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Abstract
The purpose of this study was to bioprospect the volatile organic compounds (VOCs) of various Trichoderma harzianum
strains to control black rot of postharvest snake fruit, an important fruit commodity in Southeast Asia, caused by the fungus
Thielaviopsis paradoxa. Trough an indirect confrontation assay, T. harzianum InaCC F88 was found as the most suppressing
strain among others. The strain inhibited T. paradoxawith growth relative to control (GRC) of 71.14%. A volatolomic analysis
using Headspace GC–MS of this strain showed the most abundant VOCwas isoamyl alcohol (36.06%), followed by 2-methyl-
1-propanol (21.92%) and 2-cyclopentenone (10.72%). Isoamyl alcohol as the major compound inhibited T. paradoxa with
GRCof 71.44, 28.88, and 2.86% after the addition of 10, 20, and 30µL of the vapor of pure compound, respectively.Moreover,
in a 1.5-L close-container assay, the addition of 300 µL isoamyl alcohol vapor was also able to reduce lesion tissue in the
pre-infected fruit up to 29.15% after 7 days of storage in room temperature compared to 58.97% in the absence of the pure
compound. In conclusion, T. harzianum InaCC F88 through its VOCs was potential to biocontrol black rot in snake fruit, thus
extend its storage time.
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1 Introduction

Snake fruit (Salacca sp.) is a tropical fruit that is com-
monly found in Southeast Asia. In Indonesia, this fruit is
called “Salak” and is cultivated widely with a productivity
of 35.33 ton/ha and a plantation area of 27,050 ha in 2019,
thus playing a significant role in sustaining the economy of
some areas, particularly in Sumatra, Java, and Bali Island
[1]. Besides its unique flavor due to the presence of various
methyl esters and sweet taste because of its high content of
sugars [2], this fruit is also rich in antioxidants, polyphenols,
vitaminC, aswell as various organic acids [3]. Therefore, this
fruit is one of the most popular fruits for daily consumption
in Indonesia.

Postharvest loss (PHL) of snake fruit is relatively higher
than other tropical fruits. This is mainly caused by the high
intensity of decay by microbes. Generally, in developing
countries, the PHL can reach 20–50% of the total production
volume [4]. Due to its unique morphology, the tip of this fruit
is very susceptible to pathogen infection. Black rot is a com-
mon disease found in the tip during storage in themarket. The
pathogen blackened or browned the infected fruit flesh. Fur-
ther, the lesions became soft rot and produced an odious odor
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with sometimes an appearance of white mycelia on the rot
part. This fruit rot contributes to large economic losses dur-
ing storage and distribution. In addition, some of pathogenic
microbes associated with postharvest rot produce mycotox-
inswhich are dangerous to humanhealth if the infected fruit is
ingested [5]. Under these circumstances, the countermeasure
action to prevent PHLdue to postharvest disease is inevitable.

Chemical control is broadly considered the first strategy to
control PHL due to microbial causes. Particularly, the appli-
cation of synthetic chemical pesticides (SCPs) with their
effective outcome is still a common practice. However, this
method has been widely reviewed for some serious draw-
backs. The foremost reason is the potential toxicity effect
of SCPs on the surrounding environment and particularly
on human health accompanied by their accumulative and
persistent tendency [6]. Moreover, some cases of microbial
pathogen resistance have been reported by the continuous
sole application of SCPs [7]. As an alternative, chemical pes-
ticides from vegetation sources have been investigated which
is considerably more convenient [8]. However, this solution
still requires a lot of improvements because of its ability to
alter fruit aroma and the difficulty of standardizing the for-
mula, hence influencing its effectiveness.

