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Abstract | Trichoderma species are well-known biological control agents (BCAs) that have significant
antagonistic activity against various fungal phytopathogens. On the other hand, Ganoderma boninense has
been identified as the phytopathogen causing basal stem rot (BSR), a devastating disease in oil palm crop
(Elaeis guineensis). In this study, the in vitro and in planta inhibition of G. boninense using Trichoderma isolates
were evaluated. A total of 20 Trichoderma isolates were collected. Among the isolates, T4RH and T8R were
selected for further in planta experiments as they showed significant inhibitory activity against G. boninense
via in vitro dual-culture and dual-plate assays. Isolates T4ARH and T8R were identified as Trichoderma virens
and Trichoderma asperellum by the internal transcribed spacer gene sequences. The in-planta experiment was
conducted by inoculation of 3-month-old oil palm seedlings with rubber wood block inoculum. Single and
mixture conidial suspensions 1x10° of TARH and T8R were applied to the Ganoderma-inoculated plants. It
was found that T4RH, T8R, and mixed Trichoderma treatments have significantly lower disease incidence,
disease severity index, area under disease progress curve, and percentage of necrotic primary roots as compared
to the positive control. The disease reduction was up to 57.70% and 43.86% when plants were treated
with T4RH and TS8R, respectively. Additionally, the T7richoderma treatment recorded significantly higher
chlorophyll content, plant height, bole diameter, and number of fronds as compared to the positive control.
The findings from this study suggested that 7. virens TARH and 7. aspere/lum T8R have the potential to be

used as promising BCAs against G. boninense.
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Introduction

he African oil palm (Elaeis guineensis Jacq.) is

an oil-producing plant that is mainly cultivated
in tropical regions, particularly in Indonesia and
Malaysia, that accounts for 60% and 25% of the world’s
vegetable oil supply, respectively (USDA, 2022). The
region’s oil palm faces a severe threat from basal stem
rot (BSR), also called Ganoderma disease, which is
primarily caused by Ganoderma boninense,a destructive
disease caused by the phytopathogenic basidiomycete
fungus (Rees ez al.,2012; Rakib ez al.,2014). Oil palm
trees that are infected usually experience decay at the
base of the stem, leading to a collapse, and eventual
death (Hushiarian ez a/.,2013; Alam ef al.,2015).The
disease is estimated to cause economic losses as high
as 68% due to the loss of productive oil palm trees and
the expenses associated with controlling the disease
(Assis et al., 2021). Although BSR in oil palm was
discovered more than 50 years ago, it remains a major
threat to the sustainability of the industry despite
numerous efforts to find prophylactic and curative
treatments for the disease.

However, it is strongly recommended that integrated
disease management be implemented to minimise
economic losses due to the disease. This can be achieved
through various disease control strategies, including
biological control agents (BCAs), chemical treatments,
and cultural practices (Susanto ez al., 2005; Lim ez al.,
2013).1In this regard, BCAs are considered a sustainable
solution for addressing plant disease management
as they are non-toxic and environmentally friendly

(Cornejo et al., 2020; Javeed ez al., 2021).

'The genus Trichoderma is mentioned in most of the
literature on the biological control of plant diseases.
Its usefulness has been known since 1930 (Weindling,
1934). Today, modern technologies use Trichoderma
for biological control of various diseases. According
to Zin and Badaluddin (2020), Trichoderma species
that are extensively utilised as BCAs in bio-fungicides
include 7' asperellum, T harzianum, and T. atrovitide,
and to a lesser extent are 7 wirens, T afrobarzianum,
T gamsii, and 1! polysporum. For numerous years,
Trichoderma species have been used as natural enemies
to combat plant diseases because of their capability to
exert antagonistic behavior (Harman, 2006).

Antagonistic activity is based on both direct and
indirect processes, such as rivalry for resources

and space, mycoparasitic activity, antibiosis, and
the development of systemic resistance to combat
pathogens and promote plant growth. They act
at the soil, leaf, and root levels by producing and
releasing various compounds that can induce local or
systemic resistance to abiotic and biotic stress factors
in plants (Zaidi ez al., 2014; Birkenbihl ez al., 2017).
'The ecological success of these fungi is the result of a
combination of mechanisms that the plants activate
(Harman ez al., 2004).

