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Abstract

Fusarium graminearum, a devastating fungal pathogen, is the main pathogen of Fusarium head blight (FHB) in wheat glob-
ally; it results in significant yield loss and mycotoxin contamination that severely threatens global wheat production and
food safety. However, despite ongoing efforts, controlling this pathogen still remains a major challenge. Surfactin, primarily
synthesized by Bacillus sp. via non-ribosomal peptide synthetases, exhibits potent surfactant and antibacterial properties,
but its antifungal mechanism has yet to be fully elucidated. We found that the ECs, of surfactin against hyphal growth of F.
graminearum was 102.1 pg/mL, and control efficacy against wheat FHB under field conditions achieved 86.38% in wheat
cultivar Huaimai 40 and 81.60% in wheat cultivar Zhoumai 36, indicating that surfactin has potential antifungal activity
against F. graminearum. Accumulated intracellular ROS, decreased mitochondrial membrane potential (MMP), activated
metacaspase activity and condensed chromatin, were induced by surfactin in F. graminearum hyphae, suggesting that growth
inhibition of fungus is mainly caused by apoptosis-like cell death. Furthermore, accumulated intracellular ROS was evidenced
to act as a key mediator of surfactin-induced apoptosis. Broad-spectrum caspase inhibitor Z-VAD-FMK treatment indicated
that surfactin induces caspase-independent apoptosis in F. graminearum. Collectively, this study provides evidence that
surfactin induces a ROS-mediated mitochondrial apoptosis in F. graminearum hyphae, and may exert its antifungal activity
against F. graminearum by activating apoptosis. This study demonstrates the potential of surfactin as an antifungal agent
for FHB biocontrol, provides a new perspective on the antifungal mechanism of surfactin against filamentous fungi, and
contributes to the application of surfactin-producing microbes in the biocontrol of plant diseases.
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Introduction to global cereal production, food safety, and human health.

Unfortunately, no wheat cultivars that are fully resistant to

Fusarium graminearum, a devastating fungal pathogen, is
the main pathogen of Fusarium head blight (FHB) in wheat
worldwide (Chen et al. 2018; Liu et al. 2019; Wachowska
et al. 2022). This fungus not only can cause huge yield
losses, but also can produce mycotoxins, such as deoxyni-
valenol (DON) and zearalenone (ZEN) (McMullen et al.
2012; Ntushelo et al. 2019; Ma et al. 2022). Even at the
post-harvest stage, if not dried in time or stored in moist
conditions, the fungus can immediately begin to grow, repro-
duce, and produce mycotoxins (Pei et al. 2022). Today, F.
graminearum has already become one of the major threats
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F. graminearum have been reported, while existing chemi-
cal fungicides not only do not provide satisfactory control
effects, but also bring a series of safety hazards, such as
increased pathogen resistance, chemical residues, and envi-
ronmental pollution (Liu et al. 2019).

To date, effective strategies to control F. graminearum are
lacking, this has stimulated considerable research in devel-
oping eco-friendly control methods, including the use of
biocontrol strains as well as metabolites, several of which
have been reported as effective in suppress of plant diseases
(Ongena and Jacques 2008; Snook et al. 2009; Chowdhury
et al. 2015). Amongst, Bacillus sp., one of the most widely
studied genera, is known for the synthesis of a series of anti-
biotics, such as Bacillus lipopeptides, surfactin, iturin and
fengycin, which are known for their vast array of biological
activities against a wide range of pathogens, considering
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versatile weapons for plant disease biocontrol (Ongena and
Jacques 2008; Snook et al. 2009).

Surfactin, an amphipathic heptapeptide which was mainly
synthesize by Bacillus sp. through non ribosomal peptide
synthetases, is well-known for its strong surfactant and anti-
bacterial activities (Ongena and Jacques 2008). However,
its direct antifungal activity has been just reported in recent
years, and the underlying mechanism of surfactin against
filamentous fungi has not been fully elucidated (Sarwar
et al. 2018; Krishnan et al. 2019; Andri¢ et al. 2020; Pang
et al. 2021). Sarwar et al. reported that surfactin exhibited
antifungal activity against F. moniliforme, F. solani, and
Trichoderma atroviride, and significantly reduced rice baka-
nae disease caused by F. moniliforme by up to 80% (Sarwar
et al. 2018). Krishnan et al. showed that surfactin inhibited
the growth of F. moniliforme hyphae by causing DNA dam-
age (Krishnan et al. 2019). Pang et al. found that antifungal
activity of B. amyloliquefaciens M9 against Botryosphaeria
dothidea was associated with the presence of surfactin by
a postharvest storage experiment on kiwifruit (Pang et al.
2021). Interestingly, surfactin has been reported to induce
apoptosis-like cell death in mammalian cells (Cao et al.
2010; Wu et al. 2017; Vo et al. 2020). And some compounds
have also been reported to exert their antifungal activity by
inducing apoptosis-like cell death, such as amphotericin B
(Mousavi and Robson 2004), a-tomatine (Ito et al. 2007),
farnesol (Wang et al. 2014) and thymol (Hu et al. 2018).
Therefore, we hypothesized that surfactin may exert its anti-
fungal activity against F. graminearum by inducing apopto-
sis-like cell death.