In the last decades, the utilization of volatile organic com-
pounds (VOCs) derived from microbial sources, particularly
fungi, has been a promising alternative to the biological con-
trol of PHL [9]. Themicrobial VOCs are considered effective
andmore environmentally friendly to reduce the use of SCPs.
Trichoderma species are widely used in agricultural practice
due to their various ability to improve plant growth and sup-
press phytopathogens. Among the species in the genus, T.
harzianum is considered superior due of its ability to biosyn-
thesize many secondary metabolites and potential enzymes.
A previous study reported that T. harzianum emitted VOCs
as secondary metabolites and signal molecules that mediated
plant growth [10]. A more recent study showed that, besides
stimulating the growth of the plants, the T. harzianum VOCs
were able to combat phytopathogens as well [11]. In this
study, the fungal VOCs were tested to inhibit the growth of
Botrytis cinerea. However, it is unclearwhetherT. harzianum
VOCs attacked the specific microbial target only. Hence,
thesemetabolitesmight also target othermicrobial pathogens
on various postharvest fruit disease. Therefore, this study
aimed to bioprospect T. harzianum VOCs as a countermea-
sure for microbial pathogens causing the devastated black rot
on Snake Fruit.

2 Materials andMethods

2.1 T. harzianum Strains andMaintaining Condition

Ten isolates of T. harzianum strain were obtained from the
Indonesian Culture Collection (InaCC). The strains were iso-
lated from two sources of samples, leaf litters (InaCC F86,
InaCC F87, InaCC F89, InaCC F90, InaCC F91, InaCC F92,
InaCC F116, and InaCC F144) and soils (InaCC F88 and
InaCC F115). All strains were subcultured on PDA (Hime-
dia, India) plates at 30 °C before use in the procedures.

2.2 Isolation of Pathogenic Fungi

The pathogenic fungi were isolated from rotten snake fruit
(Salacca zalacca (Gaertner) Voss var. pondoh) collected
from the Cibinong market, West Java Province, Indonesia.
The fungal isolation was performed according to the sur-
face sterilization method with some modifications [12]. The
rotten S. zalacca was washed under tap water, dried with a
sterile paper towel, and sterilized superficially by immers-
ing in 70% ethanol for 1 min, after that with 1% sodium
hypochlorite (NaOCl) for 2 min, and then thoroughly rinsed
thrice with sterile distilled water. Afterward, the fruits were
wrapped with a sterile paper towel and then dried for 3–4 h at
ambient temperature to separate water from the surface. Rot-
ten S. zalacca samples were prepared by cutting into 5-mm
segments and subsequently placed on PDA plates. For each
plate, four segments were placed individually. Cultures were
then stored at 27 °C in the dark and were daily observed for
7–14 days. The actively growing fungal mycelia was trans-
ferred to newPDAplates andkept in a dark incubator at 27 °C.
The purified fungal strains were then selected for working
and backup cultures.

2.3 Identification of the Pathogenic Fungi

Pure pathogenic fungi were transferred and grown on PDA
plates and then incubated at 27 °C for 5–7 days. Initial identi-
fication of fungi was based onmorphological characteristics.
Morphological identification was performed by observing
both macroscopic and microscopic features. Observation of
macroscopic characterizations included color, reverse color,
texture, surface, colony shape, and exudate drop. Micro-
scope slides were prepared from each selected strain using
lactophenol as mounting medium. The observation of micro-
scopic characterizations was done on a light microscope
by investigating hyphae, pigmentation of the hyphae, clamp
connection, septate, spores, conidia, and other reproductive
structures.

Fungal strains were selected for their characterization
using molecular approaches. Molecular identification was
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performed by DNA sequence analysis of the internal tran-
scribed spacers (ITS1 and ITS2) of the rDNA region, which
includes the 5.8S rRNA. Total fungal genomic DNA was
isolated using the Nucleon PhytoPure, Plant and Fungal
DNA Extraction Kit (GE Healthcare, USA) according to the
manufacturer’s instructions. DNA amplification of the ITS
region of rDNAwas performed by polymerase chain reaction
(PCR). PCR amplification was performed in a 25 µl reac-
tion mixture containing 10 µl distilled water, 12.5 µl GoTaq
GreenMaster Mix (Promega, USA), 0.5µl DMSO, 0.5µl of
each primer (10 pmol) and 1µl (5–10µl). ng) genomic DNA
was taken as a sample. Approximately 550 nucleotides of
ITS1 and ITS2 containing 5.8S rDNA were amplified using
ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) and ITS5(5′-
GGAAGTAAAAGTCGTAACAAGG-3′) primer sets [13].
Amplification was done in a TaKaRa PCR Thermal Cycler
P650 (TAKARA BIO Inc., Japan), programmed under the
following conditions: initial denaturation at 95 °C for 3 min,
30 cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
1 min. The PCR products were purified and sequenced.

