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This study aimed to examine the heat stability of culture filtrates of Trichoderma asperelloides SKRU-01 (culture
filtrates SKRU-01) over a temperatures range (40-121 °C) and the effects on the antifungal activity against two
aflatoxin-producing strains (Aspergillus parasiticus TISTR 3276 and A. flavus PSRDC-4), aflatoxin B; (AFB,)
degradation, and the role in mycotoxin control in peanuts. The impact of SKRU-01 culture age (2-12 day-old) on
both pathogenic strains revealed that the culture age of 6-12 day-old cultures exhibited no significant difference
(p > 0.05) of growth inhibition for strain TISTR 3276 (81.89-82.28 %) and 4-12 day-old cultures for strain
PSRDC-4 (74.87-79.06 %). The heat-treated temperatures from 40 °C to 121 °C caused no significant (p > 0.05)
reduction of mycelial growth for strain TISTR 3276 (82.61 % to 79.13 %) but significant (p < 0.05) deduction for
strain PSRDC-4 (75.15 % to 59.17 %). Heat treatment of the culture filtrates SKRU-01 at 60-121 °C caused the
reduction on spore germination inhibition (from about 68 % to 58.16 % for strain TISTR 3276 and 51.11 % for
strain PSRDC-4). These results indicate that strain TISTR 3276 exhibited greater susceptibility to culture filtrates
SKRU-01 compared to strain PSRDC-4. Furthermore, the culture filtrates SKRU-01 exhibited remarkable thermal
stability at 121 °C, degrading AFB; to 63.91 %. Application of heat-stable culture filtrates SKRU-01 in peanuts
demonstrated that the reduction in fungal population and AFB; production of both pathogenic strains depended
significantly (p < 0.05) on the level of heat treatment. The non-treated and 40 °C treated culture filtrates SKRU-
01 could reduce AFB; production to lower than the Standard Aflatoxin Limitation (<20 pg/kg), ensuring food
safety and mitigating the health risks associated with aflatoxin exposure.

1. Introduction

Aspergillus flavus and A. parasiticus are well-known for their aflatoxin-
producing capabilities, particularly in oil-rich crops such as peanuts,
maize, rice, and cottonseed, as well as in processed products during
storage (Ma et al., 2021; Gong et al., 2023). During both pre- and post-
harvest stages, these fungi are capable of producing highly toxic sec-
ondary metabolites known as aflatoxins B; (AFB;), which the Interna-
tional Agency for Research on Cancer (IARC) evaluated through both
epidemiological and laboratory studies. The IARC categorized aflatoxins
as carcinogenic (Group 1) (World Health Organization, 1993; Ma et al.,
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2021) and potentially carcinogenic to humans (Group 2B) (World
Health Organization, 1993). As it poses a grave hazard to human health,
the presence of aflatoxins in crops and agricultural products is a sig-
nificant global health concern (World Health Organization, 1993).
Numerous strategies have been employed to manage aflatoxin-
producing fungi (Chiuraise et al., 2015; Ren et al., 2022) and to deac-
tivate and detoxify aflatoxins in crops, both before and after harvest
(Spadaro and Garibaldi, 2017). These strategies encompass a range of
approaches, including physical, chemical, and biological methods
(Siciliano et al., 2016). To mitigate the risk of excessive fungicide usage,
there is a growing interest in exploring alternative methods for
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controlling pathogenic and mycotoxigenic fungi, with a particular focus
on biocontrol agents. The utilization of microorganisms as biological
control agents has witnessed significant growth in recent decades
(Siahmoshteh et al., 2017).

Several antagonists were applied for this aim, but atoxigenic fungi
and bacterial strains are commonly used (Bandyopadhyay et al., 2016).
The ideal antagonist should have certain characteristics, such as genetic
stability, efficacy at low concentrations against a wide range of patho-
gens on fruit products, simple nutritional requirements, survival in
adverse environmental conditions, growth on cheap substrates in fer-
menters, lack of pathogenicity for the host plant and lack of toxigenicity
to humans, resistance to the most frequently used pesticides and
compatibility with other chemical and physical treatments (Spadaro and
Droby, 2016).

In recent years, antagonists have garnered significant attention due
to their diverse biological activities, including their capacity to generate
novel chemical compounds of high commercial value (Amador et al.,
2003). The use of several species of antagonistic microorganisms, such
as Streptomyces species (Campos-Avelar et al., 2021; Boukaew et al.,
2023a, 2023b, 2023c), Bacillus species (Li et al., 2022; Yuan et al.,
2023), Pseudomonas species (Gomaa et al., 2019; Gong et al., 2022), and
Trichoderma species (Ren et al., 2022; Boukaew et al., 2023d; Madbouly
et al., 2023), has gained significant attention in minimizing the impact
of mycotoxins. Beneficial microorganisms are increasingly being used as
biocontrol agents due to their high efficiency, specificity, and cost-
effectiveness (Mason et al., 2023).

