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Abstract

Black rot, a significant postharvest disease of pineapple (Ananas comosus) var. MD2, is caused by the fungal pathogen
Thielaviopsis paradoxa. This disease severely compromises fruit quality during transportation and storage by inducing tissue
disintegration, watery rot, and extensive damage, thereby reducing shelf life. In this study, 103 fungal isolates, obtained from
healthy pineapple leaves and fruits, were screened for antagonistic activity against 7. paradoxa using a dual culture assay.
Among the tested isolates, Trichoderma asperellum, identified via ITS rRNA gene sequencing, exhibited the highest
antagonistic effect with a percentage inhibition of radial growth of 98%. Further in vivo assays assessing disease severity and
progression on MD?2 pineapple fruits demonstrated that the application of T. asperellum spore suspension (10° CFU mL™),
four hours prior to pathogen inoculation, effectively suppressed black rot development. These results demonstrate that
preventive application of T. asperellum can significantly reduce black rot severity, offering a viable alternative to synthetic

fungicides in postharvest management.
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Introduction

Pineapple (Ananas comosus L.) Merrill) holds significant
economic importance in the global tropical fruit industry. As
of 2024, it accounted for approximately 37% of major
tropical fruit exports, with global trade reaching 3.3 million
tons (FAO 2024). Although pineapple production in
Malaysia is relatively small compared to leading Southeast
Asian producers, such as Indonesia, the Philippines and
Thailand, it has been steadily escalating in the past several
years, driven largely by the success of the MD2 variety in
meeting both domestic and international demand. However,
postharvest diseases caused by various fungal pathogens
pose a substantial threat to pineapple production, leading to
severe yield losses. One of them is black rot disease caused
by the soil-borne fungus Thielaviopsis paradoxa De Seyen.
The disease is recognized as a significant postharvest issue

impacting global pineapple production (Baiswar et al. 2021).

This polyphagous wound fungal pathogen typically invades
pineapple fruits through mechanical injuries, pest damage,
sunburn, or natural openings, with infection often initiated

via the broken peduncle. The pathogen rapidly colonizes
internal tissues, leading to soft rot and fruit degradation and,
thereby rendering affected fruits unmarketable. In addition
to black rot, T. paradoxa is also associated with butt rot and
white leaf spots in pineapple (Sapak et al. 2021). Currently,
black rot is predominantly managed with chemical
fungicides, such as Benomyl, Triadimefon and Triadimenol.
Nevertheless, the substantial dependence on synthetic
fungicides has increased critical environmental pollution
issues, negative effects on non-target species, the
development of fungicide-resistant pathogens, and possible
hazards to human health caused by chemical residues within
the food chain (Khan et al. 2023). Therefore, a sustainable
and ecologically friendly measure of managing disease is
through biological control.

Trichoderma species have been widely investigated as
biological control agents against various plant pathogens
(Khan and Javaid 2020; Khan et al. 2021). Numerous recent
studies demonstrate the efficacy of Trichoderma spp. as
environmentally sustainable alternatives to conventional
chemical fungicides (Javaid et al. 2017; Shoaib et al. 2018;
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Ali et al. 2020). Anbalagan ef al. (2025) reported successful
suppression of Fusarium-nematode wilt complex in tomato
using Trichoderma asperellum. Likewise, Seekham et al.
(2024) demonstrated the efficacy of Trichoderma
harzianum in mitigating leaf fall disease in rubber induced
by Corynespora cassiicola. Similarly, Camacho-Luna et al.
(2023) eftectively applied 7. longibrachiatum to control
Sclerotium cepivorum in onion under salt stress conditions.
Besides their biocontrol potential, Trichoderma species are
often noted for boosting plant growth. For instance,
Gutiérrez-Chavez et al. (2025) reported that 7. asperellum
enhanced hydroponic lettuce growth and inhibited prevalent
diseases in lettuce. The Trichoderma genus comprises
approximately 382 species based on phylogenetic
classification (Cai et al. 2022). Among the species, T.
asperellum is acknowledged as a potential biological control
agent (BCA) against a wide array of plant pathogens.
Prominent instances encompass their application in
managing strawberry root rot disease (Liu et al. 2024),
onion leaf blight (Rivera-Mendez et al. 2020) and many
other important crop diseases. In Malaysia, Trichoderma
spp., have been intensively investigated for controlling of
economically significant diseases that are critical to
agricultural economy including basal stem rot in oil palm
(Sundram et al. 2008), Fusarium wilt in banana (Rahman et
al. 2021) and sheath blight in rice (Ali and Nadarajah 2013).
Nonetheless, until now, there has been no empirical
research on the utilization of T. asperellum for managing
black rot disease in pineapple var. MD2 under
Malaysian conditions. The present study aimed to
evaluate the efficacy of 7. asperellum as a biological
control agent against 7. paradoxa, the causal agent of
black rot disease in pineapple var. MD2, through both in
vitro and in vivo assessments.