'The efficacy of Trichoderma species has been evaluated
in both individual and combined, and laboratory
and nursery trials, demonstrating its effectiveness in
disease reduction. However, the performance of a
BCA is often insufficient when only a single BCA or
organism is used (Harshita ez a/., 2018). Traditionally,
mixed fungal cultures have been avoided as populations
are difficult to predict, although a compatible mixed
culture can have synergies and significantly increase
the efficacy of the product. Nowadays, more emphasis
is placed on the use of combined biological control
agents with multiple mechanisms that could increase
the success of biological control (Collinge ez al.,2022).

Despite this, the study was conducted to evaluate
the antagonistic activity of local T7ichoderma isolates
against G. boninense, and the efficacy of selected local
single, and mixed 7Trichoderma isolates in controlling
the infection of G. boninense, in planta on oil palm
seedlings.

Materials and Methods

Isolation of Trichoderma species

The feather roots of healthy oil palm trees collected
randomly from a local oil palm estate located in
Sandakan, Sabah, Malaysia, yielded 7richoderma
species that were isolated from the rhizosphere. A
total of 20 Trichoderma isolates were recovered using
potato dextrose agar (PDA), following the isolation
procedure described by Siddique ez a/. (2009). The
pure culture of Trichoderma isolates was identified
based on the characteristics described by Baca ez
al. (2022), including the formation of greenish to
yellowish conidia, and concentric rings, with rapid
mycelial growth and loosely arranged conidia.

In vitro antagonistic activities of Trichoderma species
against Ganoderma boninense
Dual-culture assay: All the Trichoderma isolates were
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screened for their inhibitory effects on the growth
of Ganoderma via a dual-culture assay (Rahman es
al., 2009). The isolate of Ganoderma boninense (G4)
utilised in this research was acquired from a pure
culture maintained in the Faculty of Sustainable
Agriculture, Universiti Malaysia Sabah (Malaysia),
and identified previously as Ganoderma boninense
based on internal transcribed spacer (ITS) gene
sequences. Plugs of Trichoderma isolate and G.
boninense, each 8 mm in diameter, were placed 2
cm from the periphery of a Petri dish with a 9 cm
diameter, on opposite sides. A plate inoculated with
G. boninense, without Trichoderma as the antagonist
was served as the control. The plates were incubated
at 28 °C temperature for seven days in darkness. The
experiment was conducted in three replicates and
arranged in a completely randomised design (CRD).
'The radial growth of G. boninense was measured, and
the percentage inhibition of radial growth (PIRG)
was calculated using Equation 1 (Bivi ez a/., 2010).

(R1-R2)

PIRG (%)=—p7— %100 __.(1)

Where R1 is the radial growth of G. doninense in
control and R2 is the radial growth of G. boninense
challenged with Trichoderma isolate.

Volatile organic compounds (VOCs) dual-plate assays
'The VOCs assay was carried out to assess the inhibiting
eftect of Trichoderma isolates on G. boninense through
their production of volatile compounds (Vila ez a/.,
2017).’The dual-plate assay was carried out by Rajani ez
al. (2021). Each Trichoderma isolate was infected with
a mycelial plug (8 mm in diameter) in the centre of a
Petri dish containing PDA (9 c¢m in diameter), and
the dish was then incubated at 28 °C for seven days
under dark conditions. Subsequently, a comparable-
sized mycelial plug of G. boninense was inoculated
onto a different PDA plate, positioned in an inverted
manner above the Trichoderma isolates that were seven
days old, and sealed using parafilm. The plates without
Trichoderma isolate served as a control. The plates were
incubated at 28 °C for seven days in darkness. The
experiment was performed in a CRD arrangement
with three replications. The diameter growth of G.
boninense was measured, and the percentage inhibition
of the diameter growth (PIDG) was calculated using
Equation 2 (Ting ez al., 2010).

