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Abstract: A study was conducted to test the pathogenicity of an endophytic fungus associated with
asymptomatic cacao leaves, to determine its identity through cultural, morphological and molecular
characterization, and to evaluate itsantagonistic ability vs. Phytophthora palmivora causing cacao
black pod rot disease. Experiments were carried out under laboratory and shade house conditions.
Homogeneity of variances and normal data distribution were determined using Bartlett’s and Shapiro–
Wilk tests, respectively. Inoculation of the endophyte in healthy cacao seedlings and pods at 5 × 105

to 1 × 106 conidia per mL by spraying resulted in asymptomatic infections. The endophyte was
recovered from artificially inoculated tissues 14 and 26 days after inoculation (DAI) (UF18 seedlings),
and at 10 (K9 seedlings) and 14 DAI from cacao pods. The endophyte was identified as Colletotrichum
siamense based on its cultural, morphological and molecular characteristics. In vitroanti-pathogen
assays showed that C. siamense had the potential to limit pathogen growth by antibiosis. At 3, 5 and
7 days after incubation period (DAIP), growth of the pathogen in co-cultivation with the endophyte
measured 60.0, 70.0 and 71.0 mm, respectively, which wasconsiderably lower than the growth of the
pathogen alone.

Keywords: biological control; black pod rot; Colletotrichum siamense; endophytic fungus; Phytoph-
thora palmivora

1. Introduction

Cacao (Theobroma cacao L.) is an important crop cultivated worldwide, because of
its properties as primary raw material in the production of chocolates and other by-
products [1]. Like any other crop, cacao is affected by diseases that negatively influence
its growth, yield and quality.Among them, black pod rot (BPR) caused by Phytophthora
palmivora is considered the most devastating [2,3]. The pathogen attacks all plant parts at
any growth stage, and can cause up to 20–30% pod losses [3]. One of the effective means
to manage the disease is through chemical control [3,4]. However, despite its efficacy,
long-term utilization of chemicals may yield adverse effects such as toxicity in plants and
non-target organisms [5], contamination of soil and water systems and development of
resistance among populations of Phytophthora [6]. Moreover, chemical control is not costef-
fective, particularly for small landholders who constitute the majority of cacao growers.

Because of the emerging negative impacts of the continuous usage of chemicals,
biological control is considered as a viable component for disease management [7]. The
strategy involves the use of microbial antagonists that suppress plant diseases [8]. Among
the beneficial microorganisms, endophytes have potential to limit growth and development
of pathogens. Endophytes inhabit plant organs and colonize the plant internal tissues
without causing visible harm to their hosts [9]. Previous studies revealed the potential
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of cacao foliar fungal endophytes by providing protection to seedlings and suppressing
diseases such as leaf necrosis, leaf mortality, pod and frosty pod rots [10–12]. Aside from
leaf tissues as the host of many endophytes, other aboveground plant parts, e.g., stems
or branches, act as shelters of these microorganisms. Particularly, Trichoderma martiale,
isolated from the sapwood of cacao trunk and branches, was found to suppress growth
of P. palmivora causing black pod rot disease [13]. Culturable endophytic fungi belonging
to the genera Trichoderma, Pestalotiopsis, Curvularia, Tolypocladium and Fusarium, recovered
from stems and branches of cacao trees, also showed biocontrol effects against pathogens
by decreasing disease severity when applied to cacao pods [14].

Although studies have been carried out to determine the antagonistic mechanisms
of several endophytes, the processes underlying protection by endophytes, isolated from
asymptomatic cacao leaves, from P. palmivora are not yet established. Considering the
importance of biological control in disease management, it is therefore necessary to carry
out research to explore the potential of biological control agents, particularly endophytes,
to manage cacao diseases.Employing this approach will allow a more productive and
sustainable production among smallholders, as it is costeffective, ecologicallysound and
environmentallysafe.