A preliminary construction of phylogenetic trees of
selected strains was performed by editing raw sequence
data using ChromasPro (http://www.technelysium.com.au/
ChromasPro.html). Compiled sequenceswere retrieved from
the National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nlh.gov/) using Muscle (http://www.
ebi.ac.uk/Tools/msa/hardware). Phylogenetic analysis of the
sequence data was performed according to the neighbor-
joining (NJ) method [14] using the Molecular Evolutionary
Genetics Analysis (MEGA) program version 7 [15]. The reli-
ability of each branch was assessed by bootstrapping with
1000 resampling.

2.4 Indirect Confrontation Between T. harzianum
and the Pathogenic Fungus

In vitro bioassays were performed using 9-cm Petri dishes
containing approximately 15 mL of PDA medium. Two sep-
arate dishes were prepared. The first was inoculated into the
center of a 6-mm hyphal disk containing a pathogenic fun-
gal strain, and the other was inoculated with a T. harzianum
strain. The lids were removed, the two plates were inverted,
and the pathogenic fungi were placed on the T. harzianum
plates. The two bases of the plates were sealed with a double
layer of parafilm and kept at 30 °C. To avoid interference of
antagonistic spores from plates inoculated with pathogenic
fungi, the pathogens were on the upper plate. The time
of assessment was determined 2 days post-confrontation
and the diameter of pathogenic fungal mycelia was mea-
sured. The experiment was performed in triplicate for each
T. harzianum strain. The percentage of growth relative to
control (%GRC) was calculated as the percentage of the
increasing in mycelium length after T. harzianum treatment

(mm) and divided by the increasing in mycelium length of
control (mm).

2.5 UntargetedVolatolomics of T. harzianum Strain
by Headspace Gas Chromatography–Mass
Spectrometry (GC–MS)

To analyze the volatile compounds within the selected T.
harzianum strain, GC–MS was conducted according to the
method by [16] with some modifications. The T. harzianum
strain was inoculated in a 20-mL specific chromatography
vial containing 1 mL of PDA and incubated at 30 ± 2 °C for
7 days. Headspace autosampler Shimadzu AOC 6000 (Shi-
madzu Corp, Japan) was performed to collect the VOCs by
incubation for 1 min with agitation (250 rpm) at temperature
of 30 °C. The sampler then inserted into the injection port of
the gas chromatograph Shimadzu QP2020 (Shimadzu Corp,
Japan), equipped with an SH-Rxi-5SilMS capillary column
(30m× 0.25mm i.d., 0.25µmfilm thickness). The tempera-
ture of oven was initially maintained at 40 °C for 3 min, then
elevated to 230 °C then held for 5min, at a rate of 7 °Cmin−1.
The temperature of injector was 280 °C. The carrier gas was
ultra-high purity helium with an initial column pressure of
61.8 kPa and a flow rate of 1.17 mL min−1. The ion source
and quadrupolewere set at 200 °C. Electron impact (EI)mass
spectra were collected at an ionization voltage of 0.4 eV
over the m/z range of 29–550. Volatiles and semivolatiles
were identified based on computer searches ordered by the
National Institute of Standards and Technology (NIST) 20
search chromatograms of mass spectral libraries.

2.6 Sealed Petri Dish Method of Pure Volatile
Against Mycelial Growth of the Pathogenic
Fungus

A sealed Petri dish method was developed and performed to
determine the effect of themain volatile compounds involved
in antifungal activity against pathogenic fungus. The com-
pound isoamyl alcohol (3-methyl-1-butanol) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Isoamyl alco-
hol was dropped on a circular Whatman® (USA) paper filter
(diameter around 6 mm) as much as 5–80 µL and placed
on the lid of the plate. No isoamyl alcohol was used as the
negative control. The tested plates were incubated at 30 ±
2 °C for 2 days, each treatment was administered three times.
Mycelial colony expansion of pathogenic fungus was mea-
sured and %GRC was calculated.