In the present study, we confirmed the antifungal activity
of surfactin against F. graminearum by measuring the ECs,
and a field trial, investigated the induction effect of surfactin
on apoptosis in F. graminearum hyphae by detecting hall-
marks occurrence of early and late apoptosis, and further
clarified the role of ROS accumulation and metacaspase
activation in surfactin-induced apoptosis. Therefore, this
study provides evidence that surfactin may exert its anti-
fungal activity on F. graminearum hyphae by activating a
ROS-mediated apoptosis through a metacaspase-dependent
mitochondrial pathway. The study demonstrates the potential
of surfactin as an antifungal agent for FHB biocontrol, and
provides a new perspective on the antifungal mechanism of
surfactin against filamentous fungi.

Materials and methods
Chemicals
Hoechst 33342/PI double stain kit (CA1120), 2',7'-Dichlor-

ofluorescin diacetate (DCFH-DA), N-acetyl-L-cysteine
(NAC), Mitochondrial membrane potential assay kit with
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JC-1 (M8650), Caspase 9 activity assay kit (BC3890) and
Caspase 3 activity assay kit (BC3830) were purchased from
Solarbio (Beijing, China). Pan caspase inhibitor Z-VAD-
FMK was purchased from Beyotime (Shanghai, China).
RNAiso Plus reagent (9108Q) was purchased from Takara
(Dalian, China). NovoScript® Plus All-in-one 1st Strand
cDNA Synthesis SuperMix Kit (E047-01 A) and NovoStart®
SYBR qPCR SuperMix plus Kit (E096-01 A) were pur-
chased from Novoprotein (Shanghai, China). Surfactin
was extracted from Bacillus velezensis PH204 broth using
HPLC, identified by UPLC-ESI-MS/MS, and dissolved in
0.1 M phosphate-buffered saline (PBS) for further experi-
ments (Chen et al. 2018). All other chemicals were analytical
grade.

Fungal strain and culture condition

F. graminearum PH-1 was used in this study and maintained
on a PDA slant at 4 °C. To produce conidia suspension,
PH-1 was cultured on PDA plate for 5 d at 28 °C. Then
five 6-mm-diameter plugs were taken from the edge of the
colony and inoculated into a 250 mL flask containing 50
mL of CMC medium. After 48 h of incubation at 26 °C and
150 r/min, the conidia culture broth was filtered through two
layers of sterile lens wiping paper and centrifuged at 4 °C
and 7500xg for 10 min. The conidia were then harvested
by centrifugation (4 °C, 7500xg, 10 min), and rinsed twice
with sterile normal saline containing 0.01% Tween 80. The
conidia suspension was therefore obtained by suspending
with SNS and adjusting to 2 x 10° conidia per mL using a
hemocytometer. To prepare the hyphae suspension, 1 mL
of conidia suspension was inoculated into a 250 mL flask
containing 50 mL of Czapek’s medium and cultured for 10 h
at 26 °C and 50 r/min, and then the hyphae were harvested
by centrifugation (4 °C, 7500Xg, 10 min) and rinsed twice
with sterile phosphate-buffered saline (PBS). The hyphae
suspension was therefore obtained by suspending with 25
mL of PBS.

Effect of surfactin on radial growth of F.
graminearum hyphae

Five 6-mm-diameter plugs of F. graminearum were inocu-
lated into the center of a 90-mm-diameter PDA plate con-
taining different concentrations of surfactin (0, 100, 200,
300, 400, and 500 pg/mL), respectively. All plates were then
incubated at 28 °C, until the fungus in the control plate grew
to full plate, the diameter of the fungal colony was measured
to calculate the inhibition rate of hyphae growth, and the
ECjs, value was calculated from the relationship between
surfactin concentration and inhibition rate.
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Field trial

To evaluate control efficacy of surfactin against wheat FHB,
field trial was carried out according to procedures in our
previous work with some modifications (Chen et al. 2018).
Briefly, field trial was conducted at Xuchang experimental
Field of Henan Agricultural University, Xuchang, China
(E112°75', N34°17') in 2021, and two wheat cultivars
Zhoumai 36 and Huaimai 40 were used. Sterile water and
surfactin served as untreated control and surfactin treat-
ment, respectively. Each treatment was repeated at least four
experimental plots. Plots (above 15 m%/plot, 400 heads/plot)
were arranged in a randomized block design. At the first day
(initial stage of wheat anthesis), 100 mL/m? of sterile water
and surfactin were sprayed towards wheat spikes and roots,
respectively. Two days later, 200 mL of F. graminearum
conidia (1 X 10° conidia/mL) were sprayed to wheat spikes of
each plot. Ten days after first spraying, 100 mL/m? of sterile
water and surfactin were sprayed again as described above.
Thirty days after second spraying, number of infected wheat
spike, infected level of wheat spike, and spikes weight was
investigated as described in NY/T 1464.15-2007, which is
issued by Ministry of agriculture of the People’s Republic of
China. Infected spike rate, disease index and control efficacy
were respectively calculated according to the methods in
NY/T 1464.15-2007.