This study was hence conducted to test the pathogenicity of an endophytic fungus
associated with asymptomatic cacao leaves, to determine its identity through cultural,
morphological and molecular characterization, and to evaluate its in vitroefficacy versus
P. palmivora causing black pod rot disease.

2. Materials and Methods
2.1. Endophyte Isolation and Pathogenicity

Mature, fully expanded and healthy cacao leaves were collected in a smallholder farm
in Davao del Norte, Philippines during March 2017. Isolation of endophytes was carried
out following the consecutive immersion procedure: 60 s in 95% ethanol (EtOH), 3 min
in 2.5% sodium hypochloride (NaClO) and 30 s in 95% EtOH [15], followed by rinsing in
three changes of sterile distilled water (SDW).Cultures were maintained in potato dextrose
agar (PDA) slants kept at 4–5 ◦C. Among isolated endophytes, Colletotrichum sp. Corda EF
39 was selected for the study. The isolate was similar to a dominant endophyte recovered
from healthy cacao leaves and pods, able to limit the growth of P. palmivora [10–12,16].
A pathogenicity test was conducted using endophyte-free seedlings and healthy cacao
pods. The inoculum was prepared by adding 7- to 14-day-old pure cultures to 10 mL
SDW to dislodge conidia and mycelia. The fungal suspension was filtered using sterilized
two-layer gauze cloth fixed at the aperture of a 250 mL conical Erlenmeyer flask. Conidia
were calibrated at 5 × 105 to 1 × 106 per mL and sprayed on previously tagged 1st and
2nd leaves from the youngest leaf of 45- to 50-day-old cacao seedlings, using a plastic
atomizer. Pods inoculated with the endophyte were placed on top of a wire screen laid
above the moistened tissue paper inside a plastic container. Inoculated seedlings and pods
were incubated and observed for development of disease symptoms. Colonization of the
endophyte in planta was verified 14 and 26 (UF18 clone), or 10 and 20 days after inoculation
(DAI) (K9 clone). For every scheduled date, one stage B leaf [17] was harvested from each
of the five endophyte-inoculated and five non-inoculated seedlings.Developmental stage
B of cacao leaf was selected as during this phase, the leaves are still soft, and thus, more
receptive to infection. A total of 10 leaves (equivalent to 160 leaf segments) were seeded for
each sampling schedule following current procedures [18]. Set-up was monitored daily
for fungal growth. Colonization by the endophyte was evaluated seven days after seeding
in culture plate. Re-isolation of endophyte from inoculated pods was carried out 14 DAI.
Symbols such as + and − were used to indicate that the endophyte was recovered or not
from the inoculated and uninoculated tissues.



Microbiol. Res. 2021, 12 530

2.2. Phytophthora Isolation and Pathogenicity

Phytophthora palmivora was obtained from cacao pod rot specimens collected from
the clonal garden of the University of Southern Mindanao Agricultural Research Center
(USMARC), Kabacan, Cotabato, Philippines. Pods showing typical disease symptoms
were collected and processed in the laboratory. Specimens were washed in running tap
water and surface sterilized in 10% commercial bleach for 5 min, rinsed in three changes
of SDW and blotted dry. Isolation was carried out by excising ~2 mm2 sections from the
edge of an actively growing lesion. The cut sections were seeded in sterile plastic plates
(90 mm × 15 mm) containing V8 juice agar (V8JA) medium (3 g calcium carbonate, 17 g
agar, 200 mL V8 juice and 1 L SDW) amended with 2–3 drops of ampicillin (500 mg diluted
in 5 mL of SDW) to suppress bacterial growth. Seeded plates were properly sealed and
incubated in an inverted position at room temperature for 2–3 days. A segment of fungal
growth emerging from the seeded tissues was transferred to a V8JA medium culture plate
for purification and maintenance of the isolates. Pathogenicity tests were carried out by
pricking the surface-sterilized cacao pods with a needle. Later, a mycelial disc (12 mm2)
from a 7-day-old pure culture of the pathogen was placed with 30 µL of SDW in each
inoculation point for treated and control pods, respectively. Following pathogen incubation,
the disease development was observed 2–3 DAI.

