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Abstract

Endophytic fungi symbiotically reside within plant tissues without eliciting apparent pathological responses. Positive inter-
actions between endophytic fungi and plants help the host overcome biotic and abiotic stressors. Spodoptera frugiperda is a
fall armyworm that devastates the revenue of farmers worldwide and is a major threat to food security. Here, we investigated
the cytotoxicity of extracts of endophytic fungi isolated from brinjal (Solanum melongena L.) var. Mattu Gulla on the insect
cell line Sf21 (Spodoptera frugiperda ovarian cells). Among the 13 endophytic fungi tested, Colletotrichum sp. presented the
greatest cytotoxic ability, with an ICs, of 103.6 ug mL~!. LC—MS analysis revealed the presence of several fungal metabolites
(232), and 12 metabolites were identified, among which regiolone is known to have potent insecticidal activity. The fungal
extract disrupted oxidative homeostasis in Sf21 cells by increasing the total reactive oxygen species (ROS) content according
to the treatment concentration and duration. The mitochondrial membrane potential analysis by flow cytometry indicated the
presence of depolarized mitochondria in cells treated with the fungal extract. Furthermore, fragmented mitochondria and
clear signs of apoptosis, including nuclear condensation, the presence of necklace, ring-like structures and collapsed nuclei,
were observed. Our data revealed that the Colletotrichum sp. extract had cytotoxic effects by inducing apoptosis in vitro,
which could be explored with respect to the Colletotrichum sp. extract in further investigations.

Keywords Brinjal - Colletotrichum sp - Metabolites - Apoptosis - Spodoptera frugiperda cells - Mitochondria - Apoptosis-
mediated cell death

Introduction

Endophytic fungi exhibit symbiotic relationships with their
host plants, from which they obtain nutrients; these endo-
phytes provide immense benefits to their hosts in stressed
environments (Arnold and Lewis 2005; Bamisile et al.
Communicated by M.J. Reigosa. 2018). Indeed, the presence of endophytes aid plants in over-
coming abiotic stresses such as salinity and drought (Fan
et al. 2020; Decunta et al. 2021; Verma et al. 2021). Further-
more, their ability to protect their hosts from herbivory and
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Metarhizium anisopliae have been successfully employed
to control insect pests in many crops (Srei et al. 2017; Iwan-
icki et al. 2019). The fall armyworm (FAW) Spodoptera
frugiperda is an enormous danger to global food security
and a devastating pest to the income of millions of farmers
worldwide (FAO 2019). Most farmers use chemical insecti-
cides as their primary method of control and management.
It is vitally necessary to develop alternative environmen-
tally friendly controls for this pest due to the negative effects
of these pesticides on the environment and human health
(Mohamed and Shairra 2023). As a pest native to America,
FAW is characterized by high fecundity, extensive migra-
tion, and diapause-free voracious feeding (Sparks 1979).
FAW was recorded in Karnataka, India (Sharanabasappa
et al. 2018), on maize crops and was consequently observed
in different states and Asia—Pacific countries (Prasanna et al.
2021). FAW is one of the major pests that devastates sev-
eral crops and vegetables in more than 40 countries, such
as Bangladesh, China, India, Indonesia, Myanmar, Nepal,
the Philippines, Thailand, Sri Lanka, Vietnam and Yemen
(Bajracharya et al. 2019; Navasero et al. 2019; Perera et al.
2019; Trisyono et al. 2019; Yee et al. 2019; Hang et al. 2020;
Sun et al. 2021). As the main pest of maize, the larvae of
FAW have also been reported in cowpea, eggplant, onion,
millet, rice, sorghum and tomato (Koffi et al. 2020).