DON content of different wheat samples was determined
using the UPLC-MS/MS method described in GB 5009.111-
2016, which is issued by National health commission of the
People’s Republic of China. Each sample was conducted at
least 3 times.

Surfactin treatment

1 mL of hyphae suspension was mixed with 4 mL of enzyme
solution (10% snailase and 10% cellulose) at 37 °C. After
exposure for 1 h, the hyphae were harvested, rinsed, and
treated with 1 mL of 100 pg/mL surfactin at 26 °C for 4 h.
Hyphae treated with O ug/mL surfactin served as the blank
control group.

Intracellular ROS accumulation assay

Intracellular ROS accumulation in F. graminearum hyphae
was assessed using a redox-sensitive fluorescent probe
DCFH-DA. DCFH-DA is non-fluorescent, whereas in the
presence of ROS, it can be oxidized to green-fluorescent
2,7-dichlorofluorescin (DCF). Briefly, different treatment
groups of hyphae were harvested, rinsed, and incubated
with 10 pM DCFH-DA for 30 min in the dark. The hyphae
were then harvested, rinsed, and resuspended in PBS. Fluo-
rescence observation and intensity measurement were per-
formed using an inverted fluorescence microscope (Axio

Observer 3, Zeiss, USA) and the corresponding fluorescence
intensity was measured using a fluorescence spectrophotom-
eter (F-7100, Hitachi, Japan) at 488/525 nm excitation/emis-
sion (DCEF, green fluorescence).

In parallel, another group of hyphae was preloaded with
5 mM NAC (a ROS scavenger) prior to surfactin treatment,
and then the assay for intracellular ROS accumulation was
carried out as described above. Furthermore, changes in the
typical hallmarks of early and late apoptosis were further
evaluated.

Mitochondrial membrane potential (MMP) assay

The MMP in F. graminearum hyphae was determined using
a commercial kit containing JC-1 dye (M8650, Solarbio,
China). JC-1 dye can accumulate in mitochondria in a
potential-dependent man. In normal cells, the MMP is high
and JC-1 aggregates in the mitochondrial matrix, forming
J-aggregates (red fluorescence). In early apoptotic cells,
MMP decreases, and JC-1 cannot accumulate in the mito-
chondrial matrix and depolymerizes to J-monomers (green
fluorescence). The change of MMP can be detected by the
transition from red fluorescence to green fluorescence, and
the increased G/R ratio (the ratio of green fluorescence
intensity to red fluorescence intensity) is used to indicate
the decrease of MMP. Briefly, different treatment groups
of hyphae were harvested, rinsed, and suspended in 0.5 mL
of JC-1 in the dark for 20 min. The hyphae were then har-
vested, rinsed, and resuspended in JC-1 dye buffer. Then
fluorescence observation and intensity measurement were
performed at 515/529 nm excitation/emission (J-monomers,
green fluorescence) and 585/590 nm excitation/emission
(J-aggregates, red fluorescence), respectively.

RNA extraction, cDNA synthesis, and qRT-PCR
analysis

Different treatment groups of hyphae were collected, ground
with a pestle in liquid nitrogen, and stored at — 80 °C,
respectively. Total RNA was then extracted using RNAiso
Plus reagent (9108Q, Takara, China) according to the man-
ufacturer’s instructions. RNA concentration was measured
using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, USA), and cDNA was reverse transcribed from
total RNA using the NovoScript® Plus All-in-one 1st Strand
cDNA Synthesis SuperMix kit (E047-01 A, Novoprotein,
China) according to the manufacturer’s recommendations.
The obtained cDNA was used for qRT-PCR analysis.

Measurement of metacaspase activation

Caspases, spartate-specific cysteine proteases, play a central
role in the early stage of mammalian apoptosis, whereas

@ Springer



340 Page4of14

World Journal of Microbiology and Biotechnology (2023) 39:340

metacaspases are caspase-like cysteine proteases in fungi
(Uren et al. 2000). Activation of metacaspases is considered
a biochemical hallmark of late apoptosis in fungi (Hwang
et al. 2012; Shlezinger et al. 2012).