2.3. Cultural, Morphological and Molecular Characterization

Agar discs (12 mm2) obtained from a 7-day-old pure culture of Colletotrichum sp. Corda
EF 39 were placed individually at the center of V8JA plates. The cultures were incubated at
room temperature in an inverted position. Three days later, growth diameter was measured
and colony morphology parameters such as shape, color, texture, density and zonation
were measured. Morphological characterization was carried out on a small agar block
(6 mm2) in the middle of a sterile glass slide. The mycelium of a 7-day-old endophyte
culture was placed individually in one corner of the block and covered with a sterile cover
slip, and incubated with moistened tissue paper for 5–7 days. Size, shape and color of the
conidia and appressoria were observed under a light microscope (Olympus CX41RF).

For molecular identification, genomic DNA of the endophyte was extracted utilizing
the Qiagen Extraction Kit (DNeasy® Plant Mini Kit) following the manufacturer pro-
tocol. The extracted DNA was used as a PCR templateusing primers (forward) ITS1
(TCCGTAGGTGAACCTGCGG-3′) and (reverse) ITS 4 (5′-TCCTCCGCTTATTGATATGC-
3′) [19] for amplification of the ITS regions. PCR was carried out in a total volume of
50 µL reactionmixture containing 4 µL of genomic DNA (~50 ng), 10 µL of 5 × MyTaq
Reaction Buffer, 1 µL of 20 µM of each primer (forward and reverse) and 1 µL of MyTaq
DNA polymerase, with water (ddH2O) up to 50 µL. Amplifications were performed in a
thermal cycler with cycling conditions: 95 ◦C for 1 min for initial denaturation, followed
by 35 cycles at 95 ◦C for 15 s for denaturation, 55 ◦C for 15 s for annealing and extension
at 72 ◦C for 10 s, followed by a final extension at 72 ◦C for 5 min. The PCR product was
separated by gel electrophoresis using 1% agarose gel stained with ethidium bromide
(EtBr).Loading buffer (bromophenol blue and xylene cyanol FF) at 2 µL was added to
2 µL PCR products before wells loading. DNA fragment separation wasvisualized using
ultraviolet illumination. The PCR products were sent to 1st BASE Laboratories (Malaysia)
for purification and sequencing. The sequence similarity of the isolates was determined
using the NCBI Basic Local Alignment Search Tool (BLAST). The sequence of the ITS region
of the endophyte was compared with 20 accessions of C. siamense sequences previously
deposited in GenBank. Sequences of other reference isolates such as C. acutatum, C. de-
matium and C. gloeosporioides were also obtained from the same source. Alignment was
carried out by Muscle alignment program using MEGA version 10. Phylogenetic tree
was constructed using neighbor-joining (NJ) method. Test of phylogeny was performed
utilizing thebootstrap method at 1000 replications.
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2.4. Anti-Pathogen Assay
2.4.1. Dual Culture Test

Mycelial discs (12 mm2) from a 7-day-old pure culture of P. palmivora were excised
and paired individually with Colletotrichum sp. Corda EF 39 opposite to each other at a
distance of 40 mm apart. Trichoderma harzianum was included as a standard check treatment.
Pathogen seeded alone on plated V8JA medium served as a control. The growth diameter
of both pathogen and endophyte was measured 3, 5 and 7 days after incubation. The
percent inhibition of radial growth (PIRG) was evaluated using the formula:

PIRG =
R1− R2

R1
× 100

where R1 = diameter (mm) of the pathogen colony in the control; R2 = diameter (mm) of
the pathogen in the endophyte-tested plate.

The degree of antagonism was evaluated using a rating scale [20]: 1—antagonist
completely overgrew the pathogen and covered the entire medium surface; 2—antagonist
overgrew the pathogen by at least two-thirds of the medium surface; 3—antagonist and
the pathogen each colonized one-half of the medium surface and no organism appeared
to dominate the other; 4—pathogen overgrew the antagonist by at least two-thirds of
the medium surface and appeared to withstand invasion by the antagonist; and 5—the
pathogen completely overgrew and occupied the entire medium surface.

