathogenic strains in the ecosystem (Wightwick et al.
2010). Recently, biocontrol agents have emerged as a prom-
ising alternative to chemical fungicides. The agents include
microorganisms that inhibit pathogen growth, either by
competition or by the production of secondary metabolites
with antimicrobial effect (Pal and Gardener 2006). Hence,
to improve crop yields of commercially important plants,
biotechnology research has focused on particular microor-
ganisms that can protect health and prevent diseases (Fira
et al. 2018; Gerbore et al. 2014; Kumar and Ashraf 2017).
Trichoderma and Bacillus species, for instance, are well-
known natural biocontrol agents due to their capability to
produce diverse antifungal compounds such as diffusible and
volatile organic compounds (Guzman-Guzman et al. 2019;
Ashwini and Srividya 2014). Trichoderma is a fungus that
interacts with other microorganisms in the soil communities,
and this interaction stimulates the production of metabolites
with antibiotic activity. In this sense, Bacillus subtilis strains
isolated from the rhizosphere have been used to biocontrol
Macrophomina phaseolina (Singh et al. 2008) and Fusarium
oxysporum (Gajbhiye et al. 2010). In addition, B. subtilis
produces lytic enzymes (chitinases, glucanases, and cel-
lulases) (Zivkovié 2010), and secondary metabolites with
biocontrol activity, like antibiotics (Joshi and McSpadden
Gardener 2006). Thus, B. subtilis is an ideal candidate to
use in combination with Trichoderma to perform a better
biocontrol process. Therefore, this work aimed to evaluate
the co-inoculation effect of Trichoderma sp. and B. subtilis
on the biosynthesis of compounds with antifungal activity
against C. gloeosporioides.
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Materials and methods
Strains and propagation

The strains used in this study were Bacillus subtilis, Tricho-
derma T1, T2, and T3, and Colletotrichum gloeosporioides.
All Trichoderma strains were grown on potato dextrose agar
(PDA) medium (Difco). The isolates were incubated for
10 days (7 days in darkness and 3 days under a 12-h photo-
period to induce sporulation) at 32 °C. Spores from 10-day-
old Trichoderma sp. cultures were collected by scraping
the surface of the cultures with a spatula and transferred
to a 15-mL transparent polypropylene conical-bottom tube
with conical bottom and 5 mL of sterile distilled water. The
solution was homogenized by agitation for 1 min, filtered
through pieces of polypropylene filter cloth (Magitel), and
transferred to a clean polypropylene tube. The solution was
then serially diluted with sterile distilled water in a 1:10
ratio to perform the spore count using a Neubauer chamber.
Spore content values were adjusted and used for subsequent
experiments.

C. gloeosporioides was grown from an inoculated prop-
agule from a PDA culture and then incubated at 32 °C for
10 days. B. subtilis was isolated from a commercial solution
(Serenade Max, Bayer).

Inactivation of C. gloeosporioides mycelium

Four 8-mm diameter plugs of PDA medium covered with
C. gloeosporioides were grown in 250 mL potato dextrose
broth (PDB) medium to initiate mycelial growth. The flasks
with PDB medium were incubated at 32 °C for 7 days with
constant agitation at 180 rpm. The mycelium was filtered
through a membrane and washed three times with sterile
distilled water. The collected mycelium was inactivated by
boiling in water for 30 min, cooled to room temperature,
and then filtered to remove excess water. The mycelium was
stored at — 20 °C, until use (Yang, 2009).

Hexanic extract preparation and fractionation by column
and thin-layer chromatography (TLC)

1 x 10® colony-forming units of B. subtilis were directly
co-inoculated with 1 x 107 spores of Trichoderma sp. strain
(T1, T2, or T3), in 250-mL PDB supplemented with 1%
inactivated C. gloeosporioides mycelium, and each of the
three co-inoculation systems was called as T1, T2, and T3
system, respectively. After a 3-day incubation at room tem-
perature (21 °C) and in the presence of light, the extrac-
tion was performed as follows. After filtrating the growth
medium, hexane was added in a 1:1 (v/v) ratio to the
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co-culture supernatant, and the mix was incubated at room
temperature on an orbital shaker at 180 rpm for 3 days. The
organic fraction was separated using a funnel and concen-
trated in a rotary evaporator at 68 °C. The crude extract
was separated on a chromatographic column with silica gel
serving as the stationary phase and eluted with ethyl ace-
tate—hexane, increasing the polarity by 10% for each fraction
(90:10, 80:20, 70:30, 60:40, and 50:50 v/v). The fractions
were dried in a rotary evaporator, obtaining a dense yellow
oil. Inhibition of C. gloeosporioides growth was analyzed
by impregnating paper disks (5 mm in diameter) (Kim et al.
1995) with 150 pg/mL of each fraction dissolved in dimethyl
sulfoxide (DMSO). The paper disks and a propagule of C.
gloeosporioides were placed 3 cm apart on PDA medium
and incubated at 4 °C for 24 h to allow even spreading, and
then at 32 °C for 9 days.