In a recent study, host fitness was found to increase in
plants colonized with endophytic B. bassiana, with reduced
growth and reproduction of the insect pest Diaphorina citri
(Ramos Aguila et al. 2022). These entomopathogenic fungi
have the ability to infect insects upon contact and thereby
have an advantage over pathogenic bacteria and viruses,
which require ingestion by the insect to cause infection.
However, many entomopathogenic fungi fail to establish a
symbiotic relationship with plants. It has been suggested
that the shift in the mode of nutrition and diversification
of the host range could have resulted in the evolution of
fungi with the ability to colonize plants and be pathogenic to
insects (Spatafora et al. 2007), thus establishing a tritrophic
interaction involving three partners: the endophyte, the plant
and the insect. Entomopathogenic endophytic fungi play a
pivotal role in insect pest biological control in agricultur-
ally important crop plants. These fungi kill insects either by
producing insecticidal mycotoxins or by causing infection by
penetrating through the cuticular exoskeleton into the insect.

Insecticidal mycotoxins from endophytic entomopatho-
genic fungi are well documented. Destruxins, which are
immunosuppressant secondary metabolites initially identi-
fied in M. anisopliae, are known to be cytotoxic. Isoforms of
destruxins also act as antifeedants against the generalist pest
Spodoptera litura (Hu et al. 2007; Sree and Padmaja 2008).
Beauvericin, a depsipeptide compound, has been shown
to display insecticidal properties against a wide variety of
insects, including S. frugiperda (Wu et al. 2018), while it
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has also been shown to reduce the fecundity of Schizaphis
graminum (Ganassi et al. 2002). Among the 109 identified
metabolites from endophytic Colletotrichum, two metabo-
lites (fusarentin 6,7-dimethyl ether and fusarentin 6-methyl
ether) were shown to have insecticidal effects on Calli-
phora erythrocephala (Kim et al. 2019). Yuan et al. (2020)
reported strong insecticidal activity of a novel anthraquinone
derivative against third instar larvae of Helicoverpa armig-
era Hiibner, possibly by interfering with DNA repair and
replication and thereby inducing apoptosis. A number of
studies have also reported the significant insecticidal poten-
tial of crude extracts of many endophytic fungi. Thakur et al.
(2013) reported that the ethyl acetate extract of the endo-
phyte Cladosporium uredinicola has larvicidal activity and
causes morphological deformities in S. litura adults. The
ethyl acetate extract of five endophytes from the mangrove
plant Rhizophora mucronata showed larvicidal activity
against S. litura and acetylcholine esterase inhibitor activity
(Abraham et al. 2015). Although the pesticidal activity of
endophytic fungi from eggplant is limited, no such stud-
ies have been reported for the unique brinjal variety Mattu
Gulla from Udupi, Karnataka, India. Therefore, the current
investigation aimed to screen endophytic fungal species from
Brinjal and determine their insecticidal activity against Spo-
doptera frugiperda cells. The cytotoxic efficacy of fungal
extracts of endophytic isolates from Solanum melongena L.
var. Mattu Gulla was studied, and the probable mechanism
of cytotoxicity in the Sf21 insect cell line was described.

Materials and methods
Isolation and identification of endophytes

Fresh roots of Solanum melongena L. var. Mattu Gulla
were collected. The roots were washed with tap water
and then rinsed with distilled water. The roots were sliced
and surface disinfected by using 4% sodium hypochlorite
for 3 min. Then, the roots were allowed to dry by placing
them on sterile tissue paper, inoculated on potato dextrose
agar (PDA) medium and cultured at 28 °C for 3—5 days for
endophyte isolation. The primary culture of endophytes was
subcultured and incubated for 2-3 days, and morphologi-
cal features were recorded. The colonization frequency was
calculated.