Materials and Methods
Isolation of fungi from pineapple var. MD2 fruits

Ten pineapple fruits exhibiting external black lesions and 10
healthy fruits were collected from commercial pineapple
farms managed by the Farmers' Organization Authority of
Malaysia in Klang, Selangor (3° 01' 59.99" N, 101° 27'
0.00" E). The fruit samples were individually placed in
plastic bags and transported to the Plant Pathology
Laboratory, Faculty of Plantation and Agrotechnology,
Universiti Teknologi MARA, Jasin Campus, Melaka for
subsequent isolation of microbes. The isolation of pathogen
from infected pineapple fruits was conducted under sterile
conditions in a laminar airflow cabinet. The fruit flesh
tissues at the interface between macerated and healthy areas
were cut into small pieces (0.5 cm x 0.5 cm), surface-
sterilized with 1% sodium hypochlorite for 30 sec, followed
by 70% ethanol for 30 sec and then rinsed three times with
sterile distilled water before being placed on potato dextrose
agar (PDA). The PDA plates were then incubated under

natural light at room temperature (28 + 2°C). After three
days of incubation, the potential causal pathogen was
purified using a single conidial isolation technique for
subsequent experiments. Isolation of beneficial fungi from
healthy pineapple fruit tissues was performed in the same
manner as previously described for pathogen isolation.

Morphological and molecular identification of isolates

All fungal isolates from infected and healthy pineapple
tissues were identified based on their macroscopic and
microscopic characteristics. Macroscopic observations
included assessments of the colony morphology,
pigmentation, texture and coloration of the aerial mycelia.
Meanwhile, microscopic examination focused on important
fungal structures such as conidia, conidiophores,
chlamydospores, and hyphae, which were observed
using an Olympus CH20 compound light microscope.
Lactophenol cotton blue was used as a staining solution
to enhance the visibility of fungal structures. Only a
fungus from the pathogenicity testing study that has
been confirmed as a causal pathogen and a beneficial
fungus from the in vitro study with the highest
antagonistic activity against the pathogen were selected
for further identification using a molecular technique.
Each isolate was cultured on PDA for 7 days and
mycelium was harvested and ground in liquid nitrogen to a
fine powder. Approximately 20-23 mg of powdered
mycelium was used for DNA extraction with the DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions. The internal transcribed spacer
(ITS) region was amplified via PCR using ITS1 and ITS4
primers (Kuruppu et al. 2021). Purified PCR products were
submitted to Apical Scientific (Malaysia) for sequencing
and subsequent analysis.

Pathogenicity testing for the confirmation of causal
pathogen

Fungal isolates obtained from symptomatic pineapple
tissues were confirmed as the real causative agent of the
disease through pathogenicity testing. The assay was
conducted on healthy, mature pineapple fruits with maturity
index 1, by using the mycelial plug technique as described
by Hubert et al. (2014). A total of 12 pineapple fruits were
divided into positive and negative treatments. In the positive
treatment (n = 6), three fruits were artificially wounded
before inoculation, while the remaining three were left
unwounded. All fruits in this treatment were then inoculated
with 7. paradoxa mycelial discs (0.5 % 0.5 cm) obtained
from a 7-day-old culture grown on PDA using a cork borer.
The mycelial discs were then placed on the inoculation sites
and covered with sterilized moist cotton to maintain
humidity and ensure contact. The negative control treatment
(n = 6) underwent the same procedure, except that PDA
agar discs without the pathogen were used for inoculation.