Fungi from the Trichoderma genus have gained substantial recogni-
tion as potent biocontrol agents against plant-pathogenic fungi
(Ayyandurai et al., 2023; Behiry et al., 2023), including Aspergillus
species (Dini et al., 2022; Ren et al., 2022; Madbouly et al., 2023).
Notably, T. hamatum exhibits a distinctive ability to grow toward host
hyphae and, upon contact, form coils and appressoria-like structures
that facilitate penetration (Chet and Baker, 1981). Despite documented
instances of parasitic behavior in Trichoderma spp., investigations within
A. flavus-Trichoderma spp. interactions have revealed no evident para-
sitic activity (Verma et al., 2007; Ren et al., 2022). Trichoderma species
employed as antagonists in biological control against other microor-
ganisms have been proposed to inhibit growth through three primary
mechanisms: parasitism (nutrient extraction from the host), competition
(for resources and space), and antibiosis (production of inhibitory me-
tabolites or antibiotics) (Whipps and Lumsden, 1991; Howell, 2003).
While one mechanism may dominate, it’s important to recognize that
this does not preclude the possibility of the other two mechanisms also
contributing to their antagonistic behavior. This genus is well-
documented for its effectiveness as biocontrol agents, often relying on
the production of secondary metabolites with antibiotic activity (Vinale
etal., 2008; Ren et al., 2022). Over the years, researchers have identified
>1000 secondary metabolites from various Trichoderma spp. (Hermosa
et al., 2014), some of which have found successful applications in con-
trolling plant diseases (Calistru et al., 1997; Brana et al., 2017),
including those produced by T. asperelloides (Boukaew et al., 2023d).
However, despite the proficiency of several Trichoderma species,
including T. hargianum, T. reesei, T. koningii, and T. asperellum, in
degrading hydrocarbon compounds such as polycyclic aromatic hydro-
carbons (PAHSs), crude oil, and resins (Zafra and Cortés-Espinosa, 2015),
there is a notable lack of reports on the ability of Trichoderma spp. to
biodegrade small molecule contaminants, particularly aflatoxins (Pal-
onen et al., 2004; Pribowo et al., 2012; Hackbart et al., 2014; Yue et al.,
2022). The capacity of antifungal agents produced by T. asperelloides
SKRU-01 for aflatoxin degradation remains largely unexplored. Hence,
this study aims to evaluate the effectiveness of bioactive compounds in
culture filtrates SKRU-01 for degrading AFB;, offering potential appli-
cations in reducing aflatoxin contamination in stored grains.

Our recent study (Boukaew et al., 2023d) demonstrated that
T. asperelloides SKRU-01 effectively inhibited aflatoxigenic A. flavus and
A. parasiticus, reducing food and feed spoilage in peanuts through the
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production of antifungal agents. However, the potential of these heat-
stable antifungal agents for AFB; degradation and mycotoxin produc-
tion control in peanuts remains unexplored. These heat-stable agents
offer a promising strategy due to their resilience to high temperatures,
making them effective even in thermally demanding environments like
food production and storage. This study aims to investigate the capa-
bility of heat-stable antifungal agents produced by T. asperelloides SKRU-
01 in controlling AFB; degradation and mycotoxin production in pea-
nuts. This research aims to elucidate how Trichoderma-based antifungal
agents, known for producing antibiotics, can effectively combat afla-
toxin contamination in thermally challenging conditions associated with
food production and storage. Our objective is to update knowledge
about the efficacy of these agents in preventing aflatoxigenic A. flavus
and A. parasiticus-related food and feed spoilage while exploring their
potential as a safe and effective approach to mitigate mycotoxin
contamination in peanuts.

2. Material and methods
2.1. Culture media and microorganisms

Strain SKRU-01 was isolated from loam soil samples and identified to
be Trichoderma asperelloides (Boukaew et al., 2023d). The strain was
cultivated on potato dextrose agar (PDA) (39 g/L, Difco Laboratory) at
30 °C for 7 days. Spores were extracted from the surface of the agar and
suspended in a 5 mL solution of sterile distilled water and 0.1 % (v/v)
Tween 80 (Sigma-Aldrich). After passing the spore suspensions through
sterile cheesecloth to remove any lingering mycelia, the spore count was
determined using a hemocytometer. The final concentration of 10°
spores/mL was attained by adjusting the concentration with sterile
water to meet the experimental requirements.

A. parasiticus TISTR 3276 and A. flavus PSRDC-4 were previously
identified as high aflatoxin producers (Boukaew et al., 2020a). Fungi
were cultured on PDA plates at 30 °C for seven days and spores were
collected using the same technique.

2.2. Assessing the impact of culture age on antifungal activity of strain
SKRU-01 against both mycotoxin-producing strains

A spore suspension of strain SKRU-01, containing 10° spores/mL,
was added to 100 mL of potato dextrose broth (PDB) (24 g/L; Difco
Laboratory) medium in 250 mL flasks with the pH adjusted to 7.0 using
5 M NaOH before autoclaving. The flasks were incubated at 30 °C on a
rotary shaker at 150 rpm for 0, 2, 4, 6, 8, 10, and 12 d. After incubation,
the mycelial mats were filtered from the culture broth using a Whatman
No. 1 filter paper (125 mm diameter; Whatman™). The resulting filtrate
was then passed through a 0.45 pm Millipore membrane (47 mm
diameter; Sartorius®) to obtain the culture filtrates of SKRU-01.

To investigate the anti-mycotoxin-producing fungal activity, 10 mL
of molten sterile PDA was mixed with the culture filtrate of strain SKRU-
01 at different culture ages, and poured onto a 9 cm diameter culture
plate. As a control, 10 mL of melted sterile PDA was mixed with PDB
medium (without culture filtrates SKRU-01) at an equivalent amount.
Then, a 5 pL suspension containing 10° spores/mL of each mycotoxin-
producing spore was dropped onto the center of the test agar plates.
The experiment was replicated three times for each treatment. The
colonies of each mycotoxin-producing fungus were measured for
diameter after incubating for 5 days at 30 °C. The percentage inhibition
of hyphal growth was then determined using the formula: Percentage
inhibition (%) = [(Dc x Dt)/Dc] x 100, where Dc represents the
mycelial growth of the fungus on the control plate, and Dt represents the
mycelial growth of the fungus on the test plate.
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2.3. Effect of culture filtrates SKRU-01 treated at various temperatures on
mycelial growth inhibition, spore germination, and AFB; degradation

2.3.1. Antifungal activity against mycotoxin-producing strains (mycelial
growth inhibition)

After preparing a culture filtrate of SKRU-01 (as previously
described), the resulting culture filtrate with a pH of 6.7 was divided
into two equal portions. One of the samples served as a control, while the
other was incubated at varying temperatures (40 °C, 60 °C, 80 °C, and
100 °C) for 30 min in a water bath and at 121 °C for 15 min by auto-
claving. The antifungal activity of both the heated and non-heated cul-
ture filtrates SKRU-01 was then evaluated using the bioassay procedure
described in Section 2.2. Each treatment was administered three times.