The endophytes were identified on the basis of spore mor-
phology. The slide culture was prepared by growing mycelia
on a sterile coverslip and keeping them on a clean glass
slide. The glass slides were kept in a Petri plate with sterile
Whatman filter paper wetted with 2 mL of sterile distilled
water and cultured for 4-5 days at 28 °C. The cover slip
was subsequently mounted on a fresh, clean glass slide and
observed under a microscope at 40 X magnification.
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Fungal metabolite extraction and LC—MS analysis

The fungal cultures were maintained in 50 mL of potato
dextrose broth and incubated in a rotary incubator set at
100 rpm at 28 °C for 5 days. Furthermore, the fungal myce-
lium was filtered, the supernatant was collected, and 50 mL
of ethyl acetate was added and incubated overnight. The
metabolites were extracted by rigorous mixing for 10 min,
and the organic phase was separated. The lower phase was
collected and re-extracted three times. The metabolites were
pooled and concentrated via a rotary evaporator. The metab-
olites were further concentrated by lyophilization and kept at
— 20 °C until further use. An Agilent 6530 Accurate-Mass
Q-TOF HPLC ESI system (Agilent Technologies, Santa
Clara, CA, United States) was used to perform untargeted
metabolic fingerprinting of fungal samples in positive and
negative polarity as previously described (Kiran et al. 2021;
Swathy et al. 2021). The m/z values obtained from LC—MS
analysis were screened via the plant metabolite network
(PMN), CEU mass mediator, and LOTUS natural products
databases for the identification of compounds at 15 ppm for
compound annotation.

Cytotoxicity of fungal metabolites

The cytotoxicity of the fungal metabolites was evaluated via
a 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bro-
mide (MTT) assay (Mosmann 1983). The fungal metabolites
were dissolved in dimethyl sulfoxide (DMSO), and a stock
concentration of 40 mg mL~! was prepared. Sf21 (ovarian
cells of Spodoptera frugiperda) cells were maintained in
Grace’s insect media supplemented with 10% fetal bovine
serum and nurtured at 28 °C. The cells were harvested via
the plough method, and 10,000 cells were seeded in each
well. The medium was discarded carefully without disturb-
ing the cells after 24 h. Different concentrations of metabo-
lites prepared in serum-free media by serial dilution were
added to the cells, which were subsequently cultured for
48 h at 28 °C. Then, 10 pL of MTT from a 5 mg mL~" stock
mixture was added to each well and incubated for 4 h in
the dark. The 96-well plates were centrifuged at 2000 rpm
for 5 min. After the medium was carefully discarded, the
produced formazan crystals were dissolved in 100 pL of
DMSO, and the absorbance was determined at 570 nm in
triplicate via a Varioskan plate reader.

Effects of metabolites on the mitochondrial
membrane potential and cellular ROS

The Sf21 cells were seeded in a 3 cm plate maintained
at 28 °C and treated with 50, 100 or 200 pyg mL~! fungal
metabolites prepared in serum-free media. The mitochon-
drial membrane potential was measured by flow cytometry

after 6, 12, 24 and 48 h of treatment. Cellular ROS were
measured at 30 min and after 6, 12, 24 and 48 h of treatment.
The cells were stained with 1.0 uM rhodamine 123 to meas-
ure the mitochondrial membrane potential (MMP), stained
with 1.0 uM dichlorodihydrofluorescein diacetate (DCFDA)
to determine the level of cellular ROS and kept in the dark
for 30 min. Then, the cells were splashed with phosphate-
buffered saline (PBS) and collected. A Partec CyFlow space
(Sysmex Partec, Kobe, Japan) flow cytometer was used to
analyse the cells after they had been suspended in serum-free
medium. For each sample, 10,000 cells were examined in
total, and WinMDI software was used to process the results.
A pulse amplitude—frequency distribution histogram was
used to visualize the data.

Effects of metabolites on mitochondrial structure

Sf21 cells were plated on coverslips in a 6-well plate and
maintained in Grace’s insect medium supplemented with
10% fetal bovine serum at 28 °C. After 24 h of incuba-
tion, the cells were treated with various concentrations of
fungal metabolites dissolved in serum-free media. After
24 and 48 h, the cells were rinsed with PBS, stained with
MitoTracker Green (150 nmol) and incubated for 20 min in
the dark. Then, the cells were rinsed with PBS three times,
and a Leica TCS SP8 confocal microscope (Leica Microsys-
tems, Mannheim, Germany) was used to capture the images
at 488/516 nm for excitation and emission, respectively. The
mean fluorescence intensity was quantified with LAS X soft-
ware from Leica Microsystems.