2.7 In Vivo Assay of Volatile Against Postharvest
Fruit Rot

In vivo experiments were conducted to investigate the effect
of high VOCs on postharvest fruit rot of snake fruits
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according to the method by [16] with some modifications.
Pathogenic fungus was fermented in PDB (Himedia, India)
and grown under static conditions for 5 days at 30 ± 2 °C.
Conidial suspension (5 µL) was applied to snake fruit for
each experiment, consisting of three fruits (three replicates).
Simultaneously, fungal inoculated snake fruits were incu-
bated with isoamyl alcohol at 50–500µL applied on a sterile
tissue paper, without direct contact with the fruit, in a closed
16 × 16 × 7 cm plastic box for seven days in a dark incuba-
tor. Fungal inoculated snake fruits incubatedwithout isoamyl
alcohol served as controls. The fruit flesh only was exam-
ined to investigate the effect of the volatile compound on the
infected fruit. The lesion part was marked by the soft and
blackened/browned fruit flesh, while the uninfected part is
rigid and yellowish. The percentage of the lesion part relative
to whole fruit flesh (%LRW) was calculated as the percent-
age of fresh weight of lesion fruit (g) divided by the total fruit
flesh (g).

2.8 Data Analysis

All data, including %GRC and %LRW, were subjected to
analysis of variance (ANOVA). Statistically significant dif-
ferences between treated samples and untreated controls
were analyzed using Tukey’s test with a threshold of P <
0.05. All graphics and statistical analyses were conducted
using GraphPad Prism version 10.1.2 (San Diego, USA).
The asterisk indicates the P-value of the comparison test,
* (P < 0.05), **(P: 0.05–0.01), ***(P: 0.01–0.001), ****(P
> 0.001). Without an asterisk sign, it is not significantly dif-
ferent (P > 0.05).

3 Results

3.1 Thielaviopsis sp. was the Fungal Pathogens
Causing Tip Rot on Snake Fruit

Six isolates of pathogenic fungi Thielaviopsis sp. (SPT DI-1,
SPTDI-2, SPTDI-3, SPTDI-4, SPTDI-5, and SPTDI-6; see
Appendix table) were isolated from rotten S. zalacca sam-
ples (Fig. 1A) collected from Cibinong market, West Java
Province, Indonesia. Once isolated, the fungus based on its
morphological characteristics was identified as Thielaviopsis
sp. [17]. After 7 days of incubation on PDA with a tempera-
ture of 27 °C, gray or dark colonies occupied the entire 8 cm
plate (Fig. 1B), conidiophores 100–200 × 6–10 µm, hyaline
to light-brown, septated at the base, smooth. Conidia were
sometimes cylindrical 4–12 × 2–3 µm, truncate at the ends,
smooth, phialidic, hyaline, changing to light-brown or some-
times varying in shape, cylindrical oval or slightly ellipsoidal,
4–20 × 3–5 µm, smooth or in chains (Fig. 1C, D).

Fig. 1 The rotten S. zalacca samples were presumably caused by
pathogenic fungi Thielaviopsis sp. (A). The macroscopic and micro-
scopic view of the representative Thielaviopsis sp. strains SPT DI-1
were isolated from snake fruit (B–D). The culture was grown in vitro
on potato dextrose agar (PDA) media, 7 days incubation at T 27 °C.
Neighbor-joining tree of three selected strains of pathogenic fungi
Thielaviopsis sp. strain DI-1, DI-2, and DI-3 based on ITS rDNA
sequence and Lasiodiplodia theobromae as outgroup (E). Only boot-
strap values above 70 are shown