In the genome of F. graminearum, two metacaspase genes
(FGSG_12913 and FGSG_09204) have been found (Sikha-
kolli et al. 2012). To quantify the induction effect of surfac-
tin on metacaspase activation in F. graminearum hyphae, the
expression levels of two metacaspase genes under different
treatment conditions were firstly measured using qRT-PCR
analysis. qRT-PCR analysis was performed on a Mastercy-
cler ep-realplex machine (Eppendorf, Germany) using the
NovoStart® SYBR qPCR SuperMix Plus kit (E096-01 A,
Novoprotein, China). Relative gene expression for each
target gene was evaluated using the comparative 2744CT
method and normalized against the F. graminearum p-tublin
gene (FGSG_09530). The primers used for qRT-PCR are
listed in Table S1. Furthermore, caspase 9 activity and
caspase 3 activity in F. graminearum hyphae were meas-
ured using commercial assay kits (BC3890 and BC3830,
Solarbio, China) with specific substrates according to the
manufacturer’s instructions (Hu et al. 2018). The principle
of assay Kkits is that caspase specifically cleavages its sub-
strate to releases free p-nitroanilide (p-NA). Free p-NA is
yellow with a maximum absorption peak at 405 nm, and
can be measured using a spectrophotometer or a microtiter
plate reader. From the standard curve of p-NA absorbance
at 405 nm, the p-NA concentration released by caspase was
calculated to obtain caspase activity. Briefly, equal volume
of 100 pL hyphae from different treatment groups were har-
vested, rinsed, and suspended in 100 pL lysis buffer in an ice
bath for 15 min. After centrifugation at 4 °C and 16,000xg
for 15 min, the supernatant was transferred to the pre-cool-
ing tube to determine the increase in absorbance at 405 nm.
The release of p-nitroanilide (p-NA) was calculated based
on a standard curve between its amount and its absorbance at
405 nm. 1 U of caspase activity is defined as the facilitation
of 1 uM of pNA release (Hu et al. 2018).

In parallel, another group of hyphae was preloaded with
2 mM Z-VAD-FMK (a broad-spectrum pan caspase inhibi-
tor) prior to the addition of surfactin. Subsequently, qRT-
PCR analysis and measurement of caspase activity were
performed as described above. We also further evaluated
the changes of typical hallmarks of early and late apoptosis.

Hoechst 33342/PI double staining

Hoechst 33342/PI double staining was used to detect the late
apoptotic phenotype by using a commercial kit (CA1120,
Solarbio, China) (Hu et al. 2018). The Hoechst 33342/PI
double stain kit contains two ready-to-use dyes (PI and Hoe-
chst 33342) bound to DNA. PI, a membrane-impermeable
and red-fluorescent nuclear dye, causes membrane-damaged
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necrotic cells to appear red fluorescence. Hoechst 33342, a
membrane-permeant and blue fluorescent nuclear dye, pro-
vides a brighter blue fluorescence in apoptotic cells than that
in normal cells, as there is much more condensed chromatin
in apoptotic cells than that in normal cells. Importantly, chro-
matin condensation, one of the first morphological changes
associated with apoptosis, is considered a well-established
cytological hallmark of late apoptosis in fungi (Semighini
and Harris 2010; Hwang et al. 2012). Thus, Hoechst 33342/
PI double staining is widely used to distinguish normal
(Hoechst 33342 negative and PI negative, weak blue), late
apoptotic (Hoechst 33342 positive and PI negative, bright
blue) and necrotic cells (Hoechst 33342 negative and PI
positive, bright red and weak blue) and to detect condensed
chromatin (Belloc et al. 1994; Hu et al. 2018). Briefly, differ-
ent treatment groups of hyphae were harvested, rinsed, and
resuspended with 1 mL of PBS, then incubated with 10 uL
PI (1 mg/mL) and 200 uL Hoechst 33342 (0.1 pg/mL) for
20 min in the dark. The hyphae were then harvested, rinsed,
and resuspended in PBS for further fluorescence observa-
tion and intensity measurement. Fluorescence observation
was performed at 350/460 nm excitation/emission (Hoechst
33342, blue fluorescence) and 535/615 nm excitation/emis-
sion (PI, red fluorescence), respectively.

Statistical analysis

All experiments were performed in triplicate and all results
are presented as mean + standard deviation. Statistical differ-
ences between groups were analyzed by one-way ANOVA
followed by Tukey’s test using GraphPad Prism 9.0 software
(San Diego, CA, USA).

Results

Surfactin inhibited the radial growth of F.
graminearum hyphae

As shown in Fig. 1, under the action of 0, 100, 200, 300,
400, and 500 pg/mL of surfactin, the colony diameter of F.
graminearum was 90.00+0.00, 44.33 +1.07, 42.07 £0.45,
42.00+0.28, 41.07 +0.29 and 39.17 +0.57 mm, respec-
tively (Fig. 1B), and the value of ECs, was calculated to be
102.1 pg/mL, showing that surfactin can significantly inhibit
the radial growth of F. graminearum hyphae. It is worth not-
ing that within the 500 pg/mL concentration, the inhibition
of surfactin on radial growth of F. graminearum hyphae was
in a dose-independent manner, representing that a unique
mechanism of action. And the concentration of 100 ug/mL
surfactin was chosen for further experiments.
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Fig. 1 The ECs, of surfactin against hyphae growth of F. gramine-
arum. The ECs, of surfactin against hyphae growth of F. gramine-
arum was calculated to be 102.1 pg/mL