Trichoderma asperellum for Controlling Pineapple Black Rot / Intl J Agric Biol Vol 34, 2025

Each inoculated fruit was placed in a sterile plastic container
(26 x 17 x 16 cm®), covered with clean polyethylene bags to
maintain humidity, and incubated at room temperature (25 £
2°C) under a 12-h photoperiod for six days. Disease
symptoms were recorded post-incubation, and the fungus
was re-isolated and compared to the original isolate to
confirm the pathogenicity. The experiment was repeated
twice for validation.

In vitro screening of beneficial
Thielaviopsis paradoxa

fungi against

The antagonistic potential of beneficial fungi isolated from
healthy pineapple tissues against the black rot pathogen T
paradoxa was assessed in vitro using a dual culture
technique. A 0.3 cm agar disc of each fungal isolate was
placed 2 cm from the periphery of a Petri dish containing
PDA, while an equal-sized agar disc of 7. paradoxa was
positioned 2 cm from the opposite edge, directly facing the
fungal isolate disc. Control plates consisted of 7. paradoxa
disc inoculated alone on PDA in similar manners. Each
treatment was replicated in six plates and incubated at 28 +
2°C for five days. The antagonistic effect of each beneficial
isolate was evaluated by measuring the radius of T.
paradoxa growth towards the isolate (R2) and comparing it
with the radius of 7. paradoxa in the control plate (R1). The
percentage inhibition of radial growth (PIRG) was then
calculated using the formula proposed by Skidmore and
Dickinson (1976).

PIRG (%) = =7

x 100

In vivo study of T. asperellum against T. paradoxa

An in vivo study was conducted on pineapple fruits var.
MD2 to evaluate the efficacy of the beneficial fungi
exhibiting the highest PIRG against 7. paradoxa. A total of
90 healthy fruits at maturity index 1 with uniform size and
color, and free from visible injuries or disease symptoms,
were purchased from a commercial pineapple farm in Ayer
Hitam, Johor, Malaysia. The fruits were gently cleaned
using a soft brush to remove dust and small insects such as
mealybugs and ants. Peduncles were trimmed to a length of
approximately 10 cm prior to transport to the Plant
Pathology Laboratory. Upon arrival, fruits were surface
sterilized, and peduncles were recut to a length of 34 cm
before being assigned to treatments. Five treatments were
evaluated with 18 fruits per treatment, as described in Table
1. A spore suspension (1 x 10° cfu mL™") of selected fungus
with the highest antagonistic activity (BCA) was prepared
from 7-day-old cultures grown on PDA at 28 + 2°C.
Meanwhile, 7. paradoxa was cultured on PDA under the
same conditions for 7 days and then, 0.5 x 0.5 cm agar
plugs were aseptically excised from the periphery of the
colony using a sterile inoculation needle. Three sterile
plastic basins, each containing 300 mL of BCA suspension,

were used for peduncle dipping in treatments T3, T4, and
T5. For the curative (T4) and preventive (T5) treatments,
peduncles were immersed in the BCA suspension for 4 h
following the protocol of Wijesinghe et al. (2011).
Concurrently, peduncles in the control treatment (T2) were
submerged in 300 mL of sterile distilled water. Agar plugs
of T. paradoxa were inoculated on the peduncles in the
positive control (T1). Every treated fruit was placed in a
separate sterilized plastic container (26 x 17 x 16 cm) with
internal humidity maintained using sterilized moist cotton
balls. All containers were incubated at ambient room
temperature (25 £+ 2°C) for 10 days. Everyday observations
of black rot symptoms were noted, and disease severity
index (DSI) was assessed for all treatments.