2.3.2. Spore germination inhibition

To assess the antifungal efficacy of both heated (40-121 °C) and non-
heated culture filtrates SKRU-01 against spore germination of both
pathogenic strains, a 50 pL suspension containing 10° spores/mL of each
mycotoxin-producing spore was mixed with 50 pL of each culture fil-
trates. As a control, sterile distilled water was used. The mixtures were
incubated for 12 h at 30 °C on a rotary shaker at 150 rpm. Subsequently,
50 pL of the mixed culture was dropped onto PDA Petri dishes and
spread evenly. After 24 h, the fungal colonies were counted, and the
total number of live germinated spores per microliter was determined to
calculate the percentage of spore germination (Li et al., 2013). Each
treatment was performed in triplicate.

2.3.3. AFBj degradation

The ability of both heated (40-121 °C) and non-heated culture fil-
trates SKRU-01 to degrade commercial AFB; (Siam Inter Quality Co.,
Ltd., Thailand) was evaluated in 2-mL Eppendorf tubes with a final
volume of 1.0 mL, using a modified version of the method developed by
Teniola et al. (2005). Briefly, 50 pL of an AFB; stock solution containing
an initial concentration of 40.0 pg/mL was combined with 950 pL of
each treatment. According to Xia et al. (2017), the mixture was then
incubated in the dark at 30 °C for 96 h without stirring. As a control,
sterile distilled water with AFB; was used. After treatment, samples were
extracted with chloroform according to the method described by Tosch
et al. (1984), and the AFB; concentration was determined by indirect
competitive ELISA using a ScreenEZ® Aflatoxin ELISA test kit (Siam
Inter Quality Co., Ltd., Thailand), as detailed by Boukaew et al. (2020b).
The absorbance at 450 nm (OD450) was measured using a microplate
reader (M965 + MetertechInc., Taiwan), and the AFB; concentration
was estimated using a Stat Fax Reader Model 321 by subtracting OD450
from OD450. The experiment was conducted in triplicate for each
treatment. The percentage was calculated using the formula: [(Control-
treatment)/Control] x 100 (Brana et al., 2017), where the control
concentration of AFB; was treated with dimethyl sulfoxide (DMSO;
Sigma-Aldrich) and the treatment concentration was treated with cul-
ture filtrates SKRU-01.

2.4. Kinetics of AFB; degradation by culture filtrates SKRU-01

Using a modified version of the method devised by Teniola et al.
(2005), the degradation kinetics of AFB; by culture filtrates SKRU-01
were examined. The experiment was conducted in 2 mL Eppendorf
tubes with a final volume of 1.0 mL. To initiate the experiment, 50 pL of
a 40.0 pg/mL AFB; stock solution was mixed with 950 pL of each
treatment. The mixtures were then incubated without shaking at 30 °C
in the dark for different durations (0, 12, 24, 36, 48, 60, 72, 84, and 96 h)
as described by Xia et al. (2017). A control consisting of sterile distilled
water plus AFB; was also used. The analysis of AFB; degradation in the
samples was performed using the method previously mentioned. The
experiment was conducted in triplicate for each treatment.
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2.5. Biocontrol efficacy of heat-stable culture filtrates SKRU-01 for
controlling two mycotoxin-producing strains in peanuts

2.5.1. Peanut preparation

Raw peanut kernels were purchased from a nearby grocery store and
stored at —20 °C until use. Before testing, the kernels were surface-
sterilized by immersing them in a 3 % (v/v) sodium hypochlorite solu-
tion for 3 min and then washing them multiple times with sterile
distilled water, according to Abd-Alla’s (2005) method. Following this,
they were autoclaved at 121 °C for 15 min.

2.5.2. HPLC-FLD methods validation

The analytical method of HPLC-FLD for mycotoxins followed the
procedure outlined by Choochuay et al. (2018). Validation included
assessing parameters such as linearity, limit of detection (LOD), limit of
quantification (LOQ), and precision. We referred to Thailand’s Animal
Feed Quality Control Act B.E. 2525, which specifies maximum permitted
levels (MPLs) of mycotoxins in animal feed, as the standard for our
analysis (Choochuay et al., 2018). The maximum fortified concentration
for the samples was set at 100 pg/kg in accordance with these MPLs.

An external standardization approach was used to evaluate linearity.
A series of AFB; standard solutions with six distinct concentrations
ranging from 5 to 100 pg/kg (5, 10, 20, 40, 60, and 100 pg/kg) were
prepared. Then, calibration curves for the matrices were created by
plotting the peak areas, which represented the analytical signal response
(y), against the respective AFB; concentrations (x). This permitted the
development of analytical curves for precise measurement. The speci-
ficity of the method was evaluated by comparing the retention periods of
blank sample matrices to those of samples containing 100 pg/kg AFB;.
This analysis ensured that the retention time of the analyte of interest
remained unaffected and unimpeded (Choochuay et al., 2018).

Limits of detection (LOD) and quantitation (LOQ) were evaluated to
determine the method’s sensitivity. The LOD was determined as the
lowest concentration of AFB; that produced a signal response that was
three times greater than the average baseline noise observed in 10 in-
dependent blank samples of each matrix (S/N: 3:1). Alternatively, the
LOQ was defined as the AFB; signal response that exceeded the average
baseline noise by a factor of ten in ten independent blank samples of
each matrix (S/N: 10:1) (Xie et al., 2018). These measures help deter-
mine the lowest detectable and quantifiable levels of AFB; in the sam-
ples, ensuring the sensitivity and precision of the method.

Spiking blank sample matrices with AFB, standard solutions at three
discrete concentration levels (equivalent to 20, 40, and 100 pg/kg) was
used to evaluate the test’s precision. Six replicates of each concentration
in each matrix were prepared. This allowed for the evaluation of the
method’s accuracy by determining how close the measured values were
to the genuine values (Choochuay et al., 2018). As relative standard
deviations (RSDs), intraday repeatability (RSD;) and interday repro-
ducibility (RSDR) were calculated to evaluate precision. At the three
concentration levels (20, 40, and 100 pg/kg), standard solutions of AFB;
were added to blank samples, and six replicates were prepared for each
concentration in each matrix. By analyzing the RSDs, the precision and
consistency of the procedure were determined, providing valuable
insight into its consistency over time and within the same day (Choo-
chuay et al., 2018).