Effects of fungal metabolites on nuclear
condensation

Sf21 cells were seeded on sterile coverslips in a 6-well plate
and maintained in Grace’s insect medium supplemented with
10% fetal bovine serum at 28 °C. After 24 h of incubation,
the cells were treated with different concentrations of fun-
gal metabolites dissolved in serum-free media. After 24 and
48 h, the medium was discarded, and the cells were washed
with PBS, stained with Hoechst and incubated for 5 min in
the dark. Then, the cells were rinsed with PBS three times,
and a Leica TCS SP8 confocal microscope (Leica Microsys-
tems, Mannheim, Germany) was used to capture the images
at 405/460 nm for excitation and emission, respectively. The
mean fluorescence intensity was quantified with LAS X soft-
ware from Leica Microsystems.

Statistical analysis
The experiments were conducted in triplicate, and the values

are presented as the means + standard deviations. The per-
centages of colonization frequency and dominant endophytes
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from the roots were calculated. The raw data acquired from
the LC—MS analysis of the monoisotopic mass and retention
time were aligned and filtered via software (Mass Profile
Plus Version B.12.5, Agilent Technologies) as described pre-
viously (Thorat et al. 2023). The cytotoxicity of the fungal
metabolites was calculated and expressed as the mean+SD,
and the figures were prepared via GraphPad Prism.

Results
Isolation and identification of dominant endophytes

A total of 58 endophyte isolates were obtained from 96 sur-
face-sterilized root bits of Solanum melongena var. Mattu
Gulla, with a colonization frequency of 60.41 (Table S1).
Among the fungal endophytes isolated, 10 major morpho-
types were identified on the basis of spore morphology;
these included three species of Colletotrichum, four spe-
cies of Fusarium and three species of Penicillium (Fig. S1).
Seven different morphotypes that did not show sporulation
were also obtained, which were labelled ‘sterile morpho-
types’. The cytotoxicity of the culture extracts of the 10 dif-
ferent morphotypes to Sf21 cells was further evaluated.

Metabolite identification by mass spectrometry
and the cytotoxicity of metabolites

The metabolites produced by the fungal endophyte were
identified via mass spectrometric analysis with positive and
negative polarity. A total of 232 metabolites were observed,
of which 12 metabolites, such as 4-hydroxyphenylacetic
acid, cis-4-hydroxymellein, murrayacine, bruceine D, bre-
vianamide f, multiplolide b, euparvic acid, colletopyrone,
colletomellein A, gloeosporioides, colletofragarone A1/A2
and regiolone, were identified on the basis of their mass
and m/z values. The fungal extracts were analysed for their
cytotoxic potential on Sf21 cells via an MTT assay. The
SMO002 extract (Colletotrichum sp. 2) had the greatest cyto-
toxic effect, with the lowest ICy, value (103.6 pg mL_l),
followed by SM005 and SMO001, with ICy, values of 204.7
and 234.4 ug mL~!, respectively (Fig. 1). The culture filtrate
inhibitory concentrations of the other fungal morphotypes
ranged from 270.6 to 618.7 ug mL~!, while the inhibitory
concentration of SM010 could not be determined. The fun-
gal isolate SM002 was used for further investigation since it
had the greatest cytotoxic effect.