PIDG (%)= ':D;?z) =100 ...(2)

Where D1 is the diameter growth of G. boninense in
the control plate, and D2 is the diameter growth of G.
boninense with Trichoderma isolates.

Molecular identification of the potential Trichoderma
isolates

'The Trichoderma isolates that showed potential as
BCA candidates based on the in vifro assays were
identified based on the ITS gene according to the
protocol described by Darlis ez al. (2023), which
include the genomic deoxyribonucleic acid (gDNA)
extraction, polymerase chain reaction (PCR), and
purification and sequencing of the PCR products.
'The sequence was employed to identify homologous
sequences through the Basic Local Alignment Search
Tool (BLAST) hosted on the National Center for
Biotechnology Information (NCBI) website (https://

www.ncbi.nlm.nih.gov/).

In planta antagonistic activities of Trichoderma species
against Ganoderma boninense

Among the isolates, T4ARH and T8R were selected
for further in planta experiments based on their
significance in inhibition against G. boninense via in
vitro dual-culture and VOCs dual-plate assays. The
efficacy of both Trichoderma isolates in suppressing G.
boninense infection in oil palm seedlings (in planta) was
evaluated singly and in combination with untreated
negative and positive controls. A 3-month-old (dura x
pisifera) oil palm seedling was inoculated with a 6x6x6
cm Ganoderma-colonised rubber wood block inoculum
prepared as described by Nusaibah ez a/. (2016). The
inoculation was performed by placing the inoculum in
a planting hole in a polyethylene planting bag (30x38
cm) containing a soil mixture (non-sterile soil and
organic matter in a 2:1 ratio) before transplanting the
seedling on top of the inoculum (Rakib ez a/., 2015).
Trichoderma’ conidia suspension prepared according to
the protocol described by Jinantana and Sariah (1998)
was immediately applied after the inoculation. All five
treatments in this experiment are summarised in Table
1. Each treatment has three replications, and each
replicate consisted of 10 seedlings, which resulted in
150 experimental units. All experimental units were
arranged in a completely randomised design (CRD)
in a nursery facility at the Malaysian Palm Oil Board
(MPOB) Research Station, Lahad Datu, Sabah. The
experiment was conducted for nine months. The
seedlings were watered twice a day, and basal fertilizer
was applied monthly according to the recommended

practices (MPOB, 2016).
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Table 1: Description of treatments.

Code Treatment Description
T1  Untreated (negative control)
T2  Untreated (positive control)

T3 Trichoderma virens

Non-inoculated seedlings, and without any treatment.
Ganoderma-inoculated seedlings, and without any treatment.

Ganoderma-inoculated seedlings and treated with locally isolated 7. virens. Conidial

suspension of 10¢ was applied once by drenching 100 mL onto the soil after transplanting.

T4 Trichoderma asperellum

Ganoderma-inoculated seedlings and treated with locally isolated 77 aspere/lum. Conidial

suspension of 10° was applied once by drenching 100 mL onto the soil after transplanting.

T5 T: virens and T. asperellum

Ganoderma-inoculated seedlings and treated with a mixture of locally isolated 7 virens and

T. asperellum. Conidial suspension of 10° was applied once by drenching 100 mL onto the

soil after transplanting.

Table 2: Classes of diseases in oil palm seedlings and their associated symptoms can be identified based on a numerical

value.

Class Symptoms

0 An oil palm seedling that is healthy, with green leaves and no signs of fungal growth on any part of the plant.

1 The presence of 1-3 chlorotic leaves on the oil palm seedling, and there is no fungal mass development on any part of the
plant.

2 'The fungal mass may be present with or without leaves showing chlorosis (yellowing).

3 'The oil palm seedling may exhibit more than 3 yellowish (chlorotic) leaves and dead (necrotic) leaves, which may or may
not have fungal mass on any part of the plant.

4 Severe chlorosis or necrosis is present in at least 50% of the total leaf count, with or without fungal mass.

5 Oil Palm seedling that are dead, with or without a fungal mass.

Source: Rakib et al. (2015).