The fractions with the highest biological activity, deter-
mined by highest radial growth inhibition, were separated
by thin-layer chromatography (TLC). For this purpose,
100-200 pL of each column fraction were transferred on
TLC plates (TLC Silica gel 60 F,s,) and deposited in chro-
matographic cells, previously prepared with hexane and
ethyl acetate in a 95:5 (v/v) ratio. The plates were observed
under UV light (254 nm) and used to determine the retention
factor (Rf) for each separated TLC fraction with a ruler. The
silica was scraped from the plates, and the fractions with
similar Rf values were combined. Each TLC fraction was
re-extracted, based on its weight, using hexane, ethyl acetate,
or methanol in a 2:1 (v/v) ratio. The effect of each TLC frac-
tion from the supernatants (from the samples vortexed and
centrifuged) on C. gloeosporioides growth was determined.

Bioassays of TLC fractions

To assess the antifungal effect of the TLC-extracted fractions
0.5, 1, 1.5, and 2 pL of each was pipetted on 5 mm diameter
paper discs and allowed to evenly spread by incubation at
4 °C for 24 h. The TLC fraction-impregnated discs were
placed on the PDA medium in a Petri dish. A propagule of
C. gloeosporioides was put in the center of the Petri dish,
approximately 3 cm from each disc. The assay was incubated
at 32 °C for 9 days.

Identification of diffusible compounds

The metabolites in the TLC fractions were identified by
GC-MS (Agilent Foster City, CA, USA). The samples
were dried using nitrogen gas and re-suspended in 20 pL of
ethyl acetate. Then, 1 uLL of each sample was injected into
the Agilent 6850 Series II gas chromatograph equipped
with an Agilent MS detector (model 5973). The ions were
detected after electron impact ionization (70 eV). The ini-
tial operating conditions were 150 °C for 3 min, followed

Table 1 Fractions obtained by TLC of hexanic extracts from each co-
inoculation systems

System TLC fraction Chromatographic Rf
column fraction

Tl 1 13-38 0.75
2 1-12 0.62
3 1-38 0.45
4 1-12 0.301
5 1-38 0.307
6 1-38 0.26
7 5-7 0.20
8 1-38 0.15
9 1-12 0.03
10 1-9 0.78

T2 1 1-6, 12-24 0.02
2 6-12, 12-24 0.06
3 1-60 0.13
4 5-8 0.18
5 1-60 0.21
6 1-72 0.25
7 4-24 0.29
8 1-60 0.42
9 3 0.52
10 5-6 0.62
11 1-60 0.75
12 60-72 0.01
13 57-65 0.68
14 61-63 0.70
15 61-63 0.55
16 58-65 0.28
17 49-64 0.036
18 37-60 0.02

T3 1 1-36 0.08
2 1-36 0.14
3 5-7 0.23
4 5-12 0.29
5 5-7 0.54
6 1-72 0.73
7 1 0.25
8 26-72 0.18
9 37-41 0.29
10 62 0.60

by a steady increase of 5 °C/min until a final tempera-
ture of 278 °C after a total of 12 min. The temperature
conditions were as follows: post-run temperature, 300 °C
for 3 min; the injection temperature, 270 °C; the detec-
tion temperature, 300 °C. The detected compounds were
tentatively identified by comparisons from the library
(NIST/EPA/NIH Mass Spectral Database 11 and NIST
Mass Spectral Search Program 2.0; Chem Station Agilent

Piedlae clodl ayao .
KACST ,161)lg rogLe Ll @ Springer



329 Page4of 14

3 Biotech (2020) 10:329

Technologies Rev. D.04.00 2002) (Contreras-Cornejo
et al. 2009).

Antifungal effect of butyl acetate on C. gloeosporioides

PDA medium was supplemented with 0.1, 1, 10, and
100 uM of butyl acetate, to evaluate its effect on the
growth of C. gloeosporioides. Ethanol-supplemented PDA
was used as a control and had the maximum volume of eth-
anol (200 pL) used to prepare the butyl acetate solutions.