Disease severity index assessment

Disease severity (DS) was calculated as the percentage of
internal water-soaked lesion area relative to its total
longitudinal tissue area. Lesion measurements were taken
along the longitudinal section of each fruit using a
transparent 10 mm x 10 mm grid. The percentage of DS
was determined based on the black rot disease severity scale
proposed by Rohrbach and Johnson (2003) (Table 2) and
calculated using the following formula, as described by
Masood et al. (2010):
water — socked lesion area

DS (%) = x 100
(%) total tissue area

Additionally, disease severity index (DSI) was
calculated based on the disease severity scale using the
following formula:

Y. Disease rating

DSI (%) =

= x 100
(Total number of rating x maximum score in scale)

Disease progression analysis

The decrease in the disease severity index (DSI) relative to
the control treatment served as a measure of treatment
effectiveness in suppressing black rot disease. The
effectiveness of the treatment was supplementarily assessed
by graphing the Area Under the Disease Progress Curve
(AUDPC) derived from temporal disease progression data.
The AUDPC values were computed using the formula
delineated by Granada et al. (2020):

n-1 . .
AUDPC = Z (S0 (2 — £,
i=1

Whereby Yi is the disease severity index, #» shows the
number of assessment times, and ¢ indicates observation
time.

Additionally, disease reduction (DR) was derived from
the AUDPC values using the following formula, as
proposed by Rebitanim ez al. (2020):

AUDPC (Positive control) — AUDPC (treatment)

DR (%) = X 100
(%) AUDPC (Positive control)
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Table 1: Treatments of pineapple fruits variety MD2 with Trichoderma asperellum and Thielaviopsis paradoxa using the peduncle

inoculation technique

Treatment Description

T1 Peduncles were inoculated with 7. paradoxa alone

T2 Peduncles were submerged in sterile distilled water

T3 Peduncles were submerged in 7. asperellum spore suspension alone

T4 Peduncles were inoculated with 7. paradoxa, incubated for 4 h; at 28 + 2°C and then submerged in 7. asperellum spore suspension (curative)
T5 Peduncles were submerged in 7. asperellum spore suspension, incubated for 4 h at 28 + 2°C and then inoculated with 7. paradoxa (Preventive)

Table 2: Severity scale used to measure disease lesions of black rot disease on pineapple fruits

Scale Severity of disease lesions (%)

Scale Severity of disease lesions (%)

1 1-2

11-25

26-50

51-100

Statistical analysis

All the data of in vitro and in vivo studies were analyzed
using one-way ANOVA, SPPS software version 22.
Tukey’s test was conducted to determine means separation
at a significance level (P < 0.05).

Results

Isolation of black rot causal pathogen and pathogenicity
test confirmation

Fungal isolates emerged from the infected pineapple tissues
placed on PDA within 48 to 72 h of incubation, manifesting
as rapidly proliferating, cottony to velvety mycelia. Initially,
the fungal colony exhibited a white to greenish-white
coloration, with a gradual darkening as the culture matured.
The description of the fungal growth and colony
characteristics matched those of early growth stages of
Thielaviopsis species. Pathogenicity test confirmed that the
fungal isolate obtained from infected pineapple tissues was
the causal pathogen of black rot disease. The symptoms of
the disease align with the description of Thielaviopsis -
induced black rot in pineapple as described by Wijesinghe et
al. (2011). After six days of inoculation, all fruits in the
positive treatment group (n = 6) exhibited symptoms of
black rot disease, characterized by soft, water-soaked
lesions at the inoculation sites that progressed to the
peduncle and adjacent fruit tissue (Fig. la). Notably, the

lesions were larger in wounded fruits compared to
unwounded fruits (Fig. 1b). In the wounded fruits, lesions
were more extensive, penetrating deeper into the tissue,
whereas unwounded fruits displayed localized, superficial
rot that was confined to the inoculation area. In contrast, no
disease symptoms were observed in the negative control
treatment (n = 6), regardless of wounding (Fig. lc-d),
indicating the absence of natural infection or contamination
during the experimental period. Re-isolation of the pathogen
from symptomatic tissues yielded fungal cultures with
morphological characteristics identical to the original isolate,
thereby fulfilling Koch’s postulates and confirming the
pathogenicity of black rot disease in pineapple fruits. The
experiment was repeated twice, with consistent results
observed across all replicates, validating the findings.