Data collection

Disease signs and symptoms of the Ganoderma
infection were assessed at monthly intervals over
a 9-month period. Disease incidence (DI), disease
severity index (DSI) based on the disease class
described in Table 2, the area under disease progress
curve (AUDPC), and the percentage of necrotic
primary roots were recorded at the end of the 9-month
experiment and calculated according to Rakib ez al.
(2015).’The DI, DSI, AUDPC, percentage of necrotic
primary roots, and percentage of disease reduction
were calculated using Equations 3 to 7.In addition, the
oil palm seedlings physiological data were recorded.
'The plant height, bole or stem diameter, number of
fronds, and chlorophyll content were recorded at the
end of the nursery trials. The chlorophyll content
was recorded using a single photon avalanche diode

(SPAD) chlorophyll device (Rakib ez a/., 2019).

Number of infected seedlings

Di incid % 100 ..(3
isease incidence (%)= Total number of seedlings " (3)
: - . L(AxB)
Disease severity index (%0)= YL =100 ..(4)
nx2

Where A is the disease class (0 to 5), B is the number
of seedlings showing the disease class per treatment,
n is the total number of replications, and 5 is the

constant representing the highest class of assessment.

Y. +Y..
) (- ) - (5)

n-1
Area under disease progress curve u.n.it)=z (

Where n is the number of assessment times, Y is the
disease incidence, and t is the observation time.

Number of necrotic primarv roots

N ic pri 2%)= 100 ...(6
ecrotic primary roots (%) Total number of primary roots * ©)
: : . (X1-X3)
Disease reduction (%)= T 100 ...(7)

Where; X1 is the AUDPC of positive control (T2),
and X2 is the AUDPC of the treated seedlings.

Statistical analysis

All the data were subjected to a one-way analysis of
variance (ANOVA), and the differences among the
means were determined for significance at p < 0.05
level using Turkey’s test. The statistical analysis was
performed using SPSS statistical software (version 26).

Results and Discussion
In wvitro antagonistic activities of Trichoderma species

against Ganoderma boninense
All 20 Trichoderma isolates were successfully isolated
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from the rhizosphere of feather roots of healthy oil
palms. Generally, the mycelium of Trichoderma species
appeared transparent (hyaline) or white on PDA, and
the reverse usually with a pale yellowish colour. The
colony primarily appeared green and yellow, with
rapid growth, similar to those described by Baca ez
al. (2022). It was found that all 7richoderma isolates
inhibited the mycelial growth of G. boninense, with a
PIRG (%) value greater than 60% as shown in Table
4. Notably, two Trichoderma isolates, TARH and T8R
had the highest PIRG values of 92.08% and 91.09%,
respectively. Both Trichoderma isolates are shown in
Figure 1, which varied in terms of their appearance
on PDA. The isolate T4RH has dense mycelia
with greenish-to-yellowish conidia, while T8R has
hyaline mycelium with greenish conidia. Molecular
identification confirmed the identity of the isolate
T4RH as Trichoderma virens,and T8R as Trichoderma
asperellum as summarised in Table 3. Similar findings
were reported by Shamala (2013), where Trichoderma
isolates inhibited the mycelial growth of G. boninense
by more than 60% and, recorded the highest PIRG
values for 7" wirens and 1. asperellum. 'This finding
also corresponds to various studies that have reported
that Trichoderma species can suppress the growth of a
range of phytopathogens, including Rhizoctonia solani,
Alternaria alternata, Curvularia lunata, Fusarium
oxysporum, G. boninense, Sclerotium. rolfill, Sclerotinia
sclerotiorum, and Sclerotium cepivorum (Shamala, 2013;

John ez al., 2015; Hirpara ez al., 2017).