The molecular analysis was conducted on the three
selected strains of pathogenic fungi Thielaviopsis sp. strain
SPT DI-1, 2, and 3. The query length of ITS nucleotides
was aligned online at NCBI (http://www.ncbi.nlm.nlh.gov/),
consisting of 550–580 base pairs. The first–second clos-
est taxa according to online BLAST alignment is shown
in Appendix table. Fungal taxa Ceratocystis paradoxa is a
fungus in the phylum Ascomycota with the asexual name
Thielaviopsis paradoxa and is a common cause of black
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Fig. 2 The effect of VOCs of T.
harzianum strains on the
mycelial growth of T. paradoxa
in an indirect confrontation plate
assay (A). The mycelial colony
appearance of T. paradoxa
without confrontation with T.
harzianum (B) and with
confrontation with T. harzianum
InaCC F88 (C)

and stem end rot in its hosts. Phylogenetic analysis con-
firmed these molecular results. Based on the phylogenetic
tree constructed by NJ analysis, the ITS sequences of the
three representative strains of Thielaviopsis sp. SPT DI-1, 2,
and 3 overlapped in the same clade as C. paradoxa strain
BLH5-1 (KC415073). The pickup value for the C. paradoxa
strain BCRC 34425 (GU358207) and the C. paradoxa strain
CBA-HW01 (GU567771) was 98% (Fig. 1E). For further
experiments, one isolate, Thielaviopsis sp. SPT DI-2 was
selected as a representative for all isolates.

3.2 Volatile Compounds Produced by T. harzianum
Strains Inhibit the Mycelial Growth of T.
paradoxa

The sealed plate method was performed to test the effect of
VOCs released by T. harzianum on the vegetative mycelial
growth of T. paradoxa After two days of indirect con-
frontation in a dark incubator with a temperature of 30 °C,
the colony diameter of T. paradoxa was affected by vari-
ous degrees. In contact with T. harzianum InaCC F88, the
mycelial growth of T. paradoxa was lower than other T.
harzianum strains (Fig. 2). T. harzianum InaCC F88 was
able to significantly suppress 71.14% (P < 0.0001, 95% CI
of diff.) of T. paradoxa growth in comparison to the control
plate. On the other hand, T. harzianum InaCC F86, F87, and
F90 did not significantly inhibit the growth of T. paradoxa.

3.3 Identification of VOCs Emitted by T. harzianum
InaCC F88

The results from indirect confrontation showed that T.
harzianum InaCC F88 had a strong inhibition ability toward
T. paradoxa. This was suggested that the VOCs emitted by
this mold had antifungal activity. To identify and charac-
terize the fungal VOCs, an untargeted approach of analysis
was conducted by using GC–MS coupled with headspace to
collect the emitted volatile compounds. A total of 9 com-
pounds with similarity above 70% were identified using the
NIST library (Table 1). The chromatogram of analysis is

shown Appendix figure. As illustrated in Table 1, the iden-
tified VOCs of T. harzianum InaCC F88 were belong to
various chemical groups, from alcohol (2-methyl-1-propanol
and 3-methyl-1-butanol), ketone (2-cyclopentenone), ester
(3-methyl-1-butyl ethanoate), amide (semicarbazide), car-
boxylic acid (ethyl hydrogen oxalate), alkene (2-methyl-
1,3,5-hexatriene), enol (7-methyloctane-2,4-dione), and car-
boxylic ester (4-nitrophenyl hept-2-enoate). The most abun-
dance VOC detected in this investigation was 3-methyl-1-
butanol (the trivial name is isoamyl alcohol) at 3.932 min
with 36.06% peak area, followed by 2-methyl-1-propanol at
2.324 min with 21.92% peak area, and 2-cyclopentenone at
2.200with 10.72% peak area. Themass spectrum andmolec-
ular structure of isoamyl alcohol are shown in Appendix.