Surfactin reduced FHB incidence and severity
under field conditions

As shown in Table 1, in relation to Zhoumai 36, compared
to the untreated control, the infected rate of spikes was
significantly reduced from 31.58% of the untreated control
to 7.80% of the surfactin treatment (p < 0.01), a reduction
of 64.01%, FHB disease index was significantly reduced
from 37.19 to 6.94 (p <0.01), a reduction of 72.27%, and
grain DON content was significantly reduced from 12.89
to 5.49 pg/kg (p <0.01), a reduction of 53.09%. Accord-
ingly, control efficacy of surfactin against FHB in Zhoumai
36 was 81.60%. In trelation to Huaimai 40, the infected
rate of spikes was significantly reduced from 33.24% of
the untreated control to 7.35% of the surfactin treatment
(p<0.01), a reduction of 64.01%, FHB disease index
was significantly reduced from 36.56 to 4.98 (p<0.01), a
reduction of 85.72%, and grain DON content significantly
reduced from 14.61 to 5.02 pg/kg (p <0.01), a reduction of
65.60%. Accordingly, control efficacy of surfactin against
FHB in Huaimai 40 was 86.38%. Collectively, surfactin
was effective in reducing FHB incidence and severity in
wheat under field conditions.

In addition, spikes weight of Huaimai 40 increased from
135.3 g/50 heads of untreated control to 188.6 g/50 heads
of surfactin treatment (p <0.01), a significant increase of
39.39%, and spikes weight of Zhoumai 36 increased from
168.5 g/50 heads of untreated control to 224.8 g/50 heads
of surfactin treatment (p <0.01), a significant increase of
33.41%. Accordingly, surfactin was also effective in increas-
ing wheat yield in wheat under field conditions.

Surfactin triggered intracellular ROS accumulation
in F. graminearum hyphae

Intracellular ROS accumulation is closely associated with
most instances apoptosis (Cheng et al. 2003; Ito et al. 2007;
Robson 2006; Bugeda et al. 2020), and is considered an
early event in apoptotic cell death (Hwang et al. 2012).
To evaluate whether surfactin induces intracellular ROS
accumulation in F. graminearum hyphae, a redox-sensitive
fluorescent probe DCFH-DA was employed. As shown in
Fig. 2A, control hyphae appeared with faint green fluores-
cence, while surfactin-treated hyphae showed strong green
fluorescence. And the intensity of green fluorescence in
surfactin-treated hyphae was up to 4925.00 + 154.41 Au/
ug, significantly higher than 707.33 +98.49 Au/ug of con-
trol hyphae (p <0.0001) (Fig. 2B). The results demonstrated
that surfactin triggered intracellular ROS accumulation in F.
graminearum hyphae.

Surfactin leads to MMP decrease in F. graminearum
hyphae

The mitochondrial membrane potential (MMP) is essential
for normal mitochondrial function, the decrease of MMP
would initiate a series of cellular events, and trigger an irrev-
ocable apoptotic process, therefore, the decrease of MMP
has been considered as an important hallmark of early apop-
tosis (Hwang et al. 2012).

As shown in Fig. 3A, after exposure to surfactin for 4 h,
control hyphae showed aggregated red fluorescence with no
blue fluorescence, indicating high MMP, whereas in hyphae
treated by 100 pg/mLsurfactin, strong green fluorescence
appeared and aggregated red fluorescence was significantly

Table 1 Control efficacy of surfactin against wheat FHB under field conditions

Treatment Infected spike rate (%) Disease index Control efficacy (%) DON content (ug/kg) Spikes weight (g/50 ears)
CK(ZM) 31.58+2.10* 37.19+3.144 - 12.89+0.49* 168.5+0.814
S(ZM) 7.80+ 1.46° 6.94 +2.348 81.60+0.05" 5.49+0.958 224.8+0.798
CK(HM) 33.24+2.374 36.56+2.10% - 14.61+1.294 135.3+1.93€
S(HM) 7.35+1.988 4.98+2.148 86.38+0.05" 5.02+0.608 188.6+1.86°

CK blank control, S surfactin treatment, ZM wheat cultivar Zhoumai 36, HM wheat cultivar Huaimai 40. Different letters in the same column

represent significant differences (p <0.01)
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Fig.2 Surfactin induced intracellular ROS accumulation in F
Graminearum hyphae. A Control hyphae (CK) appeared faint green
fluorescence, while surfactin-treated hyphae (Surfactin) showed
strong green fluorescence. B The intensity of green fluorescence was
significantly increased from 707.33 +98.49 Au/ug of control hyphae
to 4925.00+154.41 Au/ug of surfactin-treated hyphae (p <0.0001).
BF, bright field. Bar =50 pm. ****p <0.0001

reduced, indicating the transition from high MMP to low
MMP. And the G/R ratio increased significantly from
0.71 +£0.09 of control hyphae to 3.47 +0.24 of surfactin-
treated hyphae (p <0.0001) (Fig. 3B). The results indicated
that surfactin caused a decrease in MMP in F. graminearum
hyphae.
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Surfactin activated metacaspase activity in F.
graminearum hyphae

Caspases, spartate-specific cysteine proteases, play a cen-
tral role in the early stage of mammalian apoptosis, while
metacaspases are caspase-like cysteine proteases in fungi
(Uren et al. 2000). metacaspase activation is considered a
biochemical hallmark of early apoptosis in fungi (Hwang
et al. 2012; Shlezinger et al. 2012). Two metacaspase genes
(FGSG_12913 and FGSG_09204) have been found in the F.
graminearum genome (Sikhakolli et al. 2012).