Figure 1: (4) Trichoderma wvirens T4RH, and (B) Trichoderma
asperellum TER culture of selected Trichoderma isolates on PDA.
\

Trichoderma  species have shown promising
effectiveness in controlling fungal phytopathogens
through direct mechanisms like antibiosis and
mycoparasitism, as well as indirect mechanisms such
as competing for nutrients, enhancing plant defense
responses, and promoting plant growth (Dukare ez
al., 2022). The strong effectiveness of Trichoderma
isolates against the pathogenic fungal strains
responsible for BSR in oil palm was confirmed in the
current study. All Trichoderma isolates inhibited G.
boninense, grew at a faster rate, and showed varying
levels of inhibition, likely attributable to genetic
variability (Debbi e# al., 2018). The cause of these
antagonistic behaviors may be mycoparasitism and
competition for space and nutrients, as demonstrated
by the dual culture assay. Mycoparasitism is one
of the mechanisms of Trichoderma sp. to protect
plants against pathogen attack, which involves
hyphal interaction and parasitism. The different
hyperparasitic potentials of various isolates of
Trichoderma have been reported (Prasad and
Rageswaram, 1999; Sankar and Sharma, 2001; Pan
and Bhagat, 2007). This is because the individual
species or isolates produce different amounts of
hydrolytic enzymes when they attack the mycelium
of the pathogen. The ability of Trichoderma bioagents
to break down the hyphae of phytopathogenic fungi
may be attributed to various external enzymes,
including chitinases, and cellulases. These enzymes
aid in the penetration of 7richoderma bioagents into
the hyphae of phytopathogens (Bhat, 2017; Rajani
et al., 2021). Trichoderma species exhibit highly
competitive biological activities due to their rapid
colonization rates, which in turn reduce the presence
of competing microbes (Bizos ez al., 2020). In
addition, the proliferation of G. boninense might be
inhibited by the metabolites generated by 7richoderma
species, as they are known for synthesizing various
antibiotics such as trichodernin and herzianolides
using secondary metabolites, which are crucial in
the antibiosis mechanism (Kugiik and Kivang, 2004;
Khan ez al., 2020; Tomah ez al., 2020).

Table 3: Ldentity of the isolates T4RH and TSR based on the similarity between sample sequences and the sequences

in GenBank.

Isolate code Accession number Identity ITS fragment Homology BLAST bit
(NCBI) length score

T4RH KJ739790.1 Trichoderma virens 615 base pairs 99.84% 1104

TS8R MF774876.1 Trichoderma asperellum 603 base pairs 100% 1088
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Table 4: Percentage inhibition of radial growth (PIRG)
and Percentage inhibition of diameter growth (PIDG) of
Ganoderma boninense based on in vitro dual-culture and

volatile organic compounds (VOCs) dual-plate assays.

Trichoderma PIRG in dual-cul- PIDG in dual-plate
isolates ture assay (%) assay (%)

T3R 87.13 +1.98abcd 66.07 £6.48abc
T5R 82.18 +1.71abcdef  50.89 +6.58bc
T6R 85.15 +2.97abcdef  53.57 +5.70abc
TS8R 91.09 +1.71ab 42.41 +9.87¢c
T11R 86.14 +2.62abcde 79.91 £2.05a
T12R 78.22 £0.99cdef 46.88 +£5.26bc
T15R 75.25 £2.62f 53.57 +1.61abc
T1RH 83.17 +0.99abcdef  52.68 +1.18abc
T3RH 88.12 +1.71abc 50.89 +5.15bc
T4RH 92.08 +2.62a 75.45 £1.95ab
T5RH 81.19 +0.99bcdef 70.09 +7.35abc
T7RH 84.16 +0.99abcdef  41.52 +7.82¢
T9RH 82.18 +1.71abcdef  45.09 +5.41c
T10RH 85.15 +1.71abcdef ~ 58.48 +5.41abc
T11RH 77.23 £0.99def 63.84 +6.14abc
T3S 64.36 £3.43g 63.84 +4.31abc
TSF 76.24 £2.97¢ef 66.96 +1.95abc
G18R 86.14 +0.99abcde 42.41 £7.73¢
TFPL 81.19 +0.99bcdef 41.52 £3.13c
TThai 90.10 +2.62ab 57.59 +0.45abc

Note: Means (+ Standard error) followed by different letters within
the column were significantly different at p < 0.05 by Tukey’s fest.