2.5.3. Effect of heat-stable bioactive compounds in culture filtrates SKRU-
01 on peanuts inoculated with two mycotoxin-producing fungal spores
According to Yang and Chang (2010), peanut samples were treated
with heated (40-121 °C) and non-heated culture filtrates SKRU-01 for 8
h at 30 °C. As a control, peanuts soaked in sterile distilled water were
used. After treatment, the peanuts were dried in a laminar airflow for 30
min and then transferred to 140 mm Petri dishes. A spore suspension of
the two aflatoxigenic fungi strains was prepared at a concentration of
10° spores/mL. Approximately 1 mL of the suspension was directly
inoculated onto each peanut (30 peanuts in total/treatment), which
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were then incubated at 30 °C for 5 d. After 5 d, the peanuts inoculated
with the two strains of fungi were divided into two equal batches: one
batch was used to determine mold density, and the other was used to
measure AFB; production.

To determine the density of mold in each peanut sample, 5 g of the
sample was mixed with 45 mL of a saline solution containing 0.85 %
NaCl and agitated on a rotary shaker at 200 rpm for 2 h at 30 °C. The
resulting suspension was then serially diluted two-fold in saline solution,
and 0.1 mL of the diluted suspension was spread onto PDA plates and
incubated at 30 °C for 48 h. The mold density was determined by
calculating the logarithm of spores per gram of peanuts. The percentage
reduction in spores was calculated as previously described. All treat-
ments were performed in triplicate.

The following procedures were performed to determine the con-
centration of aflatoxin AFB;. First, 10 g of pulverized peanut powder was
combined with 25 mL of 70 % aqueous methanol and homogenized for 3
min using a laboratory homogenizer. Afterward, the mixture was
filtered with Whatman No. 1 filter paper. The concentration of AFB; was
determined using High-performance liquid chromatography with fluo-
rescence detection (HPLC-FLD; Agilent Technologies, Wilmington, DE,
USA), as described by Choochuay et al. (2018). The experiment was
conducted in triplicate for each treatment.

2.6. Statistical analysis

The experimental procedures were repeated three times, and the
collected data were analyzed using Statistical Package for the Social
Sciences (SPSS) version 26 (IBM Corp; IBM SPSS Statistics for Windows,
version 26.0, Armonk, NY). The data were then analyzed using variance
analysis (ANOVA). When deemed necessary, means were compared
using Tukey’s HSD (Truly Significant Difference) test, with a signifi-
cance level of p < 0.05.

3. Results

3.1. Assessing the impact of culture age on antifungal activity of strain
SKRU-01 against both mycotoxin-producing strains

Tables 1 and 2 display the in vitro susceptibilities of aflatoxin-
producing A. parasiticus TISTR 3276 and A. flavus PSRDC-4 (10°
spores/mL on PDA plates) when treated with various culture ages (0-12
d) of strain SKRU-01. As the culture age of strain SKRU-01 increased, the
mycelial growth of both pathogenic strains decreased significantly (p <
0.05), to 81.89 % for 6 d culture age of strain TISTR 3276 (Tables 1) and
74.87 % for 4 d culture age of strain PSRDC-4 (Table 2). It should be
notes that the fungal growth of both pathogenic strains was inhibited by
50 % using 2 d culture age.

3.2. Effect of culture filtrates SKRU-01 treated at various temperatures on
mycelial growth inhibition, spore germination, and AFB; degradation

The influence of incubation temperature (40-121 °C) on the culture
filtrate SKRU-01 against the mycelial growth inhibition of aflatoxin-
producing A. parasiticus TISTR 3276 and A. flavus PSRDC-4 is depicted
in Tables 3 and 4, respectively. The mycelial growth of both pathogenic
strains was significantly reduced (p < 0.05) following treatment with
either heated or non-heated culture filtrates SKRU-01, as shown in Ta-
bles 3 and 4. The heat-treated temperatures from 40 °C to 121 °C caused
no significant (p > 0.05) reduction of mycelial growth for strain TISTR
3276 (82.61 % to 79.13 %) but significant (p < 0.05) deduction for
strain PSRDC-4 (75.15 % to 59.17 %). The non-heated culture filtrates
SKRU-01 were the most effective against both strains, inhibiting strain
TISTR 3276 and strain PSRDC-4 by 83.34 % and 79.88 %, respectively.

Fig. 1 displays the potent antifungal activity of culture filtrates
SKRU-01 against spore germination of aflatoxin-producing strains TISTR
3276 and PSRDC-4 at various incubation temperatures (40-121 °C) for
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Table 1

The relationship between percentages of hyphal inhibition and culture age
derived from strain SKRU-01 on the growth of A. parasiticus TISTR 3276 after an
incubation at 30 °C for 5 d.

Culture age Radial growth Inhibition of Radial Colony

@ (cm) growth (%) morphology

0 (Control) 6.35* +0.13 - /f\\

'[ “NB

§

2 2.38" + 0.19 62.60 + 1.89

4 1.45° + 0.06 77.17 + 0.58

6 1.15% £ 0.06 81.89 + 0.57

8 1.18% £ 0.05 81.50 + 0.50

10 1.13¢ + 0.05 82.28 + 0.50

12 1.109 + 0.00 82.68 + 0.00

Note: Reported values represent means =+ standard deviation from three repli-
cates. Data followed by the same letter within each column show no statistically
significant difference after Tukey’s HSD test (ANOVA, p > 0.05).

heated treatments. As shown in Fig. 1, treatment with both heated and
non-heated culture filtrates SKRU-01 significantly (p < 0.05) decreased
spore germination inhibition of both pathogenic strains (68.24 % to
58.16 % for strain TISTR 3276 and 68.06 % to 51.11 % for strain PSRDC-
4). Heat treatment of the culture filtrates SKRU-01 at 60-121 °C caused
the reduction on spore germination inhibition (from about 68 % to
58.16 % for TISTR 3276 and 51.11 % for PSRDC-4). These results
indicated that strain TISTR 3276 exhibited greater susceptibility to
culture filtrates SKRU-01 compared to strain PSRDC-4. The non-heated
treatment significantly inhibited TISTR 3276 and PSRDC-4 strains spore
germination by 68.72 % and 68.18 %, respectively. Nonetheless, there
were no statistically significant (p > 0.05) disparities in inhibition when
compared to the 40 °C treatment, which showed 69.27 % and 68.75 %
inhibition, respectively. In addition, there were no statistically signifi-
cant (p > 0.05) differences in spore germination inhibition among the
80 °C, 100 °C, and 121 °C heat protocols for each aflatoxin-producing



S. Boukaew et al.

Table 2

The relationship between percentages of hyphal inhibition and culture age
derived from strain SKRU-01 on the growth of A. flavus PSRDC-4 after an in-
cubation at 30 °C for 5 d.