gRT-PCR analysis showed that under the treatment
of 100 pg/mL surfactin, the relative expression levels of
FGSG_12913 and FGSG_09204 in surfactin-treated hyphae
were up-regulated more than 2.1-fold (Fig. 4A) and 1.4-
fold (Fig. 4B) compared to control hyphae, respectively.
Similar results were also obtained when we measured the
activity of caspases. Both the activity caspase 9 and caspase
3 were significantly activated in surfactin-treated hyphae,
caspase 9 activity of surfactin-treated hyphae increased
from 3.30+0.62 U of control hyphae to 13.69 +0.59 U
(»<0.0001) (Fig. 4C), and caspase 3 activity increased from
8.63+£0.10t0 12.11+0.22 U (p <0.0001) (Fig. 4D), result-
ing in a 4.2- and 1.4-fold increase, respectively. Although
caspases have not been identified in fungi, we detected the
activity of caspases with specific substrates in vitro, which
could indicate that there should be homologues of caspase 9
and 3 in F. graminearum with low sequence similarity to the
known caspase 9 and 3 sequences. A similar case was also
present in thymol-mediated apoptosis in A. flavus conidia
(Hu et al. 2018). These results indicated that surfactin could
activate gene expression of metacaspases and then activate
corresponding pathways to induce apoptosis in F. gramine-
arum hyphae.

Surfactin induced late apoptotic phenotypein F.
graminearum hyphae

Chromatin condensation is one of the first morphological
changes associated with apoptosis (Semighini and Harris
2010), and is considered a well-established cytological
hallmark of late apoptosis in fungi (Hwang et al. 2012). To
obtain further evidence of surfactin-induced late apoptosis
in F. graminearum hyphae, we performed Hoechst 33342/PI
double staining to detect condensed chromatin.

As shown in Fig. 5, under 535 nm excitation (PI), con-
trol hyphae and hyphae treated with 100 pg/mL surfactin
did not exhibit red fluorescence, indicating that the hyphae
did not suffer from membrane-damaged necrosis, whereas
hyphae treated with 1000 pg/mL surfactin showed strong
red fluorescence, indicating that the hyphae suffered mem-
brane-damaged necrosis. Under 350 nm excitation (Hoechst
33342), control hyphae showed faint blue fluorescence,
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metacaspase activity in F.
Graminearum hyphae. A Com-
pared to control hyphae (CK),
the relative expression level of
metacaspase gene FGSG_12913
in surfactin-treated hyphae

was up-regulated more than
2.1-fold. B Compared to control
hyphae (CK), the relative
expression level of metacas-
pase gene FGSG_09204 in
surfactin-treated hyphae was
up-regulated more than 1.4-fold.
C Caspase 9 activity increased 0.0 r 0.0

from 3.30+0.62 U of control CK Surfactin C-K Surfactin

hyphae (CK) to 13.69+0.59
U of surfactin-treated hyphae Metacaspase 1 (FGSG_12913) Metacaspase 2 (FGSG_09204)
15

(p<0.0001). D Caspase 3 activ- (C)15
ity increased from 8.63 +0.10
to 12.11+0.22 U (p <0.0001).
CK control hyphae. Surfactin,
hyphae treated with 100 pg/mL
surfactin
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Hoechst 33342

Fig.5 Surfactin triggered chromatin condensation in F. gramine-
arum hyphae. Control hyphae (CK) showed PI negative and Hoechst
33342 negative (weak blue fluorescence), hyphae treated by 100 ug/
mL surfactin (Surfactin) showed PI negative and Hoechst 33342 posi-
tive (brightly blue fluorescence), indicative of chromatin condensa-
tion, and hyphae treated by 1000 pg/mL surfactin (S1000) showed PI
positive and Hoechst 33342 positive (brightly red fluorescence and
weak blue fluorescence), indicating membrane-damaged necrosis.
BF bright field. Bar =50 pm

while hyphae treated with 100 pg/mL sufactin showed more
intense blue fluorescence than control hyphae, indicating
chromatin condensation. These results indicated that a high
concentration of surfactin (1000 ug/mL) could disrupt the
hyphal membrane of F. graminearum, showing pro-necrotic
activity, while a low concentration of surfactin (100 pg/
mL) was not sufficient to destroy the hyphal membrane, but
induced chromatin condensation, showing pro-apoptotic
activity.

Surfactin-induced apoptosis in F. graminearum
hyphae depends on ROS mediated

To further clarify whether ROS play a pivotal mediating
role in surfactin-induced apoptosis, comparative experi-
ments with NAC pretreatment were carried out to examine
the effect of ROS accumulation on surfactin-induced early
and late apoptosis in F. graminearum hyphae. As shown in
Fig. 6, NAC pretreatment resulted in very few hyphae in
NAC-pretreated hyphae showing green fluorescence, indi-
cating of accumulated ROS (Fig. 6A), and the intensity of
green fluorescence was significantly reduced (p <0.0001)
compared to surfactin-treated hyphae (Fig. 6B). The data
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suggested that NAC effectively scavenged surfactin-induced
ROS accumulation in F. graminearum hyphae.