Effect of metabolites on the mitochondrial
membrane potential

The effects of the SM002 extract on the mitochondrial mem-
brane potential were investigated at different time points
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via flow cytometry. Two kinds of mitochondrial popula-
tions were observed in Sf21 cells on the basis of their dif-
ferences in mitochondrial membrane potential (MMP) and
were labelled MMP' (low MMP) and MMP" (high MMP). A
slight decrease in the mitochondrial membrane potential was
observed in both the MMP' and MMP" populations in cells
treated with the 200 pg mL"! SM002 extract compared with
those in the control at 6 h posttreatment. However, a slightly
hyperpolarized MMP! was recorded in cells treated with
50 ug mL~! MMP! at 6 h posttreatment (Fig. 2a). Cells with
hyperpolarized MMP' and depolarized MMP" were observed
in cells supplemented with 50, 100 and 200 pg mL! extract
at 12 h posttreatment. However, a dose-dependent decrease
in the mitochondrial membrane potential was observed in
the MMP" population compared with that in the control
group (Fig. 2b). Interestingly, a decrease in the population
of MMP" and an increase in the population of the mem-
brane potential of MMP! were observed in cells treated with
200 pug mL~! extract at 24 h (Fig. 2¢). A dose-dependent
decrease in the membrane potential of the MMP' population
was observed in the cells treated with 100 and 200 ug mL™!
extract compared with the control group at 48 h posttreat-
ment (Fig. 2d).

Effects of fungal metabolites on cellular ROS

Total cellular ROS was measured in Sf21 cells after treat-
ment with the SM002 extract. An increase in ROS was
observed in the treatment group compared with the corre-
sponding control group within 30 min of treatment (Fig. 3a).
The increase in cellular ROS was similar in cells treated with
50, 100 and 200 pg mL~" extract at 6 h (Fig. 3b). However,
a dose-dependent increase in cellular ROS was observed at
12, 24 and 48 h. The maximum level of cellular ROS was
observed in the cells treated with the 200 ug mL™' SM002
extract at 12, 24 and 48 h, followed by the cells treated with
the 100 ug mL™' extract at the corresponding time points
(Fig. 3c, d and e).

Effects of fungal metabolites on mitochondrial
structure

The mitochondrial structure was observed by staining the
cells with MitoTracker Green followed by observing the cells
via confocal microscopy. Intact and fused mitochondrial net-
works were found only in the control group at 24 and 48 h
(Fig. 4a and e). Fragmented mitochondria were observed in
cells treated with 50, 100 and 200 pug mL™' SM002 extract
at 24 h (Fig. 4b, c and d) and 48 h (Fig. 4f, g and h). The
mitochondrial population was more fragmented in all the
treated groups than in the control group. Furthermore, the
treatment groups presented a marginal decrease in the mean
fluorescence intensity compared with that of the control at
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Fig. 1 The cytotoxicity and ICs, of the endophytic fungal extracts, a SM001, b SM002, ¢ SM003, d SM004, e SM005, f SM006, g SM007, h
SMO008 and i SM009 on Sf21 by MTT assay. Data are expressed as mean and error bars represent SD from triplicates of the sample

48 h, indicating indirect measurement of the mitochondrial
mass, which is indicative of potential late apoptosis (Fig. 4i).

Effects of fungal metabolites on nuclear
condensation

The effects of ethyl acetate extracts of SM002 on nuclear
condensation in Sf21 cells were studied via confocal micros-
copy. The cells were stained with Hoechst and observed
under a confocal microscope. Different phases of nuclear
condensation were observed when the cells were treated
with diverse concentrations of the fungal extract. While the
nucleus appeared normal in the control group at 24 and 48 h
(Fig. 5a and e) and in cells treated with 50 and 100 pg mL ™!
extract at 24 h (Fig. 5b and c), a necklace-like structure was
observed in cells treated with 50 and 100 ug mL ™" extract at
48 h (Fig. 5f and g). The mean fluorescence intensity for
nuclear stain, an indicator of nuclear condensation, was

greater in the treatment groups than in the control groups at
24 h and 48 h. A significant increase (p < 0.01) was observed
in cells treated with 50 ug mL~! extract at 24 h (Fig. 5b).
The nuclei in the 200 ug mL ™" extract treatment groups were
highly disassembled (Fig. 5d and h). The ring- and necklace-
like structure of the nucleus was observed in the 50 and
100 ug mL~! extracts at 48 h (Fig. 5i).