A plug of PDA medium covered with C. gloeospori-
oides (grown on PDA for 10 days) was placed in the
center of a Petri dish and grown for 10 days on PDA
with a specific concentration of butyl acetate or ethanol.
Radial growth inhibition was determined after 10 days
using the following equation: growth inhibition =[(Con-
trol growth—Treated growth)/(Control growth)] x 100
(Abdelshafy et al. 2020; Arjona-Girona et al. 2014). C.
gloeosporioides mycelial morphology was analyzed using
a light microscope.

Spores collected from the butyl acetate-treated myce-
lia for 10 days at room temperature in the dark were used
to inoculate PDB at a 5 10* concentration and evaluate
the effect of butyl acetate on C. gloeosporioides spore ger-
mination. Spore germination and mycelial growth were

determined after 1 day or 2 days upon inoculation. Mycelial
samples were stained with a drop of brilliant blue and then
visualized under a light microscope using the 40 X objec-
tive. In addition, a sterile paper disc, placed at the center of
the Petri dish with PDA, was inoculated with 2250 spores
from the previous treatment and grown for 10 days at 32 °C.
Mycelial morphology was analyzed using a microscope
equipped with the Meiji Infinit 1 metallographic camera
using the 10 X and 40 X objectives.

Statistical analysis

GraphPad Prism 5 (GraphPad Software Inc, La Jolla, CA)
was used to perform statistical analyses. Data were expressed
as the means + SD of three experiments and analyzed by
one-way ANOVA followed by the Tukey’s post-hoc tests for
differences in the percent inhibition of C. gloeosporioides
growth. Differences were considered significant at ® < 0.01.

Results

Biocontrol agents produce several secondary metabolites
that inhibit the growth of phytopathogens, and their com-
bination have been recommended to improve their efficacy

Fig. 1 Antifungal effect of column fractions obtained from T1 system
on C. gloeosporioides growth. Hexane-extracted compounds synthe-
sized by co-inoculated B. subtilis, Trichoderma T1 strain, and inac-
tivated C. gloeosporioides mycelium (T1 system) were fractionated
by column chromatography. Paper discs (1-7 in E) impregnated with
150 pg/mL of each T1 column fraction (1-35) were placed clockwise,

jllate ¢llodl ay .
des Shevis @) Springer

3 cm apart on a PDA-containing Petri dish with a propagule of C.
gloeosporioides (P) in the center. A DMSO-impregnated disc was
used as a control (C). The Petri dish was incubated at 4 °C for 24 h
and then at 32 °C for 9 days. Representative images of developed C.
gloeosporioides mycelia are shown (G1-G5). This experiment was
performed in triplicate
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(Jambhulkar et al. 2018). Therefore, to induce the bio-
synthesis of compounds that may inhibit the growth of
avocado pathogen C. gloeosporioides, this study used a
novel system that consisted of co-inoculated biocontrol
agents B. subtilis, Trichoderma sp., and the inactivated C.
gloeosporioides mycelium. Three tripartite systems were
analyzed and named T1, T2, and T3, respectively, based
on the strain of Trichoderma used. After 3 days, the diffus-
ible organic compounds synthetized by each system were
extracted using hexane and fractioned by column chro-
matography. Each system produced 72 fractions (Supple-
mentary Table 1).

Fig.2 Antifungal effect of col-
umn fractions from T2 system
on C. gloeosporioides growth.
Hexane-extracted compounds
synthesized by co-inoculated
B. subtilis, Trichoderma T2
strain, and inactivated C.
gloeosporioides mycelium (T2
system) were fractionated by
column chromatography. Paper
discs (1-7 in E) impregnated
with 150 pg/mL of each T2
column fraction (1-77) were
placed clockwise, 3 cm apart
on a PDA-containing Petri dish
with a propagule of C. gloe-
osporioides (P) in the center.
A DMSO-impregnated disc
was used as a control (C). The
Petri dish was incubated at 4 °C
for 24 h and then at 32 °C for

9 days. Representative images
of C. gloeosporioides mycelia
are shown (G1-G11). Discs
impregnated with each column
fraction were placed clockwise
and numbered consecutively

in groups of seven fractions
according to the scheme (E).
This experiment was performed
in triplicate

The antifungal capacity of the selected column fractions
(=150 pg/mL) from each system (Table 1) on the growth of
C. gloeosporioides was assessed on the PDA medium con-
taining column fraction impregnated paper discs. Although
T1 column fractions could not fully inhibit the radial myce-
lial growth, they significantly reduced it (Fig. 1, G3 and G5).
Moreover, the mycelium developed holes near the discs and
in the sporulation areas (Fig. 1, G2, G3 and G5).