Culture age Radial growth Inhibition of Radial Colony

(d) (cm) growth (%) morphology
0 (Control) 4.78" + 0.30 -

2 2.00" + 0.00 58.12 + 0.00

4 1.20° + 0.08 74.87 + 0.86

6 1.15°+0.13 75.92 + 1.29

8 1.10° £ 0.08 76.96 + 0.82

10 1.03° £ 0.05 78.53 £ 0.51

12 1.00° + 0.00 79.06 =+ 0.00

Note: Reported values represent means + standard deviation from three repli-
cates. Data followed by the same letter within each column show no statistically
significant difference after Tukey’s HSD test (ANOVA, p > 0.05).

strain, all of which demonstrated >50 % inhibition.

The effect of temperature (40-121 °C) on the ability of culture fil-
trates SKRU-01 to degrade AFB; after 96 h incubation at 30 °C is
depicted in Fig. 2. Fig. 2A demonstrates that both heated and unheated
(non-treated) culture filtrates SKRU-01 exhibited highly significant (p <
0.05) reductions in the AFB; concentration (40 pg/mL). After 96 h of
incubation, the non-heated culture filtrates SKRU-01 degraded approx-
imately 86.41 % of AFB;, which was not significantly (p > 0.05)
different from the 40 °C treated culture filtrate (85.99 %). Nevertheless,
after 15 min of autoclaving at 121 °C, the AFB; degradation activity of
culture filtrates SKRU-01 was reduced to 63.91 % (Fig. 2B).

3.3. Kinetics of AFB; degradation by culture filtrates SKRU-01

The ability of culture filtrates SKRU-01 to degrade AFB; is depicted
in Fig. 3. AFB; degradation began at 24 h treatment (18.93 %), increased
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Table 3
Effect of culture filtrates SKRU-01 treated at various temperatures (40-121 °C)
on the growth of A. parasiticus TISTR 3276 after incubation at 30 °C for 5 d.

Heat Radial growth Mycelial growth Colony
treatments (cm) inhibition (%) morphology
Control 5.75% + 0.50 -

Non-treated 0.95" +0.13 83.34 +£1.29

40°C 1.00° + 0.08 82.61 + 0.81

60 °C 1.20° + 0.08 79.13 £+ 0.86

80°C 1.40° + 0.08 75.65 + 0.92

100 °C 1.25° + 0.10 78.26 + 1.00

121 °C 1.20° + 0.08 79.13 £ 0.81

Note: Reported values represent means + standard deviation from three repli-
cates. The control used sterile distilled water. Data followed by the same letter
within each column show no statistically significant difference after Tukey’s
HSD test (ANOVA, p > 0.05).

markedly at 36 h (30.57 %), and peaked at 72 h (82.73 %) with no
significantly difference (p > 0.05) from treatment at both 84 h and 96 h.
Therefore the optimum treatment time to degrade AFB; was 72 h, or 24
h reduction from the previous experiment (Section 3.2). In contrast, the
concentration of AFB; in the control group remained relatively stable
throughout the duration of incubation.

3.4. Biocontrol efficacy of heat-stable bioactive compounds in culture
filtrates SKRU-01 for controlling two mycotoxin-producing strains in
peanuts

3.4.1. HPLC-FLD method validation results

The HPLC-FLD method underwent validation by analyzing AFB;
production (Table 5), with the validation parameters including the
linear range, limit of detection (LOD), limit of quantification (LOQ),
precision, and accuracy. The results demonstrated that the LOD and LOQ
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Table 4
Effect of culture filtrates SKRU-01 treated at various temperatures (40-121 °C)
on the growth of A. flavus PSRDC-4 after incubation at 30 °C for 5 d.

Heat Radial growth Mycelial growth
treatments (cm) inhibition (%)
Control 4.23* +0.22 -

Non-treated 0.85' + 0.06 79.88 + 0.57
40°C 1.05° + 0.06 75.15 + 0.74 r/‘r
60 °C 1.13% + 0.05 73.37 + 0.57

r

)

80 °C 1.33° + 0.05 68.64 + 0.95 ﬁ

u
100 °C 1.45° + 0.06 65.68 + 0.57 r ~
121 °C 1.73° £ 0.21 59.17 + 2.11 h

Note: Reported values represent means + standard deviation from three repli-
cates. The control used sterile distilled water. Data followed by the same letter
within each column show no statistically significant difference after Tukey’s
HSD test (ANOVA, p > 0.05).

were determined to be 0.9 pg/kg and 1.2 pg/kg, respectively. The cor-
relation coefficients (R?) exceeded 0.9995, indicating excellent line-
arity. Regarding precision, both intra-day and inter-day measurements
were performed, yielding precision values of 1.02-5.10 % and
1.68-6.58 %, respectively. These outcomes highlight the robustness and
suitability of the method for detecting AFB; production in peanuts.
Notably, the recovery rate fell within the range of 92.89 % to 106.73 %,
further confirming the accuracy of the method.