Meanwhile, we also evaluated the effects of NAC pre-
treatment on surfactin-induced early and late apoptosis
hallmarks in F. graminearum hyphae, respectively. The
relative expression levels of FGSG_12913 (Fig. 6C) and
FGSG_09204 (Fig. 6D) in NAC-pretreated hyphae were
significantly reduced compared to surfactin-treated hyphae
(» £0.0001), especially for FGSG_09204, whose expres-
sion level was reduced to have no significant difference with
that of control hyphae (p > 0.05). Furthermore, caspase 9
activity was found to decrease from 9.68 +0.80 uM/mL of
surfactin-treated hyphae to 6.35 +0.38 uM/mL (p <0.001) in
NAC-pretreated hyphae, and caspase 3 activity was found to
decrease from 9.11 +0.30 to 7.17 +0.30 uM/mL (p <£0.001),
which was not significantly different from control hyphae
(6.62+0.20 uM/mL) (p > 0.05).

Interestingly, this change in caspase 3 activity coincided
with the change in gene expression change of FGSG_(09204.
These data suggest that once the surfactin-induced ROS
accumulation was scavenged, the surfactin-activated meta-
caspase activity was consequently suppressed. On the other
hand, NAC-pretreated hyphae showed strong aggregated red
fluorescence similar to that of control hyphae (Fig. 6E), and
the G/R ratio was also significantly decreased compared to
surfactin-treated hyphae (p <0.0001) and not significantly
different from control hyphae (p > 0.05) (Fig. 6F), indicat-
ing that once the surfactin-induced ROS accumulation was
scavenged, the surfactin-induced MMP decrease was con-
sequently prevented. Furthermore, compared to surfactin-
treated hyphae, the number of hyphae showing blue fluores-
cence was significantly reduced in NAC-pretreated hyphae
(Fig. 6G), and the intensity of blue fluorescence was signifi-
cantly reduced (p <0.0001) (Fig. 6H), indicating that surfac-
tin-induced chromatin condensation was also consequently
suppressed. Taken together, these results confirmed that
ROS played a pivotal mediating role in surfactin-induced
apoptosis in F. graminearum hyphae.

Surfactin-induced apoptosis in F. graminearum
hyphae involved in metacaspase activation

To determine whether surfactin-induced apoptosis in F.
graminearum hyphae occurs through a metacaspase-depend-
ent mechanism, the effects of a broad-spectrum pan caspase
inhibitor Z-VAD-FMK on surfactin-induced early and late
apoptosis were examined, respectively.

As shown in Fig. 7, pretreatment with Z-VAD-FMK
significantly reduced the relative expression levels of
FGSG_12913 (Fig. 7A) and FGSG_09204 (Fig. 7B) com-
pared to surfactin-treated hyphae (p <0.0001). Further-
more, the activity of caspase 9 and 3 in Z-VAD-FMK-pre-
treated hyphae was also significantly reduced compared to
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Fig.6 Surfactin-induced
apoptosis in F. graminearum
hyphae depends on ROS
mediated. A Compared to
surfactin-treated hyphae, the
number of hyphae showing
green fluorescence significantly
decreased, which was simi-

lar to that of control hyphae.

B The intensity of green
fluorescence in NAC-pretreated
hyphae was significantly
reduced compared to surfactin-
treated hyphae (p <0.0001).

C The relative expression

levels of FGSG_12913 in
NAC-pretreated hyphae were
found to significantly reduce
compared to surfactin-treated
hyphae (p <0.0001). D The
relative expression levels of
FGSG_09204 in NAC-pre-
treated hyphae were found to
significantly reduce compared
to surfactin-treated hyphae
(p<0.0001), and had no
significant difference with that
of control hyphae (p>0.05).

E Compared to surfactin-treated
hyphae, NAC-pretreated hyphae
appeared strong aggregated red
fluorescence, which was similar
to that of the control. F The G/R
ratio of NAC-pretreated hyphae
was significantly decreased
than that of surfactin-treated
hyphae (p <0.0001), and

had no significant difference
with that of control hyphae
(p>0.05). G Compared to
surfactin-treated hyphae, the
number of hyphae showing blue
fluorescence was significantly
reduced in NAC-pretreated
hyphae. H The intensity of blue
fluorescence was significantly
reduced compared to surfactin-
treated hyphae (p <0.0001).
CK, control hyphae. Surfactin,
hyphae treated with 100 pg/
mL surfactin. S +NAC, hyphae
treated with NAC and 100 pg/
mL surfactin. BF bright field.
Bar =50 pm. ##**p <0.0001.
ns statistical insignificance
(p>0.05)
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Fig. 7 Surfactin-induced apop-
tosis in F. Graminearum hyphae
requires metacaspase activity.
A The relative expression levels
of FGSG_12913 in Z-VAD-
FMK-pretreated hyphae were
found to significantly reduce
compared to surfactin-treated
hyphae (p <0.0001). B The
relative expression levels of
FGSG_09204 in Z-VAD-
FMK-pretreated hyphae were
found to significantly reduce
compared to surfactin-treated
hyphae (p <0.0001). C Com-
pared to surfactin-treated
hyphae, the number of hyphae
showing green fluorescence
significantly decreased, which
was similar to that of control
hyphae. D The intensity of
green fluorescence in Z-VAD-
FMK-pretreated hyphae was
significantly reduced compared
to surfactin-treated hyphae
(p<0.0001). E Compared to
surfactin-treated hyphae, the
number of hyphae showing blue
fluorescence was significantly
reduced in Z-VAD-FMK-pre-
treated hyphae. F The inten-
sity of blue fluorescence was
significantly reduced compared
to surfactin-treated hyphae
(p<0.0001). G Compared