On the plates treated with T2 column fractions (Fig. 2;
G11), cottony structures formed in the middle of the colo-
nies and sporulation zones. T3 column fractions, further-
more, induced irregular growth and reduced vegetative and
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Fig.3 Antifungal effect of col-
umn fractions from T3 system
on C. gloeosporioides growth.
Hexane-extracted compounds
synthesized by co-inoculated B.
subtilis, Trichoderma T3 strain,
and inactivated C. gloeospori-
oides mycelium (T3 system)
were fractionated by column
chromatography. Paper discs
(1-7 in E) impregnated with
150 pg/mL of each column
fraction (1-42) were placed
clockwise, 3 cm apart on a
PDA-containing Petri dish with
a propagule of C. gloeospori-
oides (P) in the center. A
DMSO-impregnated disc was
used as a control (C). The Petri
dish was incubated at 4 °C for
24 h and then at 32 °C for 9
days. Representative images of
developed C. gloeosporioides
mycelia are shown (G1-G6).
Discs impregnated with each
column fraction were placed
clockwise and numbered con-
secutively in groups of seven
fractions. This experiment was
performed in triplicate

aerial growth (mycelial loosening) around the discs. T3
column fractions (Fig. 3; G5) inhibited the radial mycelial
growth. They caused mycelium compaction and sporula-
tion rings that spanned from the central zone to the middle
region of the colonies (Fig. 3; fractions in G2, G3, and G4;
the first four fractions in G1).

Column fractions with significant effects on the myce-
lial growth (Table 1) were subjected to TLC to identify
the active compounds. The resulting TLC fractions with
similar Rf were collected and combined. TLC yielded
18 fractions from T2 and 10 from T1 and T3 (Table 1).
Their antifungal effect on the radial growth of C. gloe-
osporioides was assessed on the PDA medium with TLC
fraction-impregnated paper discs. Seven T1 TLC fractions
inhibited growth that was visible as colony arrest in the
areas of contact with the discs (Fig. 4). Cottony structures
also formed in the middle of the colonies treated with T1
TLC fractions 7, 8, and 9, while T1 TLC fractions 1 and 6
resulted in mycelial loosening.

In addition, a sporulation zone formed in the center of
the colony treated with T1 TLC fractions 4, 5, 7, and 8
and in the entire colony exposed to T1 TLC fractions 1
and 6 (Fig. 4).
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Seven out of 18 T2 TLC fractions showed an inhibitory
effect on the radial mycelial growth (Fig. 5). Growth arrest
was also present when the mycelium reached the edge of
the discs impregnated with T2 TLC fractions 10, 11, and 18
(Fig. 5). These effects were thus different from those trig-
gered by T1 TLC fractions, where mycelial loosening on
discs treated with T2 TLC fractions 3, 4, 6, and 14 (Fig. 5)
developed. In the T2 TLC fraction 3, mycelial growth-
arrested and lack of sporulation rings were also observed
(Fig. 5).

Finally, 7 out of 10 T3 TLC fractions (Fig. 6) affected
C. gloeosporioides growth. When the mycelium reached
the edges of discs impregnated with T3 TLC fractions 1, 2,
and 3, loosening occurred. This effect was most prominent
in T3 TLC fractions 4, 6, 8, and 10. Moreover, the radial
growth ceased, and the flattening of colonies enhanced with
increasing volumes of added T3 TLC fractions, except in
T3 TLC fraction 8, where this effect appeared at all fraction
volumes. In the latter, the colonies were also both loose or
compact (Fig. 6).