The antagonistic activity of the endophyte was also described through visual assess-
ment [21]: >75% PIRG = very high antagonistic activity; 61–75% PIRG = high antagonistic
activity; 51–60% PIRG = moderate antagonistic activity; <50% PIRG = low antagonistic activity.

2.4.2. Test for Antibiosis

Assay was carried out by placing the mycelial disc (12 mm2) obtained from a 7-day-
old pure culture of P. palmivora (USMARC-Psp) at the center of a plastic plate previously
amended with 15 mL of V8JA.Thereafter, the bottom plate seeded with the pathogen
was inverted over the bottom plate of Colletotrichum sp. Corda EF 39. For the control
and standard check treatments, the bottom plates with pathogen were inverted over
the bottom plates seeded with agar disc and T. harzianum (standard check), respectively.
The overlapping edges of the inverted plates were sealed properly. Seeded plates were
incubated at room temperature with the pathogen on top. Colony diameter of the pathogen
was measured 3, 5 and 7 days after incubation.

2.4.3. Statistical Design and Data Analyses

In vitroassays were laid out in a completely randomized design (CRD). Bartlett’s and
Shapiro–Wilk tests were carried out to determine homogeneity of variance and normal
distribution of data. Afterwards, analysis of variance was performed. Treatment means
were compared using the least significant difference (LSD) test at 5% level of significance.

3. Results
3.1. Pathogenicity Test

Colletotrichum sp. Corda EF 39 was identified as C. siamense based on its cultural,
morphological and molecular characteristics. Several days after EF 39 introduction by
spraying, no disease manifestation was observed among the inoculated leaf samples of
UF18 seedlings. At 14 and 26 DAI, the endophyte was recovered from a number of
randomly selected endophyte-inoculated leaves (Table 1). The fungus was also re-isolated
from another cacao clone (K9) tested, without showing disease manifestations, 10 DAI.
However, its colonization did not progress overtime. Furthermore, C. siamense was not
recovered from any of theuninoculated cacao leaves sampled. However, absence and
low colonization frequency of the endophyte were scored in a number of inoculated leaf
samples, confirming earlier findings, for Colletotrichum-like strains [22]. Pods inoculated
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with C. siamense remained healthy and their appearance was comparable to that of those
uninoculated (Figure 1).

Table 1. Re-isolation of C. siamense from inoculated cacao leaves by spraying method at different
sampling times (days after inoculation, DAI).

Leaf Sample
UF18 Clone K9 Clone

14 DAI 26 DAI 10 DAI 20 DAI

Inoculated
1 + + + −
2 − − − −
3 − − + −
4 + + − −
5 − + + −

Control
1 − − − −
2 − − − −
3 − − − −
4 − − − −
5 − − − −

+ Endophyte re-isolated from inoculated cacao leaves. − Endophyte not re-isolated from inoculated and uninocu-
lated cacao leaves.
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Figure 1. C. siamense inoculated (A) and uninoculated cacao pods (B) showing asymptomatic
infection, 14 days after inoculation (DAI).

3.2. Cultural, Morphological and Molecular Identification

Colony growth of the endophyte grown in V8JA medium was uniform and circular,
with a white color (both plate sides). The fungus had a felty texture, medium density at the
center while sparse at the margin and was without zonation (Figure 2). Three days after
incubation at room temperature, growth diameter measured 54.0 mm (n = 5). The conidia
were unicellular or one-celled, hyaline and with fusiform shape. Conidial size ranged
from 10.4 to 17.9 (L) × 2.6 to 5.5 µm (W) with a mean of 13.0 ± 1.1 (SD) × 3.6 ± 0.6 µm
(n = 50). The color of the appressoria was light brown to brown with sizes ranging from
6.9 to 13.9 (L) × 5.2 to 8.8 µm (W) with a mean of 9.6 ± 1.3 × 6.3 ± 0.8 µm (n = 15).
The endophyte did not produce setae in all the slide cultures examined. Based on the
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sequence of ITS regions, the endophyte exactly matched C. siamense with 100% sequence
similarity. A total of 64 accessions deposited in the GenBank nucleotide database of C.
siamense was found, similar to the Colletotrichum sp. Corda EF 39 amplified sequence
(Supplementary Materials Table S1) from asymptomatic cacao leaves. The phylogenetic
tree showed that the endophyte sequence grouped with those of C. siamense deposited in
GenBank (Figure 3). On the other hand, the endophyte was distant from other species of
Colletotrichum as reference isolates, such as C. acutatum, C. dematium and C. gloeosporioides.