Discussion

Tritrophic plant—endophyte—insect interactions are well
documented in several host plants (Shikano et al. 2017).
Endophytic fungi are generally known for their beneficial
role as plant growth promoters. Entomopathogenic endo-
phytic fungi, along with their role as plant growth promoters,
also protect plants against insect infestation. In an earlier
study, the entomopathogenic fungus Beauveria bassiana
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Fig.2 The mitochondrial membrane potential of Sf21 cells treated
with different concentrations of extract of Colletotrichum sp.
(SM002) at different time points. The cells were treated with the
extract of Colletotrichum sp. and MMP was determined at a 6 h, b

was shown to decrease insect pest infestation in rice plants
without affecting natural enemies (Chou et al. 2022). In
general, entomopathogenic fungi are equipped with cuticle-
degrading enzymes, which enable them to penetrate through
the cuticle and infect insects (Charnley and Leger 1991). In
addition, fungi produce several toxins that kill insects upon
ingestion, and several secondary metabolites of fungal origin
have been shown to exhibit cytotoxic effects on insect cells
(Hu et al. 2007; Kim et al. 2019).

Among the 12 metabolites that we identified, five metab-
olites were reported earlier from Colletotrichum sp. and
included regiolone, which is known to have potent cyto-
toxic activity (Vieira et al. 2020; Osztie et al. 2024). In
our study, the greatest cytotoxic effect was observed in the
crude extract of Colletotrichum sp. Hence, Colletotrichum
was used for further investigations to elucidate the mecha-
nism of cytotoxicity. Earlier studies have also shown that the
entomopathogenic Colletotrichum sp. isolated from Fior-
inia externa, which is known to infest the eastern hemlock
Tsuga Canadensis (Marcelino et al. 2009), has significant
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to mitochondria with low and high membrane potentials, respectively.
The red area indicates the number of cells taken up the stain and the
data are expressed as mean+ SD

bioactivity against several insect species and causes insect
mortality. Regiolone, one of the fungal metabolites identi-
fied in the present study, has been shown to have potent
cytotoxic activity (Vieira et al. 2020; Osztie et al. 2024).
The potential biological activity of these two compounds has
been reported via LC—MS analysis of the endophytic fungal
species Ferula ovina (Tazik et al. 2020).

Our investigation into the cytotoxic effects of Colle-
totrichum sp. extract on Spodoptera frugiperda Sf21 cells
revealed significant induction of apoptosis, characterized
by increased reactive oxygen species (ROS) production,
mitochondrial depolarization, and nuclear condensation.
These findings align with previous research highlight-
ing the bioactive potential of Colletotrichum-derived
metabolites. For example, Colletotrichum species are
known to produce a variety of secondary metabolites
with diverse biological activities, including phytotoxic
and antimicrobial properties (Moraga et al. 2019). Spe-
cifically, regiolone, one of the metabolites identified in
our study, has been reported to exhibit phytotoxic effects,
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Fig.3 The total ROS of Sf21 cells treated with different concen-
trations of extract of Colletotrichum sp. (SM002) at different time
points. The ROS was determined ata 30 minb 6 h, ¢ 12 h, d 24 h and

suggesting its role in plant—pathogen interactions (Yang
et al. 2016). The induction of oxidative stress and subse-
quent apoptosis observed in our study may be attributed
to such metabolites disrupting cellular homeostasis. This
finding is consistent with findings that fungal secondary
metabolites can interfere with mitochondrial function,
leading to cell death (Xu et al. 2021). Our identification

e 48 h after treating with the extract of Colletotrichum sp. The red
area indicates the number of cells taken up the stain and the data are
expressed as mean+SD

of 4-hydroxyphenylacetic acid as a metabolite produced
by Colletotrichum aligns with reports of its bioactivity in
various fungal species. This compound has been shown
to exhibit antifungal and antimicrobial properties, which
play a role in competitive interactions within plant tissues
(Cruz et al. 2020). Gohbara et al. (1978) demonstrated that
colletotrichins, metabolites produced by Colletotrichum
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Fig.4 A. The mitochondrial structure of Sf21 after treating with dif-
ferent concentrations of the extract of Colletotrichum sp. The cells
were treated for 24 h with a 0, b 50, ¢ 100 and d 200 pg mL~! of
extract and 48 h with e 0, f 50, g 100 and h 200 ug mL~'. The arrows
in 24 and 48 h control (a and e) indicate the intact mitochondria.