The TLC fractions with higher inhibitory activities
were selected for GC-MS analysis. Eight compounds
were identified: ethyl butanoate, butyl acetate, acetic acid,
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Fig.4 Antifungal effect of TLC
fractions obtained from the T1
system on C. gloeosporioides
growth. Hexane-extracted com-
pounds synthesized by co-inoc-
ulated B. subtilis, Trichoderma
T1 strain, and inactivated C.
gloeosporioides mycelium (T1
system) were fractionated with
TLC. Paper discs impregnated
with 0.5, 1.0, 1.5, and 2.0 pL of
the TLC fractions were placed
clockwise on a Petri dish (E). A
propagule of C. gloeosporioides
(P) was placed in the center,

3 cm away from the discs. A
DMSO-impregnated disc was
used as a control (C). The Petri
dish was incubated at 4 °C

for 24 h and then at 32 °C for

9 days. Representative images
of developed C. gloeosporioides
mycelia (1, 4,5, 6,7, 8, and 9).
Only those images of TLC frac-
tions with a demonstrated effect
on pathogen growth are shown.
This experiment was performed
in triplicate

2-butoxyethanol, 3,5-di-tert-butyl-4-hydroxybenzaldehyde,
3,5-di-tert-butyl-4-hydroxybenzyl alcohol, Hexadecanoic
acid, and Octadecanoic acid (Table 2). As butyl acetate
was the most abundant compound in all active fractions
(Table 3), its effect on C. gloeosporioides was tested. Radial
mycelial growth and morphology were evaluated on PDA
media supplemented with increasing concentrations of
butyl acetate (0.1, 1, 10, and 100 uM, respectively). The
lowest concentration of butyl acetate (0.1 uM) inhibited the
radial growth by 9.98% as compared to that in the control
(Fig. 7a—d). Conversely, higher levels did not affect growth
(Fig. 7a).

Butyl acetate also caused morphological changes at every
analyzed concentration; therefore, microscopic analysis
was performed to assess the cellular effects. The analysis
revealed that butyl acetate caused a dose-dependent hyphal
thinning and formation of septate hyphae at 10 uM (Fig. 7b).

Subsequent quantitation of C. gloeosporioides spores
showed butyl acetate could not affect sporulation (Fig. 7c).

The effect of butyl acetate on spore germination was
also evaluated. Spores recovered from C. gloeosporioides
colonies exposed to 0.1, 1, 10, and 100 uM of butyl acetate

were inoculated in PDB or PDA medium (Fig. 8). Micro-
scopic analysis revealed cell wall thinning on the hyphae
developed from PDB-germinated spores. This effect was
dose-dependent, with the thinning most evident at higher
levels of the compound (Fig. 8a). Furthermore, after 2 days
of spore incubation, septate hyphae appeared on the germi-
nated spores recovered from colonies grown in 10 uM and
100 uM of butyl acetate, respectively (Fig. 8a, arrowheads).

Spores recovered from colonies treated with the highest
concentration (100 uM) of butyl acetate on PDA medium
(this concentration showed to be the most significant effec-
tor on hyphae morphology in PDB) were further ana-
lyzed because this concentration of the compound showed
the highest effect on the morphology. In this experiment
(Fig. 8b), spores recovered from colonies grown on etha-
nol-supplemented PDA were used as a control. The results
showed that the mycelium developed from spores recovered
from colonies grown on both ethanol and PDA for 10 days,
and generated a sporulation zone in the center. However, this
effect was absent in the mycelium developed from spores
recovered from control colonies (Fig. 8b). Remarkably,
the mycelium developed from spores recovered from butyl
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Fig.5 Antifungal effect of TLC
fractions obtained T2 system
on C. gloeosporioides growth.
Hexane-extracted compounds
synthesized by co-inoculated B.
subtilis, Trichoderma T2 strain,
and inactivated C. gloeospori-
oides mycelium (T2 system)
were fractionated with TLC.
Paper discs impregnated with
0.5, 1.0, 1.5, and 2.0 pL of the
TLC fractions were placed
clockwise on a Petri dish (E). A
propagule of C. gloeosporioides
(P) was placed in the center,

3 cm away from the discs. A
DMSO-impregnated disc was
used as a control (C). The Petri
dish was incubated at 4 °C

for 24 h and then at 32 °C for

9 days. Representative images
of developed C. gloeosporioides
mycelia (3, 4, 6, 10, 11, 14, and
18). Only those images of TLC
fractions with a demonstrated
effect on pathogen growth

are shown (3, 4, 6, 10, 11, 14,
and 18). This experiment was
performed in triplicate

acetate-grown colonies had loose morphology at its edges
and malformations visible as holes in the center and middle
zones (Fig. 8b).