3.4 Effect of Pure VOC Against T. paradoxa

Isoamyl alcohol as the pure volatile compound with the most
abundance percentage in the volatilome of T. harzianum
InaCC F88 fermented in PDA, was subjected to an indirect
confrontation with T. paradoxa in a 9-cm Petri dish contain-
ing PDA. The result showed that the antifungal activity was
dependent on the concentration of isoamyl alcohol. Appli-
cation of 40 µL and above of isoamyl alcohol to the plate
assay inhibited the mycelial growth of T. paradoxa (Fig. 3).
However, the application of 30µL of the compound strongly
inhibited the pathogen with the percentage of GRC reaching
only 2.86%. The addition of 20, 10, and 5 µL of isoamyl
alcohol resulted in 28.88, 71.44, and 96.28%ofGRC, respec-
tively, indicating the decreasing of inhibition ability. This
result confirmed that isoamyl alcohol has antifungal proper-
ties against T. paradoxa.

3.5 Pure VOC of T. harzianum Strain Reduced
Postharvest Rot in Snake Fruit

The previous result showed that isoamyl alcohol as the pure
VOC of T. harzianum InaCC F88 has antifungal properties
against T. paradoxa in PDA plate. Therefore, isoamyl alco-
hol was subjected to the pathogen in snake fruit rot during
storage. To examine the effect of isoamyl alcohol on snake
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Fig. 3 The inhibition effect of various amounts of isoamyl alcohol added
toward the mycelial growth of T. paradoxa (A). The mycelial colony
appearance of T. paradoxa without the addition of isoamyl alcohol as
negative control (B) and with the addition of 5 µL (C), 10 µL (D), and
20 µL (E)

Fig. 4 The effect of various amount of isoamyl alcohol added toward a
degree of T. paradoxa-related decay on snake skin fruit

fruit during postharvest storage, the pathogen was inoculated
to the tip of the fruit at a similar time to the exposure of the
volatile compound. The result showed that post-incubation
at room temperature and dark conditions, a blacked rotten
tissue was observed in snake fruit with and without exposure
to isoamyl alcohol. However, the percentage of this lesion
part in fruit (%LRW)without isoamyl alcohol expositionwas
highest among other treatments and decreased gradually as
the amount of isoamyl alcohol was increased (Fig. 4). The
LRW value of fruit without the addition of isoamyl alcohol
was 58.97%. The addition of 100 and 200 µL decreased the
LRW to 47.65 and 35.17%, but not significantly different
(P < 0.0001, 95% CI of diff). The application of 300 µL
significantly decreased the LRW to 29.15%. The addition of
isoamyl alcohol as much as 400 and 500 µL plummeted the
LRW value to 11.82 and 3.83%, respectively.
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4 Discussion

T. paradoxa is the main fungal pathogen causing tip rot dis-
ease in postharvest snake fruit [22]. Reported for the first
time that T. paradoxa was observed to occur in rot snake
fruit in Thailand. The pathogen caused blackened or browned
discolor to the infected fruit flesh. The lesions became soft
rot and produced a heinous odor with sometimes an appear-
ance of white mycelia on the rot part. Besides snake fruit, T.
paradoxa was also reported to infect other postharvest fruits
in various countries. T. paradoxa was reported as the causal
agent of black rot on pineapple in French Guinea [23]. In this
country,T. paradoxa has been listed as a quarantine pathogen.
In Turkey, this fungus was reported to cause main stalk rot
on bananas [24]. T. paradoxa was not only reported to infect
fruit but also other parts of various plants. An outbreak of
trunk rot in coconut trees was caused by this fungus [25].
Similar to rotting in fruit, T. paradoxa also produced black
or brown lesions in the coconut stem. In addition to the stem,
T. paradoxa was able to infect the leaves of bottle palms as
well and produce blackish brown lesions on the leaf tissue
[26].

T. harzianum strains produced VOCs with anti-fungal
properties. Various Trichoderma species have been previ-
ously reported to emit volatile compounds with biocontrol
activity against phytopathogens as well as plant growth-
promoting ability [10, 27].However, this propertywas shown
as strain-dependent. A similar study conducted by [28]
showed that various T. harzianum strains have variability
in inhibiting growth growth-altering morphology of some
pathogenic wood rot fungal species through indirect con-
frontation bioassay. Another report showed thatTrichoderma
spp. differed in producing volatile compounds and potency
as plant growth-promoting and biocontrol agents [29]. This
intraspecies variation relies on genetic and epigenetic fac-
tors, which from an ecological and evolutionary standpoint
is a strategy for keeping survivability under various unfavor-
able environmental conditions [30].