nicotianae, effectively disrupt cellular homeostasis by
increasing reactive oxygen species (ROS) levels, thereby
triggering oxidative damage and mitochondrial depolari-
zation. Furthermore, the nuclear changes observed in our
study—such as condensation and structural collapse—mir-
ror apoptotic markers induced by Colletotrichum-derived
compounds, as highlighted by similar morphological
changes reported by Reveglia et al. (2023) in related plant
cell lines. These findings underscore the potential appli-
cation of Colletotrichum metabolites such as regiolone as
biological control agents, especially against pests such as
S. frugiperda, which pose a significant threat to crop secu-
rity globally.
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100 200

Scale bar represents 25 um. B. Graph representing the mean fluo-
rescence intensity for Mitotracker Green fluorescence in Sf21 cells
treated with different concentrations of extract of Colletotrichum sp.
at 24 and 48 h. Data are expressed as mean + SD

The involvement of mitochondria-mediated apoptosis in
insect cells has not been proven unequivocally. However,
Kumarswamy et al. (2009) reported the mitochondria-medi-
ated involvement of cytochrome C in the induction of apop-
tosis in lepidopteran Sf9 cells. The involvement of mito-
chondria in cell cytotoxicity was evident in the induction
of apoptosis in Sf9 cells by azadirachtin and camptothecin
(Huang et al. 2013). It has been suggested that cytochrome
C synthesis from the mitochondria to the cytosol mediates
caspase-9 activation, leading to a cascade of events culmi-
nating in apoptosis (Garrido et al. 2006). The depolarization
of mitochondria further results in cytochrome C release into
the cytosol (Heiskanen et al. 1999); hence, the change in
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Fig.5 The nuclei of Sf21 cells after treatment with different concen-
trations of ethyl acetate extracts of Colletotrichum sp. The cells were
treated for 24 h with a 0, b 50, ¢ 100 and d 200 pg mL~! of extract
and 48 h with e 0, f 50, g 100 and h 200 ug mL.™!. The arrows in
ring and necklace-like structure of the nucleus. Scale bar represents

the mitochondrial membrane potential could be one of the
mitochondrial markers associated with subsequent events
in the intrinsic pathway of apoptosis (Bhuyan et al. 2001).
Recently, Zhang et al. (2018) reported that a harmine deriv-
ative (ZC-14) induced mitochondria-mediated apoptosis
accompanied by decreased mitochondrial membrane poten-
tial in Sf9 cells. Various exogenous and endogenous factors
stimulate the generation of ROS in cells. Ren et al. (2019)
reported an oxidative burst followed by DNA fragmenta-
tion and lipid peroxidation in the Spodoptera exigua cell
line IOZCAS-Spex-II after exposure to the potential insec-
ticide camptothecin. Similarly, a considerable azadirachtin-
and camptothecin-mediated increase in ROS was observed

25 um. B. Graph representing the mean fluorescence intensity for
nuclear stain in Sf21 cells treated with different concentrations of
extract of Colletotrichum sp. at 24 and 48 h. Data are expressed as
mean + SD with significance at **p <0.01

in Sf9 cells after 1 h (Huang et al. 2013). In our study, an
increase in ROS was recorded as early as 30 min after treat-
ment with the fungal extract, and the gradual accumulation
of ROS increased with increasing time and dose. Changes
in the mitochondrial membrane potential were subsequently
observed according to the concentration and duration of
treatment. Mitochondrial membrane depolarization was
observed after 24 and 48 h of treatment with diverse con-
centrations of fungal extracts.