Slight sporulation was also noticeable as compared to the
mycelium developed under control conditions. Microscopic
analysis (Fig. 8c) revealed that the mycelium developed from
spores recovered from both control and ethanol treatments
did not show morphological differences; in both treatments,
hyphae with thick cell walls were observed. Nonetheless, the
mycelium developed from spores recovered from butyl ace-
tate-treated colonies displayed septate and lax hyphae (Fig. 8c,
arrowhead). Besides, these colonies had fewer hyphae sug-
gesting that these colonies are more susceptible to mechanical
damage caused by the sampling procedure.

Discussion

Mexico is the leading global producer and exporter of avo-
cado (Persea americana Mill) (FAOSTAT 2017). However,
various biotic factors, such as diseases that directly affect
the fruit, can cause production losses and exert an impact
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on international trade (Trinidad—Angel etal. 2017). Among
these diseases, anthracnose caused by Colletotrichum spp.
is one of the most critical illnesses provoked on the ‘Hass’
avocado. The infection reduces the fruit quality, not only as
a result of direct damage by rots generated directly on the
fruit but also because it limits commercialization (Rojo-Baez
et al. 2017). The control of fungal diseases mainly depends
on chemical fungicides, but because of their toxicity and
generation of pathogen resistance, alternatives for treatment
are necessary.

Biocontrol agents have emerged as a promising alterna-
tive to classical fungicides (Sharma et al. 2009). An exciting
candidate among them is B. subtilis, due to a large number
of antimicrobial metabolites (e.g., non-ribosomally cyclic
peptides and volatile organic compounds) that it produces
(Mohammadipour et al. 2009). Likewise, Trichoderma spp.
have been used for biological control due to their ability to
colonize different substrates and survive in a wide plethora
of habitats (Sharma et al. 2017).

Here, a tripartite system consisting of co-cultured of
Trichoderma sp., B. subtilis and inactivated C. gloeospori-
oides mycelium was used to identify novel compounds that
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Fig.6 Antifungal effect of
TLC fractions from T3 system
on C. gloeosporioides growth.
Hexane-extracted compounds
synthesized by co-inoculated B.
subtilis, Trichoderma T3 strain,
and inactivated C. gloeospori-
oides mycelium (T3 system)
were fractionated with TLC.
Paper discs impregnated with
0.5, 1.0, 1.5, and 2.0 pL of the
TLC fractions were placed
clockwise on a Petri dish (E). A
propagule of C. gloeosporioides
(P) was placed in the center,

3 cm away from the discs. The
Petri dish was incubated at 4 °C
for 24 h and then at 32 °C for

9 days. A DMSO-impregnated
disc was used as a control

(C). Representative images of
developed C. gloeosporioides
mycelia (1, 2, 3, 6, 8, and 10).
Only those images of TLC
fractions with a demonstrated
effect on pathogen growth are
shown (1, 2, 3, 6, 8, and 10).
This experiment was performed
in triplicate

Table 2 Compounds from TLC fractions identified using GC-MS

Compound Retention time
(min)

Ethyl butanoate 5.02

Butyl acetate 543

Acetic acid 5.69

2-Butoxyethanol 8.15

3,5-Di-tert-butyl-4-hydroxybenzaldehyde 31.28

3,5-Di-tert-butyl-4-hydroxybenzyl alcohol 31.395

Hexadecanoic acid 35.21

Octadecanoic acid 38.93

Compounds were tentatively identified using the NIST library

could treat anthracnose. Extracts from co-culture superna-
tants were separated into fractions by column chromatogra-
phy (Table 1, Supplementary Table 1), and their antifungal
effects were evaluated. Although column fractions obtained
from T1 and T3 systems did not inhibit C. gloeosporioides
growth (Figs. 1 and 3), several fractions from T2 system
did (Fig. 2).

In addition, all assessed column fractions showed changes
in the pathogen growth, such as decreased mycelium density,
mycelial damage (i.e., holes), the formation of cottony struc-
tures, presence of sporulation zones, and mycelium compac-
tion (Figs. 1-3). These observations indicate that the metab-
olites present in column fractions indeed have antifungal
properties against C. gloeosporioides. Column fractions that
had the highest growth inhibitory effect on C. gloeospori-
oides were analyzed by TLC. Some resulting TLC fractions
altered the growth of C. gloeosporioides (Figs. 4-6), and the
induced changes were similar to those mentioned above (e.g.,
growth arrest, mycelial loosening, cottony structures, etc.).