The inhibitory potential of 7Trichoderma isolates
against G. boninense was also evaluated using a volatile
compounds (VOC:s) assay. The dual-plate assay was
used to evaluate the effect of volatile antifungal
compounds released by 7richoderma species (Vila
et al., 2017). The study discovered that production
of volatile compounds effectively by 7Trichoderma
inhibited the growth of G. boninense. Isolate TARH
demonstrated the highest inhibition of G. boninense
at 75.45%, whereas isolate TS8R showed a lower
inhibition at 45.4%. Previous research has reported
comparable findings, demonstrating that the growth
of various phytopathogens was inhibited by the
volatile compounds generated by Trichoderma species
(Shamala, 2013; Marques ez al., 2018; Baiyee ez al.,
2019).

This production is an antibiosis mechanism within
the Trichoderma species. The production released by
Trichoderma species can benefit the host plant by
exerting an antifungal effect and providing protection

against plant pathogens. The production of volatile
compounds such as pyrones and sesquiterpenes
has been described as a possible mechanism by
Trichoderma sp. (Reino e al., 2008). In addition, the
VOC:s phenlethyl alcohol (PEA) have been reported
to be produced by several Trichoderma species, such
as 1. alroviride, 1. harzianum, T. spirale, and T virens,
which exhibit antifungal abilities against various
plant pathogens (Stoppacher e a/., 2010; Siddiquee
et al., 2012; Liu et al., 2014; Baiyee ez al., 2019).
PEA also has strong antifungal activity against G.
boninense (Angel et al., 2016). Siddiquee ez al. (2012)
reported a few other fungal volatile metabolites with
antifungal efficacy against pathogenic fungi including
aromatic metabolites, pyrones, terpenes, butenolides,
and polyketides. The metabolites could inhibit the
production of ergosterol (the primary sterol in fungi)
and also impede the synthesis of macromolecules,
resulting in toxicity to plant pathogens (Ghannoum

and Rice, 1999).

This study discovered that different Trichoderma
isolates may produce various amounts and toxicity
of VOCs, resulting in varying levels of pathogen
inhibition. Even while both 7" virens TARH and T
asperellum T8R have demonstrated the potential
ability to inhibit the growth of G. boninense G4 in
vitro, the results are insufficient to conclude that these
isolates are suitable BCAs for application in the field.
Therefore, both T4RH and TS8R were selected for
further examination iz planta to gain comprehensive
and conclusive data as screening methods for selecting

potential BCAs.

In planta antagonistic activities of Trichoderma species
against Ganoderma boninense

The results of the in plant trials in the nursery showed
that treatment with the local T7richoderma isolates
T3, T4, and TS5 significantly reduced the signs and
symptoms of disease in seedlings infected with G.
boninense compared to the untreated positive seedlings
(T2). The untreated negative control (T1) showed
no signs and symptoms of disease. The application
of a single Trichoderma species, either 1. virens or 1
asperellum,showed similar efficacy in planta inhibition
of G. boninense infection. Compared to the positive
control, both 7 wirens and T asperellum significantly
reduced DI, DSI, AUDPC, and the percentage of
necrotic primary roots by 73.33-76.67%, 30-34%,
41.67-55.00 unit, and 41.05-42.81%, respectively,
when applied singly. While mixed applications of 7
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virens and 1. asperellum have lower efficacy than 7.
virens alone. This was evident in the decrease of DI
and DSI by 13.34% and 8%, respectively, as shown in
Figure 2.

100 - —100.00a 100 -
- g
< 80 A w80 1
e <
B =
§ 60 2 601 52£0a
b= £
Q (5]
(=]
£ 4] 36.67b g 40 -
g 23.3326-67b¢ 2 2200662600
g I & g 18.00¢°7 7% =
£ 21 3 204 P
a
0 0
TI T2 T3 T4 TS TI T2 T3 T4 TS
A Treatment B Treatment
100 -
120 S
95.00a z 801
. g 55.20
=g | 2 60 A -20a
E80 53.33b 65006 & I
£ 601 40.00b &40 1
5w I £ 21.33b
) 2 14.15b :
< g 20 1 12300k
20 A Z L
0 0
T T2 T3 T4 TS Tl T2 T3 T4 TS
C Treatment D Treatment
100 -
ISEVR
I 57.70a
o
£ 60 I 43.86a
=
=
2
3 40 1 [ 31.58a
g I
A 20 A
0
Tl T2 T3 T4 T5
E Treatments