3.4.2. Efficacy of heat-stable bioactive compounds in culture filtrates
SKRU-01 for controlling two mycotoxin-producing strains in peanuts

The effectiveness of both heated (40-121 °C) and non-heated culture
filtrates SKRU-01 in preventing the growth of both strains, TISTR 3276
(Fig. 4A), and PSRDC-4 (Fig. 4B), on peanuts was investigated (Fig. 4,
Tables 6). The control peanuts exhibited abundant mold growth and
dark green spores, whereas those treated with both heated (40-121 °C)
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and non-heated culture filtrates SKRU-01 showed varying degrees of
growth inhibition. The reduction in fungal population (spore reduction)
and AFB; production of both pathogenic strains was significantly (p <
0.05) dependent on the heated and non-heated treatment of culture
filtrates SKRU-01. After 5 d incubation, the control peanuts had a high
fungal population (viable spores) and AFB; production: 3.87 log spores/
g and 148.57 pg/kg for the strain TISTR 3276 (Table 6A). Non-heated
culture filtrates SKRU-01 significantly (p < 0.05) reduced the fungal
population (by 1.35 log spores/g) and aflatoxin production (by 17.64
pg/kg) in peanuts inoculated with the strain TISTR 3276, which was
higher than the reductions achieved with the heated treatments
(60-121 °C). However, increasing the heat treatments (40 to 121 °C)
resulted in a decrease in spore reduction from 64.08 % to 45.22 %.

For the strain PSRDC-4, both control peanuts and peanuts treated
with non-heated culture filtrates SKRU-01 showed similar growth and
AFB; production (1.57 log spores/g and 19.30 pg/kg, respectively).
However, different heated (40-121 °C) culture filtrates SKRU-01 treat-
ments resulted in a decrease in spore reduction from 60.92 % to 39.56 %
and an increase in total AFB; production from 20.01 pg/kg to 67.11 pg/
kg (Table 6B).

4. Discussion

This study sought to evaluate the thermal stability of culture filtrates
SKRU-01 in order to determine their potential as a biocontrol agent for
mitigating Aspergillus species infestation in peanuts and promoting
aflatoxin B; (AFB;) degradation. The results demonstrated that the
thermal stability of culture filtrates SKRU-01 exhibited significant (p <
0.05) efficacy in controlling the strains TISTR 3276 and PSRDC-4, as
well as robust AFB; degradation.

The study’s findings highlight the significance of culture age in
determining the antagonistic effects of culture filtrates SKRU-01 against
the examined pathogenic strains (TISTR 3276 and PSRDC-4). Our
research revealed varying inhibitory effects on the radial mycelial
growth of both pathogenic strains over time. Notably, the highest level
of antifungal activity was observed in the 12-day-old culture, coinciding
with the maximum incubation period examined in a previous study by
Zafar et al. (2013) involving Trichoderma species. Nevertheless, its
highest growth inhibition of the strain TISTR 3276 (82.68 %) was not
significantly difference (p > 0.05) from those of 6-10 day-old culture
(81.89-82.28 %). This means the optimum culture age of the strain
TISTR 3276 was only 6-day-old. In similar pattern, the optimum culture
age of the strain PSRDC-4 was 4-day-old with no significantly difference
(p > 0.05) in the growth inhibition (74.87-79.06 %). While our findings
offer valuable insights into short-term antifungal efficacy, it’s essential
to recognize the potential for dynamic changes in extended temporal
studies, which necessitate further investigation. The observed time-
dependent variation in antifungal effectiveness suggests that the meta-
bolic activity and production of bioactive compounds in the culture of
T. asperelloides SKRU-01 changed as it aged. As the culture matures, the
concentration of bioactive substances responsible for inhibiting the
growth of the pathogenic strains increased, leading to higher antifungal
potential. These findings have significant implications for the practical
application of T. asperelloides SKRU-01 as a biocontrol agent against
Aspergillus species. To achieve the maximum antifungal effect, it is rec-
ommended to use cultures that are 4 days old for A. flavus and 6 days old
for A. parasiticus, respectively. By considering culture age as a crucial
factor in biocontrol efficacy, it becomes possible to optimize the appli-
cation of this strain for controlling Aspergillus-related pathogens effec-
tively. This knowledge can aid in developing more targeted and efficient
strategies to combat Aspergillus infections in agricultural and industrial
settings.

The results of this study demonstrated the inhibitory effects of cul-
ture filtrates SKRU-01 on fungal growth and spore germination. Inter-
estingly, non-treated culture filtrates SKRU-01 exhibited slightly
stronger inhibition compared to those subjected to heat treatment and
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Fig. 1. Effect of different incubation temperatures (ranging from 40 °C to 121 °C) of culture filtrates SKRU-01 on the spore germination inhibition of A. parasiticus
TISTR 3276 (white bar) and A. flavus PSRDC-4 (black bar) strains after an incubation at 30 °C for 24 h.

Different letters above the bars indicate no statistically significant difference after Tukey’s HSD test (ANOVA, p > 0.05) between culture filtrates SKRU-01 treated at
temperatures ranging from 40 °C to 121 °C against both strains TISTR 3276 and PSRDC-4.

autoclaving. This difference suggests the presence of heat-sensitive
antifungal compounds in the culture filtrates SKRU-01, contributing to
the observed reduction in inhibition. The existence of heat-sensitive
antifungal compounds indicates the potential presence of sensitive
bioactive compounds within the culture filtrates SKRU-01, susceptible to
damage or denaturation at higher temperatures. This finding implies
that T. asperelloides SKRU-01 culture filtrates’ antifungal properties
likely result from a combination of various compounds with varying
thermal stability. Moreover, the observed antifungal activity of the
culture filtrates SKRU-01 can be attributed, at least in part, to the sub-
stantial production of secondary antifungal compounds (Stracquadanio
et al., 2020). These secondary compounds, similar to antibiotics
commonly found in numerous Trichoderma species such as trichogin,
trichorzins, harzianins, trichotoxin, trichokindins (Tyskiewicz et al.,
2022), gliovirin, gliotoxin, viridin, pyrones, peptaibols (Vey et al.,
2001), trichocellins (Tyskiewicz et al., 2022), tanshinone II A, and
tanshinone I (Ming et al., 2012) are well-known for their antagonistic
effects against fungal pathogens. These pathogens include Botrytis cin-
erea (Zaid et al.,, 2022), Pythium ultimum, Sclerotinia sclerotiorum,
Rhizoctonia solani (Vargas et al, 2014), Fusarium moniliforme,
E. culmorum, F. graminearum, F. oxysporum, Alternaria solani, and Peni-
cillium expansum (Tyskiewicz et al., 2022).