Microbiol. Res. 2021, 12, 37 533 
 

 

ranged from 10.4 to 17.9 (L) × 2.6 to 5.5 µm (W) with a mean of 13.0 ± 1.1 (SD) × 3.6 ± 0.6 

µm (n = 50).The color of the appressoria was light brown to brown with sizes ranging from 

6.9 to 13.9 (L) × 5.2 to 8.8 µm (W) with a mean of 9.6 ± 1.3 × 6.3 ± 0.8 µm (n = 15).The 

endophyte did not produce setae in all the slide cultures examined.Based on the sequence 

of ITS regions, the endophyte exactly matched C. siamense with 100% sequence similarity. 

A total of 64 accessions deposited in the GenBank nucleotide database of C. siamense was 

found, similar to the Colletotrichum sp. Corda EF 39 amplified sequence (Supplementary 

Materials Table S1) from asymptomatic cacao leaves. The phylogenetic tree showed that 

the endophyte sequence grouped with those of C. siamense deposited in GenBank (Figure 

3).On the other hand, the endophyte was distant from other species of Colletotrichum as 

reference isolates, such as C. acutatum, C. dematium and C. gloeosporioides. 

 

Figure 2. Colony growth of 3-day-old C. siamensein V8JA medium,obverse (A) and reverse (B); 

unicellular and hyaline conidia (C) andbrown to brownish appressoria (D). Scale bars = 20 µm. 
Figure 2. Colony growth of 3-day-old C. siamense in V8JA medium, obverse (A) and reverse (B);
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3.3. Anti-Pathogen Assay
3.3.1. Competition

At 7 DAI, C. siamense showed low antagonistic activity against the pathogen, as
shown by a low mean PIRG significantly different from the standard check treatment,
T. harzianum, which obtained a moderate mean PIRG value (Table 2). Based on the scale [20],
C. siamense exhibited a low degree of antagonism by colonizing only one-half of the medium
surface. Trichodermaharzianum, on the other hand, manifested its ability as a substrate
competitor by completely overgrowing the pathogen with a mean score of 1. Along
with other mechanisms of action, competition for space and nutrients is one of the most
common antagonistic interactions occurring between a biological control agent (BCA) and
a pathogen. In such interactions, the BCA and the pathogen compete forlimited available
nutrient resources in soil and on living plant surfaces [8]. Subsequently, deprivation of
space and nutrients by BCA leads to failure of the pathogen to grow and establish a parasitic
relationship with the host. However, in this in vitrotest, endophytic C. siamense did not
outcompete P. palmivora for space and nutrient resources.

Table 2. Degree of antagonism of C. siamense in co-cultivation with P. palmivora, 7 days after incubation period (DAIP).

Treatment PIRG 1 Bell’s Rating 2 Antagonistic Activity 3

C. siamense 22.0b 3 Low
T. harzianum (Standard check) 51.0a 1 Moderate

1 Means with the same letter were not significantly different at 5% level of significance using LSD. Means of 15 replications. 2 Degree of
antagonism [20]: 1—antagonist completely overgrew the pathogen and covered the entire medium surface; 2—antagonist overgrew the
pathogen by at least two-thirds of the medium surface; 3—antagonist and the pathogen each colonized one-half of the medium surface
and no organism appeared to dominate the other; 4—pathogen overgrew the antagonist by at least two-thirds of the medium surface and
appeared to withstand invasion by the antagonist; and 5—the pathogen completely overgrew and occupied the entire medium surface.
3 Visual assessment on antagonistic activity of the endophyte [21]: >75% PIRG = very high antagonistic activity; 61–75% PIRG = high
antagonistic activity; 51–60% PIRG = moderate antagonistic activity; <50% PIRG = low antagonistic activity.