Isoamyl alcoholwas foundas themajor volatile compound
emitted by T. harzianum InaCC F88. isoamyl alcohol has
been traced in volatilomes of various molds and yeasts as
well. Isoamyl alcohol along with its ester, isoamyl acetate,
was among the major VOCs produced by Candida mal-
tose, isolated from cheese when it was grown on YPD
agar [31]. Furthermore, in this study, isoamyl alcohol and
isoamyl acetate inhibited the growth of 15 species of molds
at 20 µL/dish and 160 µL/dish, respectively. Isoamyl alco-
hol was found as one of the major compounds emitted by
Metarhizium brunneum, an entomopathogen mold, but the
production depended on the strain, incubation period, and
most notably nutrient condition [32]. Isoamyl alcohol was
majorly produced in osmotic stress medium as well as low to
intermediate C/N medium. Moreover, the study also showed

the effectivity of isoamyl alcohol to control the growth of
Pythium ultimum, a fungal phytopathogen that responsible
for root rot disease of diverse crops, with the percentage of
inhibition was above 80%. In addition to yeast and mold,
isoamyl alcohol was also detected as a VOC produced by
bacteria. In a peptone medium, isoamyl alcohol was detected
produced by Bacillus spp. among other 50 VOCs [33].

Isoamyl alcohol is commonly found in food naturally
and has been used widely as a food additive and fragrance.
Isoamyl alcohol is a C5 alcohol, known also as a part of
fusel alcohols, the by-products of alcoholic fermentation.
Health assessment in humans reported that isoamyl alco-
hol is considered to be not genotoxic with NOAEL value of
repeated dose toxicity reaching 1250 mg/kg/day [34]. How-
ever, isoamyl alcohol interacted antagonistically with some
microbial cells. This specificity interaction with other king-
doms makes it a good candidate for the biocontrol of some
microbial plant pathogens. A previous study has reported the
mechanism of action of isoamyl alcohol toward its microbial
cell target. Isoamyl alcohol was able to modify the perme-
ability of fungal pathogens from the anthracnose infected
plants, Colletotrichum gloeosporioides and C. acutatum, by
increasing the level of peroxidation of membrane lipids [35].
This condition leads to an increase in ROS production and
alteration of lipid layer composition, hence changing the per-
meability of the membrane, resulting its disintegration and
finally cell death [36].

Due to its antifungal property againstT. paradoxa, isoamyl
alcohol has the potency to be developed as a biofumigant
agent for postharvest snake fruit. However, for the effec-
tive application, proper formulation is required. The isoamyl
alcohol as an active ingredient can be formulated as gas
aerosol, in combination with edible films, or controlled-
released system approach [9]. Moreover, several factors
should be considered for the development of isoamyl alcohol-
based biofumigants. The first thing is the compatibility,
in terms of the interaction of the components of the for-
mula (active ingredient and excipients) with the fruit being
minimized to avoid the possible alteration of fruit quality
post-application. Another factor is the safety consideration,
concerning the proper concentration in formula and applica-
tion dose to eschew the acute effect of the active compounds.
The last thing is the economic consideration in the matter of
cost production. The formula, including the preferable excip-
ients, as well as the production process should be effective
and efficient from the economical perspective.

5 Conclusion

Through the emission of fungal VOCs, T. harzianum InaCC
F88 was able to reduce the mycelial growth of T. paradoxa,
the fungal pathogen of black rot in snake fruit. Volatolomic
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analysis of InaCC F88 strain by Headspace GC–MS showed
isoamyl alcohol as the most abundant compound. Moreover,
the antifungal property of isoamyl alcohol has been proven
through its ability to decrease the mycelial growth of T.
paradoxa in plate tests and reduce the decay incidence of
pre-infected snake fruit during storage. For future prospects,
the bioformulation of isoamyl alcohol as a biofumigant for
controlling postharvest fruit disease needs to be further devel-
oped.

Appendix

See Fig. 5 and Tables 2 and 3.