The in vitro inhibition mechanism involves thermally stable sec-
ondary antifungal compounds that hinder fungal spore germination and
further restrict pathogen proliferation. These findings highlight the
potential of culture filtrates SKRU-01 as a promising biocontrol agent
against fungal pathogen. Its ability to produce a combination of heat-
sensitive and thermally stable antifungal compounds makes it a robust
candidate for use in agricultural and environmental applications. In
addition, our studies have revealed that the antifungal agents synthe-
sized by SKRU-01 exhibit remarkable heat resistance, withstanding
temperatures of up to 121 °C. Consequently, we hypothesize that the
primary mechanism responsible for inhibiting aflatoxin-producing fungi
arises from the bioactive compounds rather than enzymatic activity. To
substantiate this hypothesis, our future research will concentrate on
studying the specific bioactive compounds and enzymes influencing

fungal inhibition. This comprehensive approach aims to enhance our
understanding of fungal inhibitory mechanisms, potentially providing
valuable insights for the development of novel and effective biocontrol
strategies against fungal pathogens.

In this study, we explored the AFB;-degrading capabilities of culture
filtrates SKRU-01, focusing on both their heat-stable (40-121 °C) and
non-heat-treated forms. The investigation revealed that all treatments
effectively degraded AFB;, with the non-heat-treated culture filtrates
SKRU-01 (86.41 %) demonstrating higher efficiency compared to the
autoclaved culture filtrates (63.91 %) at 96 h incubation. These results
indicate that the heat treatment might have partially disintegrated the
molecules present in culture filtrates SKRU-01, leading to a reduced
AFB; degradation efficiency. Comparing the reported AFB; degradation
abilities of other antagonistic microorganisms, the degradation effi-
ciency of culture filtrates SKRU-01 is similar to that of S. philanthi RL-1-
178 (>85 %) (Boukaew et al., 2023a), with higher than that of B. subtilis
UTBSP1 (78.39 %) (Farzaneh et al., 2012), B. amyloliquefaciens WF2020
(71.01 %) (Chen et al., 2022), B. amyloliquefaciens UTB2 (68.4 %)
(Siahmoshteh et al., 2017), and B. subtilis UTB3 (70.2 %) (Siahmoshteh
et al., 2017), while slightly lower than that of Nocardia corynebacter-
ioides DSM 20151 (>90 %) (Teniola et al., 2005). These findings high-
light significant variations in AFB; degradation efficiency among
different strains, indicating that the ability to degrade mycotoxins varies
significantly between microbial species. The observed high efficiency of
non-heat-treated culture filtrates SKRU-01 suggests its potential as a
promising candidate for AFB; biodegradation applications. Under-
standing the differences in degradation efficiency among various mi-
croorganisms is crucial for selecting the most suitable strains for
practical applications in mycotoxin detoxification and ensuring food and
feed safety. Further research and optimization of culture conditions may
enhance the AFB; degradation potential of culture filtrates SKRU-01,
making it a valuable asset in mycotoxin management strategies.

In our study, we aimed to explore a novel approach to tackle afla-
toxin contamination in grains, particularly focusing on peanut kernels,
by utilizing bioactive metabolites from T. asperelloides SKRU-01. Previ-
ous research conducted by Reddy et al. (2009) has already reported the
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Fig. 2. AFB, degradation activity by thermal stability testing (ranging from 40 °C to 121 °C) of the culture filtrates SKRU-01 in PDB medium during 96 h incubation
at 30 °C. Panel (A) displays the residual concentration of AFB; measured in pg/mL, while panel (B) presents the percentage of AFB; degradation. The initial con-
centration of AFB; used in the experiment was 40 pg/mL. Reported values represent means + standard deviation from three replicates.

Different letters above the bars indicate no statistically significant difference after Tukey’s HSD test (ANOVA, p > 0.05) between culture filtrates SKRU-01 treated at
temperatures ranging from 40 °C to 121 °C in terms of their impact on the residual concentration of AFB; and the percentage of AFB,; degradation.
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Fig. 3. Time-dependent AFB; degradation activity of culture filtrates SKRU-01 in vitro. Initial AFB; concentration: 40 pg/mL. Reported values represent means +
standard deviation from three replicates.

Different letters above the bars indicate no statistically significant difference after Tukey’s HSD test (ANOVA, p > 0.05) in the impact of incubation time (0-96 h) on
the percentage of AFB; degradation.
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Table 5
HPLC-FLD method validation parameters for measurement of AFB;
concentration.
Mycotoxin Linearity LOD LOQ
Range (ug/  Equation R? (ug/ (ug/
kg) kg)
kg)
AFB, 5-100 y = 3.56x 0.9995 0.9 1.2
+ 0.09
Mycotoxin Recovery RSD; % RSDg %
(spiking level, (%) intra-day inter-day
(ng/kg))
20 106.73 3.24 1.68
40 103.27 1.02 3.47
100 92.89 5.10 6.58

A)
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application of these bioactive metabolites to reduce aflatoxin contami-
nation. However, our research stands apart from these previous reports
as we specifically investigated the efficacy of thermal stability Tricho-
derma antifungal agents in providing fungal protection for peanut ker-
nels. The consideration of thermal stability is of paramount importance,
as it enables these antifungal agents to maintain their efficacy under a
wide range of temperature conditions. This characteristic is particularly
relevant and practical in real-world agricultural scenarios where fluc-
tuating temperatures are common.