Figure 2: (A) Disease incidence, (B) disease severity index, (C) area
under disease progress curve (AUDPC), (D) percentage of necrotic
primary roots, and (E) percentage of disease reduction in oil palm
seedlings after 9 months after inoculated with Ganoderma boninense.
Note: T1: Untreated (Negative control), T2: Untreated (Positive
control), T3: T. virens, T4: T. asperellum and T5: T virens and T.
asperellum. Means (= Standard error) followed by different letters
within the column were significantly different at p < 0.05 by Tukey’s
test.

'This finding is consistent with the work of You ez al.
(2016), who attributed the ability of T¥richoderma to
control plantdiseases tovarious mechanisms,including
competition, mycoparasitism, the formation of a
restrictive structure, antibiosis, secondary metabolite
formation, as well as the induction of resistance in
plants. The antagonistic mechanisms are not mutually
exclusive, and a specific mechanism may belong
to multiple categories. Additionally, 7richoderma
species have been reported to have rapid growth,
thus colonizing the substrate faster, and reducing the
activity of other fungi by occupying and depleting the
substrate (Martin and Loper, 1999; Bizos ez a/.,2020).

'The beneficial microorganisms fight against infections
atinfection sites,reducing the chances for pathogens to
proliferate, and produce secondary metabolites on the
plant surface, and allowing them to parasitise directly.
Moreover, Trichoderma species are known to produce
various enzymes, such as chitinases, proteases, and
cellulases, that can degrade pathogen cell walls and
reduce pathogen virulence (Musa ez al., 2017). Some
strains of Trichoderma can also produce secondary
metabolites, such as peptaibols, gliotoxin, harzianic
acid, and trichokonins, which exhibit antifungal
activity against a wide range of plant pathogens
(Harman ez al., 2004). Furthermore, Trichoderma
sp. can induce plant systemic resistance which is a
long-lasting and broad-spectrum resistance against
a variety of pathogens. This resistance is achieved by
activating the plant’s defense mechanisms, such as
the production of phytoalexins, pathogenesis-related
proteins, and lignin (Harman ez a/., 2004).

The relatively lower efficacy reported in this study
in inhibiting G. boninense infection by the mixed
application of two Trichoderma species is shown in
Figure 1. This is consistent with a study conducted
by Shamala (2013), which was associated with
interspecific competition between the two isolates.
Behavioral or chemical mechanisms that restrict
one organisms access to the substrate are known
as interference competition, and they can result in
mycelial interactions within or between different
species (Wicklow, 1992). The non-synergistic effect of
T virens and 1. asperellum did not result in significant
disease suppression due to the strong antagonism
between the isolates. Although mixed inoculation
of biological control agents cannot be completely
disregarded, it is suggested that a combination of
compatible isolates or a mixture of species plays a
crucial role in studying the effect of single or mixed
Trichoderma isolates. The use of compatible isolates or
a mixture of species may be necessary to achieve the
desired effect in controlling diseases in crops.

As shown in Table 5, the suppression of G. boninense
infection by Trichoderma species (in T3, T4, and T5)
has been attributed to significantly higher chlorophyll
content, plant height, bole diameter, and number of
fronds compared with untreated positive control
(T2). However, no significant difference was found
among different Trichoderma treatments. The highest
levels of chlorophyll content (60.83%), plant height
(118.33 cm), and palm diameter (19.50 cm), were
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Table 5: Chlorophyll content, plant height, bole diameter, and number of fronds of 0il palm seedlings after nine months

of inoculated with Ganoderma boninense.