Isolation of beneficial fungi and in vitro screening
against black rot pathogen

A total of 103 fungal isolates were obtained from healthy
pineapple tissues placed on PDA. These isolates were
grouped based on similar culture characteristics as
Trichoderma, Fusarium, Penicillium and Aspergillus. All
fungal isolates were further screened as biological control
agents against black rot pathogen in vitro. Results from the
dual culture test indicated that an isolate morphologically
identified as Trichoderma species gave the highest PIRG
value of 98% compared to other microbial isolates after 7
days of incubation. The interaction between Trichoderma
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Fig. 1: Pathogenicity test of Thielaviopsis paradoxa on healthy MD2 pineapple fruits. (a) Typical black rot symptoms with soft, water-
soaked lesions observed at wounded inoculation sites. (b) Localized rot symptoms developing at unwounded inoculation sites. (¢) No
visible symptoms on wounded control fruit inoculated with sterile PDA disc. (d) No symptoms on unwounded control fruit, confirming

the absence of contamination or natural infection

species and fungal pathogen was characterized by overgrowth
of the antagonist on the pathogen's colony, followed by
visible signs of pathogen suppression such as reduced
mycelial density and discoloration at the interaction zone.

Characteristics of fungal pathogen and beneficial fungus

The fungal pathogen obtained from the pathogenicity test
displayed morphological characteristics consistent with
Thielaviopsis species when grown on PDA media. During
the early growth stage, the mycelium appeared white and
downy, gradually transitioning to a greenish- grey color upon
sporulation (Fig. 2a). As the culture matured, the mycelium
turned into a distinctive black velvet-like appearance (Fig.
2b). The culture also produced strong fruity odors that could
be described as ethyl alcohol and ethyl acetate. Meanwhile,
for microscopic characterization, abundant conidia and
chlamydospores were observed, as shown in Fig. 2¢, d and e.
The conidia were cylindrical or barrel-shaped, forming long
chains, that ranged from colorless to pale brown in
appearance with sizes measuring 3.09 — 20.17 x 3.10-
5.57 ym (n = 20). In addition, chlamydospores with pyriform
(pear-shaped) and thick-walled brown color were observed,
occurring either singly or in chains, with sizes ranging from
8.02 to 21.32 x 420 to 9.76um (n = 20). Furthermore,
molecular identification using BLAST analysis confirmed
that the sequence of the pathogen isolate showed 100%

sequence homology to the Thielaviopsis paradoxa isolate
PCC.02 with the GenBank accession no. HQ248205.1.
Meanwhile, for BCA, the fungus was characterized as
Trichoderma species with initial whitish mycelium that
gradually turned dark green at maturity (Fig. 3a). Conidia,
conidiophores and phialides were observed and the
characteristics of these structures were matched with the
description of Trichoderma by Siddiquee ef al. (2017). The
conidia were olive green in color and sub-globose in shape,
the conidiophores exhibited verticillate branching with
lageniform phialides positioned terminally (Fig. 3b, c).
Meanwhile, chlamydospores were found both intercalary and
terminally (Fig. 3d). The species of Trichoderma was then
confirmed using ITS rRNA gene phylogenetic analysis and
BLAST results showed the BCA sequence was 99-100%
closely related to the sequence of Trichoderma asperellum
strain ANP (accession number JX913783.1).

Effectiveness of 7. asperellum against T. Paradoxa in vivo

The in vivo findings supported the in vitro results, confirming
the effectiveness of 7. asperellum in suppressing black rot
disease in pineapple fruits. The Disease Severity Index (DSI)
values for Treatments T1, T4 and T5 are summarized in
Table 3. On day 0, no disease symptoms were observed
across all treatments (DSI = 0.00; Scale 0) (Fig. 4a). Disease
symptoms began to develop from peduncles to fruit flesh in
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Table 3: Disease severity index of pineapple fruits (var. MD2) that were inoculated with Thielaviopsis paradoxa and treated with

Trichoderma asperellum suspension

Observation Days Disease Severity Index (%)
T1 (Positive Control); Mean + SD T4 (Curative Treatment); Mean+ SD TS5 (Preventive Treatment); Mean = SD
0 0.000 0.000 0.000
2 67+0.57 33+£0.75 33+£0.830
4 83+0.29 44 +0.62 33+£0.580
6 83+0.39 83+0.80 61+0.96
8 100 + 0.00 100.00 + 0.00 670 +0.58
10 100 + 0.00 100.00 + 0.00 670 +0.82

Note: T2 and T3 were excluded from Table 3 because their mean values were zero, indicating no disease symptoms. Mean + standard deviation