3.3.2. Antibiosis

Colletotrichum siamense exhibited an antagonistic potential by restricting the growth
of P. palmivora in culture plate. Growth and development of the pathogen when grown
together with the endophyte was inhibited, exhibiting a lower mean diameter of mycelial
growth at 3, 5 and 7 days after incubation (Figure 4). The values were significantly lower
than the control treatment in which the pathogen obtained its maximum growth after
7 days of incubation. T. harzianum as a standard check treatment, however, manifested its
potential as a toxic metabolite producer by inhibiting the growth of the pathogen at 3, 5
and 7 days after incubation.
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4. Discussion

Previous studies reported the association of endophytic fungi with healthy tissues
of several plant species, and cacao was known to harbor numerous endophytic fungi in
leaves [12,18,23,24], pods [12,25], branches or stems [13,14,22,25,26] without causing any
apparent symptoms. Along with those endophytes inhabiting asymptomatic tissues of
cacao, members of the genus Colletotrichum were frequently recovered [11,12,23,24,26], and
their potential to limit pathogen damage was ascertained. For instance, Colletotrichum
sp. from healthy cacao leaves protected the crop from leaf necrosis and mortality caused
by P. palmivora [11]. Moreover, C. gloeosporioides from healthy leaf and pod tissues of
cacao was also proven to have an inhibitory effect against the pathogen causing one of
the most economically important diseases of cacao, pod rot [12]. Mechanisms underlying
the defense and resistance conferred by Colletotrichum endophytes against pathogens
causing damage in cacao include competition, antibiosis [11,12] and upregulation of host
defensive pathways [10].

Data indicate that survival and recovery of Colletotrichum species, after being intro-
duced artificially into cacao seedlings, can be considerably difficult, likely due to abiotic fac-
tors, particularly high temperature. Temperature, along with other environmental factors,
could affect the growth rate, development and survival of microorganisms, particularly
biological control agents [27–29]. During the course of the experiment, an average temper-
ature of 36 ◦C was recorded inside the plastic shade house where endophyte-inoculated
cacao seedlings were raised and maintained. The optimum temperature for growth of
C. siamense is 28 ◦C [30], while C. tropicale and C. ignotium grow best at 25–30 and 25 ◦C,
respectively [23]. The existing environmental temperature during and after endophyte
inoculation in cacao seedlings exceeded the preferred condition required by the endophyte
for successful colonization and survival.