TLC fractions promoted effects similar to those caused
by mutations of known genes. For instance, deletions of
CgCdc42 (Wang et al. 2018), CgRGS1 (Liu et al. 2018), or
CgMKI (He et al. 2017) resulted in mycelial vegetative and
aerial growth inhibition, conidiation, and biomass accumula-
tion. Therefore, we speculate that compounds produced by
the co-culture systems affect signaling pathways that regu-
late growth and development. Alternatively, the compounds
may control different pathways and underscore the necessity
for future investigation.
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Table 3 Metabolites from TLC fractions identified using GC-MS for each of the co-inoculation systems

System-Fraction Ethyl butanoate Butyl acetate Acetic acid 2-Butoxyethanol 3,5-Di-tert-butyl-  3,5-Di-tert-butyl-  Hexade- Octa-
4-hydroxybenzal-  4-hydroxybenzyl  canoic deca-
dehyde alcohol acid noic

acid
Normalized amount (%)

T1-1 2.7 8.5 10.2 78.6 nd nd nd nd

T1-4 28.9 71.1 nd nd nd nd nd nd

T1-5 nd 71.0 nd 29.0 nd nd nd nd

T1-6 Trace 100.0 nd nd nd nd nd nd

T1-7 nd 100.0 nd nd nd Trace nd nd

T1-8 14.0 40.8 329 nd Trace 12.3 nd nd

T1-9 25.3 74.7 nd nd nd nd nd nd

T2-3 19.5 59.6 nd nd nd 20.9 nd nd

T2-4 18.9 69.7 nd nd Trace 11.4 nd nd

T2-6 10.9 47.3 nd nd 18.5 23.3 nd nd

T2-10 15.6 48.8 nd nd 8.5 27.1 nd nd

T2-11 12.7 31.9 nd nd 554 Trace nd nd

T2-14 38.3 61.7 nd nd nd nd nd nd

T2-18 16.4 514 322 nd nd nd nd nd

T3-1 13.2 57.8 nd nd nd 29.0 nd nd

T3-2 26.0 74.0 nd nd Trace Trace nd nd

T3-3 12.3 41.4 21.1 nd Trace 25.2 nd nd

T3-4 27.0 73.0 nd nd nd Trace nd nd

T3-6 9.4 33.8 nd nd 56.8 Trace nd nd

T3-8 2.8 9.2 nd nd 8.6 52 232 51.0

T3-10 15.6 54.9 nd nd 7.6 21.9 nd nd

nd Not determined

TLC fractions with the highest bioactivity were ana-
lyzed by GC-MS to identify the compounds. Among them,
butyl acetate was detected in 17 of the 21 analyzed TLC
fractions, making up between 8.5% and 100% of each, and
is the most abundant of the isolated diffusible compounds
(Table 3). Butyl acetate is one of the main volatile organic
compounds (VOCs) produced by Ceratocystis fimbriata
in the biocontrol of Monilinia fructicola and Penicillium
digitatum (Li et al. 2015). Ethyl butanoate was the second
most abundant identified compound, detected in 18 frac-
tions, and comprising between 2.7% and 38.3% of each
(Table 3). It is a VOC produced by Saccharomyces cer-
evisiae in the biocontrol of P. digitatum (de Souza et al.
2018).

2-Butoxyethanol was present in only two fractions, con-
stituting between 29% and 78.6% of each (Table 3). Yuan
et al. (2017) reported that this compound is among the VOCs
produced by Bacillus amyloliquefaciens NJN-6 (Yuan et al.
2017). Furthermore, in 9 fractions, 3,5-di-fert-butyl-4-hy-
droxybenzyl alcohol was identified, ranging between 5.2%
and 29% in each (Table 3). This compound has been used as
a precursor of hydrocarbon antioxidants (Singh et al. 2017),
suggesting that it likely prevents oxidation of hydrocarbon
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compounds generated during the co-culture (Brown et al.
2008; Hirpara et al. 2016).

In 6 fractions, 3,5-di-terz-butyl-4-hydroxybenzaldehyde
was detected in amounts ranging between 7.6% and 56.8%
(Table 3). Siddiquee et al. (2012) reported this compound as
one of the VOCs produced by Trichoderma harzianum that
is used to control vectors of human diseases: Culex quinque-
fasciatus Say and Aedes aegypti Linn (Chellappandian et al.
2018; Siddiquee et al. 2012).

Other identified compounds were as follows: acetic acid,
found in 4 fractions and ranging between 10.2% and 32.9%
of each; octadecanoic acid, identified in T3-8 fraction and
representing 51% of the active compound; and hexadecanoic
acid, also present in T3-8 fraction and constituting 23.2%
(Table 3). These compounds acidify the growth medium
and prevent C. gloeosporioides pathogenicity (Guetsky et al.
2005; Kumar et al. 2018).