Fig. 2: Morphological and microscopic characteristics of Thielaviopsis paradoxa, causal pathogen of black rot in pineapple. (a) Four-
day-old colony on PDA showing white, downy mycelium transitioning to greenish gray. (b) Ten-day-old colony displaying a mature
black, velvet-like appearance typical of 7. Paradoxa. (¢) Conidiogenous cells and phialoconidia (blue arrows) along with septate hyphae
(white arrow) observed under light microscope (400x magnification). (d) Chains of aleuroconidia (black arrow) and conidiophores
(yellow arrow). (e) Singly occurring chlamydospores with thick walls and pyriform shape (red arrow)

treatments T1, T4, and T5 by day 2 (Fig. 4b). A significant
difference in DSI was recorded between T1 and T4, as well as
T1 and T5 (P < 0.05). T1 exhibited a DSI of 67% (Scale 6),
whereas both T4 and T5 recorded 33% (Scale 5). Control
treatments T2 and T3 remained symptomless. By day 4, the
DSI in T1 increased to 83.3% (Scale 6), indicating advanced
disease development (Fig. 4c). On the other hand, T4 and T5
showed slower disease progression, with DSI values of 44%
and 33%, respectively. On day 6, disease severity in T4
escalated to 83% (Scale 6), matching that of T1 (Fig. 4d). In
contrast, TS showed a significantly lower DSI of 61%

(P<0.05 vs. T1). This finding indicates that preventive
treatment, in which the application of 7. asperellum had
occurred prior to the pathogen was able to slow down the
disease infection compared to curative treatment, in which 7.
asperellum was applied after the pathogen. Similar trends
were observed on days 8 and 10, DSI in T1 and T4 reached
100% (Scale 6) (Fig. 4e and f). Meanwhile, T5 showed a
moderate increase from 61% to 67% on day 8 and remained
constant through day 10. Throughout the study, T2 and T3
showed no visible symptoms and consistently recorded a DSI
of 0% (Scale 0).
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Table 4: AUDPC and the percentage of disease reduction (DR) for the studied treatments

Treatment AUDPC Value DR (%)
T1 (T. paradoxa alone) 7.66 0

T2 (SDW only) 0 100

T3 (T. asperellum alone) 0 100

T4 (Curative) 6.22 18.83
T5 (Preventive) 4.56 40.57

Fig. 3: Morphological and microscopic characteristics of Trichoderma asperellum, the selected BCA. (a) Seven-day-old colony on PDA
exhibiting initial whitish mycelium then turned dark green upon sporulation. (b) Verticillate conidiophores (white arrows) with terminal
lageniform phialides (red arrows). (¢) Subglobose olive-green conidia (black arrow). (d) Chlamydospores formed both intercalary and
terminally along the hyphae (yellow arrows), visualized under 400x magnification

Disease progression analysis

The severity of black rot disease in MD2 pineapple fruits
was further evaluated using the Area Under the Disease
Progress Curve (AUDPC). The effectiveness of T.
asperellum spore suspension was quantified by the
percentage of disease reduction (%DR), derived from the
AUDPC values. As presented in Table 4, treatment TS
recorded the lowest AUDPC value (4.56 units?), indicating
the highest efficacy in suppressing disease progression, with
a 41% reduction in disease severity. In contrast, T1
exhibited the highest AUDPC value (7.66 units?), reflecting
the absence of disease suppression. Treatment T4 showed a
moderate AUDPC of 6.22 units?, corresponding to an 19%

reduction in disease severity, suggesting limited
effectiveness once the infection was established. Both
negative controls, T2 and T3 recorded no symptoms
(AUDPC = 0.00), confirming the absence of infection and
validating the experimental setup.