Alterations in mitochondrial structural dynamics lead-
ing to the formation of fragmented mitochondria are among
the major signals that initiate the stress response pathway
(Jezek et al. 2021). Alterations in the mitochondrial structure
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characterized by fragmentation and remodelling of cristae
are well known to occur during apoptosis (Karbowski and
Youle 2003). The fragmentation of mitochondria during
apoptosis is either due to increased fission or improper
fusion (Parone and Martinou 2006). In our study, fragmented
mitochondria were observed in cells treated with the fungal
extract, indicating the potential of the entomopathogenic
fungi to induce apoptosis. Additionally, MitoTracker green
fluorescence intensity has been reported as a proxy indica-
tor of mitochondrial mass (Silvia et al. 2018). A decrease
or increase in mitochondrial mass may be indicative of
apoptosis. Supporting evidence has suggested associations
between mitochondrial mass perturbations and apoptosis
induction (Changsheng et al. 2021; Lugli et al. 2005; San-
tos et al. 2019). An increase in mitochondrial mass enhances
sensitivity to apoptosis (Changsheng et al. 2021), whereas a
decrease indicates late apoptosis (Lugli et al. 2005). In addi-
tion, an increase in ROS generation and enhanced nuclear
condensation in the treatment groups were observed in
our study, and both indicators of apoptosis further support
these observations. Nuclear condensation and collapse are
observed in the final steps of apoptosis, and nuclear conden-
sation is considered one of the major hallmarks of apoptotic
cells.

Nuclear condensation is characterized by three phases,
namely, ring formation, necklace formation and nuclear
collapse or disassembly (Toné et al. 2007). Furthermore,
condensed nuclei show increased fluorescence intensity for
nuclear dyes (Crowley et al. 2016). This is due to the dense
binding of Hoechst dye onto the minor groove of the com-
pacted DNA, leading to a higher fluorescence intensity. In
our study, treatment with fungal extract resulted in cell death
and ring and necklace formation, followed by the forma-
tion of apoptotic bodies due to the complete collapse of the
nucleus. In addition, we also observed an increase in the
mean fluorescence intensity in the treatment groups. In a
similar study, morphological changes in the cells and nuclear
condensation were observed in insect cells treated with a
natural insecticide from Alpinia galangal (Ruttanaphan et al.
2020). We observed alterations in oxidative status and mito-
chondrial dynamics as well as clear nuclear condensation in
cells treated with fungal extracts, which provides mecha-
nistic insights into the natural compound-induced death of
insect cells observed earlier (Huang et al. 2013; Zhang et al.
2018, 2019).

Conclusion

The use of entomopathogenic endophytes as biological
control agents against insect pests is gaining attention
for integrated pest management (IPM) programs. Endo-
phytes, which are capable of deterring insect herbivores

@ Springer

by producing specific secondary metabolites, represent
a promising tool for managing insect pests sustainably.
In this study, the culture extract from Colletotrichum sp.
(SMO002) demonstrated significant cytotoxicity against
Sf21 insect cells, disrupting the cellular oxidation bal-
ance and altering the mitochondrial membrane potential
through structural modifications to the mitochondria. The
presence of condensed nuclei indicated that the cytotoxic-
ity of the extract could be largely attributed to its ability to
induce apoptosis. LC—MS analysis confirmed the presence
of several insecticidal fungal metabolites, which could be
the underlying reason for the observed cytotoxic effects on
Sf21 cells. This research further underscores the potential
of endophytic fungi, particularly Colletotrichum species,
in the development of eco-friendly pest management solu-
tions. Future studies should focus on elucidating the pre-
cise molecular mechanisms by which these metabolites
exert their effects and conduct field trials to evaluate the
efficacy of endophyte-based biocontrol agents in managing
insect infestations under natural conditions. Additionally,
exploring the role of these endophytes in enhancing plant
resistance to other stressors could further broaden their
utility in sustainable agriculture.
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