Since butyl acetate was the most abundant compound, its
effect on the growth of C. gloeosporioides was analyzed. At
the lowest concentrations (0.1 pM), butyl acetate induced
the radial growth inhibition by 9.98% when compared to
that in the control (Fig. 7). Moreover, microscopic analy-
ses revealed that it reduced spore formation and promoted
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Fig.7 Effect of butyl acetate
on C. gloeosporioides growth,
mycelial morphology, and
spore number. a Representative
images of C. gloeosporioides
mycelial growth under control
conditions and on indicated
concentrations of butyl acetate
after a 10-day incubation at
room temperature in the dark.

b Representative micrographs
of mycelium from a. Myce-

lial samples were mixed with

a drop of brilliant blue and
visualized under a microscope
with 10 X and 40 X objec-
tives. ¢ Quantification of C.
gloeosporioides spores after
treatment with butyl acetate.
Bars represent the median spore
number + SE (n=3). d Percent-
age of C. gloeosporioides radial
growth inhibition (data repre-
sent the median + SE; n=4).
Different letters represent statis-
tically different means (x<0.01
in the Tukey’s post-hoc test).
Three biological experiments
were performed

hyphal cell wall thinning that worsened with increasing con-
centrations. Liu et al. (2011) showed that cinnamaldehyde
led to abnormal mycelial morphology, conidial cell wall
degradation, and abolished the production of spores on C.
gloeosporioides. In addition, it induced septated (divided)
hyphae at 10 and 100 pM. Thus, the dose-dependent pheno-
type triggered by butyl acetate might be a result of the loss
of cell-wall integrity caused by the impairment of cell wall
homeostasis (Bae et al. 2016).

Butyl acetate may also affect the activity of C. gloe-
osporioides laccases that are responsible for melanin bio-
synthesis and pathogenicity. The Dlacl mutant has less
pigmentation, drastically reduced aerial mycelial mass, and
lower radial growth rates when compared to the wild-type
strain (Wei et al. 2017). Indeed, spores that germinated from
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the butyl acetate-treated C. gloeosporioides mycelium pro-
duced thinner and septated hyphae, and this effect was more
pronounced with higher concentrations of butyl acetate.

Likewise, colonies from the PDA-germinated spores did
not have the same dark pigmentation as the control (Fig. 8).
Thinner and septated hyphae also developed, indicating that
butyl acetate compromised the pathogenicity of C. gloe-
osporioides by constraining hyphal growth.

The fungal membrane has a fundamental role in main-
taining cellular homeostasis (Avis, 2007). Antifungal com-
pounds that disrupt the membrane increase its fluidity; these
elevations in fluidity will cause generalized disorganization.
Since butyl acetate induced hyphal thinning, cell wall deg-
radation, and cell lysis, it could affect both membrane and
cell wall integrity.
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[Butyl acetate] uM

Control

Fig.8 Effect of butyl acetate on germination of C. gloeosporioides
spores. a Representative micrographs of mycelium from spores ger-
minated in PDB medium. Spores prepared from C. gloeosporioides
were grown in PDB supplemented with ethanol (0) and indicated
concentrations of butyl acetate for 10 days at room temperature in the
dark. Mycelial samples were stained with a drop of brilliant blue and
then visualized under a microscope using the 40 X objective. Sam-
ples were taken 1 day or 2 days after inoculation (dai). b Representa-
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tive images of C. gloeosporioides grown in PDB alone for 10 days.
Spores were prepared from C. gloeosporioides grown on PDA (con-
trol), PDA supplemented with ethanol, or PDA supplemented with
100 uM of butyl acetate for 10 days at room temperature in the dark.
¢ Representative micrographs of the mycelium from b. Mycelial sam-
ples were stained with a drop of brilliant blue and visualized under a
microscope with 10 X and 40 X objectives
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Butyl acetate substantially inhibited growth of C. gloe-
osporioides. It induced drastic changes in spore germination
and mycelium development, suggesting a reduction in patho-
genicity. However, in vivo analysis is necessary to confirm
this assumption. Likewise, whether butyl acetate can man-
age anthracnose in combination with other compounds is an
open question for future research. In summary, our results
indicate that the co-culture of Trichoderma sp. and B. sub-
tilis is a suitable strategy to identify antifungal compounds
for the biocontrol of C. gloeosporioides.
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