In peanut farming and processing, substantial temperature variations
often happened. Peanuts experience a wide temperature range during
the growing season, with daytime highs exceeding 32 °C (Puppala et al.,
2023) and nighttime lows dropping to approximately 12-15 °C (Wang
et al., 2021) in many peanut-producing regions. Post-harvest and pro-
cessing phases can subject peanuts to elevated temperatures, especially

Fig. 4. Growth of (A) A. parasiticus TISTR 3276 and (B) A. flavus PSRDC-4 in peanuts treated with sterile distilled water (control) and thermal stability testing
(ranging from 40 °C to 121 °C) of the culture filtrates SKRU-01 after storage at 30 °C for 5 d.
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Table 6

Biocontrol of (A) A. parasiticus TISTR 3276 and (B) A. flavus PSRDC-4 in peanuts
using heat-stable bioactive compounds in culture filtrates SKRU-01 after 5
d incubation at 30 °C.

(A)
Treatments Viable spores (log Spore reduction AFB; production
spores/g) (%) (ng/kg)
Control 3.87* £ 0.68 - 148.57* + 7.08
Non- 1.35° + 0.51 65.12 17.64" + 1.54
treated
40 °C 1.39' + 0.07 64.08 19.42¢F + 3.12
60 °C 1.47¢ +0.12 59.43 21.18°+1.23
80 °C 1.65¢ + 0.33 57.36 29.56 + 0.89
100 °C 1.72¢ £ 0.45 50.39 36.75¢ + 2,13
121°C 1.89° + 0.29 45.22 55.19" + 3.17
®
Treatments Viable spores (log Spore reduction AFB; production
spores/g) (%) (ng/kg)
Control 4.12° £ 0.45 - 189.45* + 2.16
Non- 1.57% £ 0.21 61.89 19.30¢ + 0.58
treated
40 °C 1.61°+ 0.24 60.92 20.01¢ + 1.32
60 °C 1.68° + 0.11 59.22 22.36 + 1.41
80 °C 2.079 + 0.39 49.76 48.59 £ 2.55
100 °C 2.23°+0.17 45.87 51.58° + 5.34
121°C 2.59° + 0.67 39.56 67.11° £ 2.19

Note: Reported values represent means + standard deviation from three repli-
cates. The control used sterile distilled water. Data followed by the same letter
within each column show no statistically significant difference after Tukey’s
HSD test (ANOVA, p > 0.05).

during roasting, where temperatures can exceed 149 °C (Lopez-Garcia
and Park, 1998; Wagacha and Muthomi, 2008; Puppala et al., 2023).
These fluctuations pose significant challenges for peanut agriculture and
processing due to their susceptibility to fungal infections, including
A. flavus and A. parasiticus, which can produce aflatoxins under warm
and humid conditions (Kabak et al., 2006; Wagacha and Muthomi, 2008;
Khan et al., 2021). Aflatoxins jeopardize peanut product quality, safety,
and consumer health. Heat-resistant antifungal metabolites effectively
mitigate these challenges, providing vital protection to peanuts
throughout their growth cycle and processing. Beyond peanuts, these
metabolites hold promise for enhancing crop resilience against
temperature-induced fungal infections, addressing food security con-
cerns amid climate change (Puppala et al., 2023).

In this study, we investigated the effect of thermal treatments on
culture filtrates SKRU-01 at various temperatures (40-121 °C) and their
ability to inhibit mold growth and aflatoxin production. The results
indicated that all heat-treated treatments inhibited fungal growth and
AFB; production in peanuts to some degree. Both non-heated and 40 °C
heated samples (<19.42 pg/kg) showed that the AFB; levels in peanuts
remained below the public health concern threshold of 20 pg/kg (Food
and Agriculture Organization (FAO), 2004). It is essential to observe,
however, that the efficacy of these heat-treated culture filtrates SKRU-01
was lower than that of the untreated (non-heated) samples. This
observation implies that even though heat reduced the effectiveness of
inhibiting both strains of fungus, at 121 °C, we found that the culture
filtrates SKRU-01 remained heat-resistant and retained their remarkable
antifungal properties on peanuts. Under high-temperature conditions,
this phenomenon may be attributable to the degradation or modification
of certain bioactive metabolites or enzymes present in the culture fil-
trates. Despite the diminished efficacy after heat treatment, it is notable
that the heat-treated culture filtrates SKRU-01 still exhibited substantial
antifungal activity, providing some protection against mold growth and
aflatoxin contamination. This suggests that the bioactive compounds
present in culture filtrates SKRU-01 have inherent resilience, as they

10
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retain their ability to inhibit fungal growth even after being exposed to
elevated temperatures. It is essential to consider the effect of thermal
stability on the efficacy of bioactive compounds, particularly when
considering their application in actual agricultural settings. It is essen-
tial to establish a balance between optimizing antifungal efficacy and
preserving the integrity of bioactive metabolites during the application
process, as heat treatment may be required in certain situations. Further
research is required to obtain a deeper understanding of the specific
changes that occur in the bioactive components of the culture filtrates
SKRU-01 following heat treatment. Understanding these changes could
provide valuable insights for optimizing treatment protocols and
ensuring maximal antifungal activity retention. Our study emphasizes
the potential of heat-treating the culture filtrates SKRU-01 to inhibit
mold growth and aflatoxin production. Although the efficacy of the
treated samples was less than that of the untreated samples, the impli-
cations of these findings for the development of biocontrol strategies for
aflatoxin management are still significant. As research in this area ad-
vances, a comprehensive understanding of the effect of thermal treat-
ment on bioactive metabolites will aid in the development and
implementation of effective measures to combat aflatoxin contamina-
tion in agricultural practices.

In conclusion, the study demonstrates the remarkable heat stability
of culture filtrates SKRU-01, which retained their antifungal activity and
effectively degraded aflatoxin B, even at high temperatures. The anal-
ysis of AFB; was carried out using HPLC-FLD method. The obtained
analytical results were highly favorable, demonstrating excellent line-
arity, specificity, accuracy, precision (both repeatability and reproduc-
ibility), as well as reliable analytical limits (LOD and LOQ). The heat-
resistant properties of these culture filtrates SKRU-01 make them a
promising solution for controlling fungal contamination and reducing
mycotoxin levels in peanuts. By preventing mold growth and aflatoxin
production, the application of culture filtrates SKRU-01 offers signifi-
cant implications for ensuring food safety and minimizing health risks
associated with aflatoxin exposure in peanuts.
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