Fig. 5 The total ion
chromatogram of VOCs
identified from T. harzianum
InaCC F88 (1). Mass spectrum of
the compound at 3.93 min (2) and
isoamyl alcohol complemented
with its chemical structure (3)
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Table 2 List of selected Thielaviopsis sp. isolated from rotten snake fruit sample primary grouping based on morphology

No Strain
code

Fungal taxa Source of sample Sampling site

1 SPT
DI-1

Thielaviopsis sp. Rotten S. zalacca (Gaertner) Voss var. pondoh Cirimekar, Cibinong, Bogor Regency, West Java
Province, Indonesia (E:106°51′21′′S:6°27′56′′
120 m.alt.)

2 SPT
DI-2

Thielaviopsis sp. Rotten S. zalacca (Gaertner) Voss var. pondoh Cirimekar, Cibinong, Bogor Regency, West Java
Province, Indonesia (E:106°51′21′′S:6°27′56′′
120 m.alt.)

3 SPT
DI-3

Thielaviopsis sp. Rotten S. zalacca (Gaertner) Voss var. pondoh Cirimekar, Cibinong, Bogor Regency, West Java
Province, Indonesia (E:106°51′21′′S:6°27′56′′
120 m.alt.)

4 SPT
DI-4

Thielaviopsis sp. Rotten S. zalacca (Gaertner) Voss var. pondoh Cirimekar, Cibinong, Bogor Regency, West Java
Province, Indonesia (E:106°51′21′′S:6°27′56′′
120 m.alt.)

5 SPT
DI-5

Thielaviopsis sp. Rotten S. zalacca (Gaertner) Voss var. pondoh Cirimekar, Cibinong, Bogor Regency, West Java
Province, Indonesia (E:106°51′21′′S:6°27′56′′
120 m.alt.)

6 SPT
DI-6

Thielaviopsis sp. Rotten S. zalacca (Gaertner) Voss var. pondoh Cirimekar, Cibinong, Bogor Regency, West Java
Province, Indonesia (E:106°51′21′′S:6°27′56′′
120 m.alt.)

Table 3 The BLAST result of three selected strains of pathogenic fungus Thielaviopsis sp. based on ITS rDNA sequence according NCBI BLAST
(https://blast.ncbi.nlm.nih.gov/)

Fungal strain First–second closest taxa on NCBI BLAST (https://blast.ncbi.nlm.nih.gov/)

SPT DI-1 C. paradoxa strain BLH5-1
(Accession no: KC415073) [Similarity: 99.65%; Max score: 1044; Total score: 1044; Query coverage: 99%; E-value: 0.0;
Max identities: 570/572 (99%); Gaps: 2/572 (0%)]

C. paradoxa strain BCRC 34425
(Accession no: GU358207) [Similarity: 100%; Max score: 1026; Total score: 1026; Query coverage: 100%; E-value: 0.0;
Max identities: 555/555 (100%); Gaps: 0/555 (0%)]

SPT DI-2 C. paradoxa strain BLH5-1
(Accession no: KC415073) [Similarity: 99.48%; Max score: 1038; Total score: 1038; Query coverage: 100%; E-value: 0.0;
Max identities: 570/573 (99%); Gaps: 3/573 (0%)]

C. paradoxa strain CBA-HW01
(Accession no: GU567771) [Similarity: 99.64%; Max score: 1024; Total score: 1024; Query coverage: 97%; E-value: 0.0;
Max identities: 559/561 (99%); Gaps: 2/561 (0%)]

SPT DI-3 C. paradoxa strain BLH5-1
(Accession no: KC415073) [Similarity: 99.65%; Max score: 1044; Total score: 1044; Query coverage: 99%; E-value: 0.0;
Max identities: 570/572 (99%); Gaps: 2/572 (0%)]

C. paradoxa strain BCRC 34425
(Accession no: GU358207) [Similarity: 100%; Max score: 1026; Total score: 1026; Query coverage: 100%; E-value: 0.0;
Max identities: 555/555 (100%); Gaps: 0/555 (0%)]
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