Consistent with previous findings, we confirm the association of C. siamense with
mature, healthy and asymptomatic cacao leaves from the sampled smallholder farms. C. sia-
mense was also reported from healthy tissues of tropical grass species such as dwarf napier
(Pennisetum purpureum) and lemon grass (Cymbopogon citratus) [31]; asymptomatic leaf and
bud of cacao; leaves of jackfruit (Artocarpusheterophyllus), pedalai (Artocarpussericicarpus),
japanese plum (Eriobotrya japonica), common fig (Ficuscarica) and rosemary (Rosmarinus
officinalis); and leaves, petiole and stem of robusta coffee (Coffeacanephora) in the Northern
Territory, Australia [24]. It was also described as being among the antagonistic fungi iso-
lated from cacao leaf, stem and fruit tissues in Indonesia [32]. Contrary to earlier findings,
reports also emerged pertaining to C. siamense as a pathogen causing disease in a number
of plant species, including chilli [33,34], strawberry [35,36], lychee [37] and persimmon [38].
The fungus was also recovered from leaf lesions of coffee, black pepper and Mentha sp. [24].
Although consistently isolated from healthy and asymptomatic host plant tissues, the
likelihood of endophytes becoming pathogens or a saprophytes cannot be discounted. The
literature revealed that the usual relationship that exists between an endophyte and its
host plant is mutual [39]. Moreover, research findings showed that an endophyte may
switch its lifestyle or ecological strategy from being endophytic into necrotrophic [40,41]
or saprotrophic [42]. Some endophytic fungi are closely related to plant pathogens [43],
and based on maximum-likelihood analysis with ancestral mapping, fungal endophytes
can switch several times between endophytic and necrotrophic lifestyles. In the case of
Colletotrichum, many species show a partial or unlimited endophytic lifestyle in a wide
range of hosts [34]. However, a few species of Colletotrichum also manifested a shift in
their lifestyles from being endophytic into necrotrophic, such as C. coccodes; isolated as an
endophyte of potato and other crop species such as cabbage, chrysanthemum, cress, lettuce
and white mustard [44], it was also reported as a pathogen causing anthracnose disease in
chilli [45]. In this study, C. siamense was associated with healthy and asymptomatic leaf
tissues of cacao, but is a known pathogen in other host plant species. This further means
that the endophyte is not host specific and does not have a specialized relationship with its
host plant. Although isolated as an endophyte, C. siamense may have the ability to switch
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into a necrotrophic lifestyle; therefore, caution should be considered to avoid the possible
negative impacts it could cause ina given crop, improperly used.

The outcome of the anti-pathogen assays imply that, among the different mechanisms
of biological control tested, antibiosis is the form of interaction exhibited by C. siamense.
This further means that the endophyte has a direct effect on the pathogen through the
production of either antibiotics, volatile substances or enzymes, which resulted in the
inhibition of growth and further development of the pathogen. This finding conforms
to a number of studies carried out in the past highlighting the potential of endophytic
fungi, specifically Colletotrichum species, as producers of toxic metabolites, enzymes and
even hormones. Colletotrichum species known for producing inhibitory compounds were
recovered from a wide range of host plant species, including medicinal plants (Artemisia
annua, Artemisia mongolica, Vitex negundo), tea (Camellia sinensis), black pepper (Piper nigrum),
flowers (Rafflesiacantleyi) and many others [46–50].

In particular, Colletotrichum sp., isolated from healthy stems of annual wormwood
(Artemisia annua), was reported to produce novel bioactive metabolites which showed
a fungistatic ability against pathogens causing diseases in crops, such as Gaeumanno-
mycesgraminis var. tritici, Rhizoctoniacerealis, Helminthosporium sativum and Phytophthora
capsici [46]. The endophytic fungus was also found to produce extracellular hydrolytic
enzymes, specifically chitinase and protease, and an antimicrobial metabolite, colletotric
acid, which were proven to have inhibitory effects against several plant pathogens [48,51].
Thus, previous findings show that species of Colletotrichum with an endophytic lifestyle
are potential sources of metabolites that could effectively restrict the growth and develop-
ment of plant pathogens. In this present study, C. siamense was isolated from healthy and
asymptomatic cacao leaves, and to our knowledge, this is the first report on the recovery
of such a fungus as an endophyte of cacao in the Philippines. No reports, so far, indicate
that C. siamense is a pathogen in cacao. However, a recent study in Puerto Rico disclosed
that C. siamense and C. tropicale caused pod rot of cacao [52], although they were previously
reported as endophytes inhabiting healthy tissues [23,24], and are potential biological
control agents against cacao diseases [10,16].

5. Conclusions

Biological control is a viable approach in plant disease management. C. siamense
associated with asymptomatic cacao leaves inhibited the growth of P. palmivora by antibiosis.
Our observations on the potential of C. siamense as a possible toxic metabolite producer
imply that such an organism can be considered as a management option for cacao black pod
rot. Thus, further investigation must be conducted to identify the inhibitory compounds
produce by the endophyte, and determine the efficacy level of those compounds and
appropriate methods for application.
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