Discussion

The present study demonstrated that 7. asperellum has
potential as a biological control agent against 7. paradoxa,
the causal agent of black rot in pineapple var. MD2. In vitro
screening using dual culture assays revealed that 7.
asperellum significantly inhibited the radial growth of 7.
paradoxa, with a high PIRG of 98%. This discovery aligns
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Fig. 4: Disease progression of black rot in MD2 pineapple over a 10-day period following treatment with Trichoderma asperellum and
Thielaviopsis paradoxa. (a) No visible symptoms on Day-0 in all treatments. (b) Early symptoms of water-soaked lesions observed in
pathogen-inoculated treatments on Day-2. (¢) Disease progression evident in T1 and T4 on Day-4. (d-e) Severe lesion development in
T1, T4 and comparatively limited progression in TS on Day-6 and 8. (f) highly severe in T1 and T4 on Day-10. T2 and T3 consistently

showed no disease symptoms

with previous studies indicating that T. asperellum exhibited
antagonistic  activity ~ via  mechanisms  including
mycoparasitism, nutrient competition, and the synthesis of
antifungal metabolites (Selva et al. 2024). In vivo
experiments also confirmed the efficacy of 7. asperellum in
reducing black rot disease symptoms in pineapple var. MD2
Treatments using 7. asperellum clearly slowed down the
course of the disease, particularly in the preventive
application (T5), which regularly showed lower disease
severity index (DSI) values over the 10-day incubation
period. Whereas 100% was found in the positive control
(T1), fruits treated with 7. asperellum before pathogen
inoculation (T5) showed a maximum DSI of 67%. These
findings suggest that early application of 7. asperellum can
significantly mitigate the progression of black rot in MD2
pineapple fruits and aligned with previous studies that

emphasize the importance of timing applications, showing
that pre-inoculation treatments with biocontrol agents
significantly reduce disease severity in crops such as
bananas (Rahman et al. 2021), strawberries (Liu et al. 2024),
and potatoes (Metz and Hausladen 2022). Conversely, the
curative treatment (T4), in which T. asperellum is applied
following pathogen inoculation, showed only partial control
of disease progression, with less than a 20% decrease. This
finding suggests that biocontrol action post-infection of 7.
asperellum loses effectiveness once the pathogen has
colonized host tissues. Wijesinghe et al. (2010) also noted
this phenomenon and emphasized the need for early
biocontrol agent applications to maximize their efficacy
against fungal pathogens. The rapid colonization capacity of
T. paradoxa, which starts within 60 min post-inoculation,
can be attributed to the reduced efficacy of the therapeutic
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intervention since it exceeds the colonization of the
antagonist administered later on the onset of an infection.
The preventive mechanism observed in treatment T5
underscores the protective attributes of 7. asperellum,
endorsing its application as a prophylactic measure in
postharvest management. These results coincide with
studies by Janisiewicz and Korsten (2002), which show that,
to control wound-invading pathogens, postharvest
treatments of antagonists are most effective if administered
either beforehand or immediately following harvesting. The
mechanism of 7. asperellum entails the synthesis of
antifungal agents, including 6-pentyl-pyrone (6-PP), which
is recognized for its antifungal efficacy (Hamrouni et al.
2021). The pronounced suppressive impacts noted in the
present study may also be ascribed to these secondary
metabolites, alongside direct antagonism and competitive
exclusion. Numerous research studies have indicated that 7.
asperellum can rapidly colonize sites of wounds, which
prevents the development of pathogens (Ladjouzi et al.
2023). These findings from studies are especially important
in the context of reducing dependence on chemical
fungicides, which are now the mainstay for controlling
black rot in pineapples, despite having environmental and
human health issues. Nevertheless, to maximize the efficacy
of T. asperellum and guarantee consistent results when
using this Trichoderma-based product in postharvest disease
management strategies for pineapples, additional research
on the formulation and delivery of this BCA to plant
systems is crucially required.

Conclusion

Trichoderma asperellum was identified as a useful biological
control agent against 7. paradoxa, the pathogen causing black
rot disease in pineapple fruits. The ability of 7. asperellum to
reduce black rot disease in pineapple var. MD2 was validated
by both in vivo and vitro experiments, which demonstrated a
significant reduction in disease progression and strong
antagonistic activity against the pathogen. Administering 7.
asperellum before pathogen inoculation revealed low disease
severity and AUDPC values, thereby confirming its possible
pre-infection protection ability. As a conclusion, these
research findings provide a promising foundation for
developing environmentally friendly alternatives to chemical
fungicides in postharvest disease management of pineapple,
particularly for export-quality Malaysian MD2 fruits. Further
research into formulation development and field-scale
applications is recommended to enhance the practical use of 7.
asperellum as a biocontrol agent.
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