Treatment Chlorophyll content  Plant height (cm) Bole diameter Number of
(SPAD value) (cm) fronds

T1: Untreated (Negative control) 60.83+0.64a 118.33+1.59a 19.50+0.21a 7+0.33a

T2: Untreated (Positive control) 36.26+2.09¢ 83.33+0.67¢c 14.43+0.59¢ 5+0.33c

T3: T virens 51.37+1.67b 101.77+1.19b 17.37+0.52b 60.58ab

T4: T asperellum 51.72+1.62b 98.82+1.69b 16.27+0.20b 6+0.58ab

T5: T. virens and T asperellum 49.50+0.37b 96.00+3.06b 15.83+0.24bc 60.33ab

Note: Means (+ standard error) followed by different letters within the column were significantly different at p< 0.05 by Tukey’s fest.

recorded in the uninfected and untreated seedlings
(T1).’The relatively better physiological characteristics
of Trichoderma-treated oil palm seedlings may be
related to several factors, including direct colonisation,
increased positive interaction with the plant, and
increased nutrient uptake by the plant due to reduced
activity of the pathogen (Harman, 2000). Studies
have shown that oil palm seedlings inoculated with 7
virens and T asperellum have increased leaf and root
biomass compared to the control (Shamala, 2013).
The capability Trichoderma species to secrete plant
growth-promoting hormones like auxins, gibberellins,
and cytokinins may attributed to this phenomenon,
as these substances promotes plant growth and
development (Cornejo ez al, 2009). In addition,
Trichoderma can also indirectly promote plant growth
by inducing systemic resistance to pathogens. The
induction of systemic resistance can increase the
plant’s defenses against pathogenic attacks, resulting in
healthier and more vigorous plants (Benhamou, 1996;
Yu ez al., 2022). The production of volatile organic
compounds and hydrolytic enzymes by T7richoderma
can also stimulate plant growth by enhancing nutrient
acquisition and root growth (Hermosa ez a/.,2013).

It is noteworthy that the isolated 7. wirens and 7.
asperellumwere able to increase plant growth of oil palm
seedlings in terms of height, stem diameter, number
of fronds, and chlorophyll content in the present
work. These findings agreed with those reported in
other studies (Nusaibah ez a/., 2016; Shamala, 2013;
Muniroh ez al., 2019). T. virens and T asperellum can
produce IAA, the most active auxin (Li ez al., 2018,;
Muniroh e# al., 2019; Inayati ez al., 2021). IAA is a
phytohormone that promotes plant development
and growth both directly and indirectly, primarily
through the modulation of other phytohormones,
such as gibberellic acid (Stewart and Hill, 2014).
Directly, IAA enhances root system development
by increasing the number of lateral and adventitious

roots, improving nutrient uptake, and stimulating
root exudation, thereby providing additional resources
for soil microbes to interact with the roots (Gamalero
and Glick, 2011). In addition to improving the root
system, IAA even in lower concentrations can directly
enhance growth by promoting cell division and
elongation (Brummell and Hall, 1987), and it has
also been reported to enhance the fitness of plant-
microbe interactions (Patten and Glick, 2002). This
might contribute to an increase in plant performance
in nursery trials. Therefore, it would be very useful to
use these Trichoderma strains, which have been shown
to be effective in controlling 7Trichoderma disease and
promoting plant growth.

Conclusions and Recommendations

In conclusion, this study hasidentified two Trichoderma
species, namely 7" virens (T4ARH) and T asperellum
(T8R), as potential BCAs against G. boninense. The
promising results of in vitro assays revealed that both
T wvirens and 1. asperellum exhibited high levels of
inhibition against G. boninense. Moreover, in planta
assessment of the local Trichoderma isolates showed
significant suppression of G. boninense infection.
The outcomes of this study suggest that 7" virens
TARH and 7' asperellum T8R can be considered
effective BCAs to manage G. loninense infection.
These findings contribute to the advancement of
sustainable and environmentally friendly strategies
for mitigating the detrimental effects of G. boninense
on oil palm cultivation. However, further analyses,
characterisation, and validation assays are necessary
to substantiate and confirm the potential of the local
Trichoderma isolates as effective BCAs against G.
boninense.
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