to surfactin-treated hyphae,
Z-VAD-FMK-pretreated hyphae
appeared strong aggregated red
fluorescence. H The G/R ratio
of Z-VAD-FMK-pretreated
hyphae was significantly
decreased than that of surfactin-
treated hyphae (p <0.0001).
CK control hyphae. Surfactin,
hyphae treated with 100 pg/mL
surfactin. S+Z, hyphae treated
with Z-VAD-FMK and 100 pg/
mL surfactin. BF bright field.
Bar =50 pm. ***¥*p <(0.0001.
ns statistical insignificance
(p>0.05)
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surfactin-treated hyphae, with caspase 9 activity decreasing
from 13.69+0.59 t0 8.43 +0.68 U (p <0.001) and caspase 3
activity decreased from 12.11 +0.22 to 10.73+0.27 uM/mL
(p£0.001), indicating that surfactin-activated metacaspase
activity can be blocked by Z-VAD-FMK.

Meanwhile, when surfactin-activated metacaspase activ-
ity was blocked by Z-VAD-FMK, the surfactin-induced
apoptosis was also significantly alleviated. In detail, pre-
treatment with Z-VAD-FMK resulted in a significant reduc-
tion of green fluorescence (Fig. 7C) and blue fluorescence
(Fig. 7E) than those of surfactin-treated hyphae, which are
signs of intracellular ROS accumulation and chromatin con-
densation, and the intensity of green and blue fluorescence
was reduced by 71.68% (Fig. 7D) and 48.65% (Fig. 7F),
respectively, compared to surfactin-treated hyphae, indicat-
ing that once the surfactin-activated metacaspase activity
was blocked, surfactin-induced ROS accumulation and chro-
matin condensation were consequently suppressed. Further-
more, in hyphae pretreated by Z-VAD-FMK, the aggregated
red fluorescence increased and became stronger compared
to surfactin-treated hyphae, and the green fluorescence
decreased and became weaker (Fig. 7G), with the G/R ratio
decreased by 33.43% (p <0.001) (Fig. 7H), suggesting that
surfactin-triggered MMP decrease could be suppressed by
Z-VAD-FMK. Collectively, we concluded that once surfac-
tin-activated metacaspase activity was blocked, the metacas-
pase-activated apoptosis cascade would not occur, thus the
surfactin-induced apoptosis in F. graminearum hyphae was
significantly suppressed. Thus, the results clearly indicated
that surfactin-induced apoptosis in F. graminearum hyphae
involves in metacaspase activation.

Discussion

Surfactin, an amphipathic heptapeptide, was linked to a
B-hydroxy fatty acid to form a cyclic lactone ring structure.
Because of its amphiphilic nature, surfactin can easily asso-
ciate and tightly anchor into membrane phospholipid layer,
destroying membrane integrity (Ongena and Jacques 2008).
However, the presence of cholesterol in the phospholipid
layer attenuates the destabilizing effect of surfactin, sug-
gesting that the susceptibility of membranes may vary in a
specific way depending on the sterol content of the target
organisms and the dose of surfactin (Carrillo et al. 2003;
Ongena and Jacques 2008). Coincidentally, filamentous
fungi have higher levels of cholesterol (ergosterol) than bac-
teria, which explains why surfactin has strong antibacterial
activity but no significant direct antifungal activity. How-
ever, recent studies have shown that surfactin plays a vital
role in the actual suppression of plant fungal diseases. For
example, Chowdhury et al. reported that compared to wild-
type B. velezensis FZB42, the mutants deficient in surfactin

production failed to reduce disease incidence in lettuce, indi-
cating that surfactin plays a role in the actual disease sup-
pression (Chowdhury et al. 2015). More interesting, in the
presence of fungal pathogen Rhizoctonia solani, B. velezen-
sis FZB42 overproduced surfactin in the lettuce rhizosphere,
which was also identified as the main metabolite (Chowd-
hury et al. 2015). Pang et al. showed that the antifungal
activity of B. amyloliquefaciens M9 against Botryosphaeria
dothidea was associated with the presence of surfactin in
a post-harvest storage experiment on kiwifruit (Pang et al.
2021). In this study, we confirmed the antifungal activity of
surfactin against F. graminearum by measuring the ECs, and
a field trial, the ECs, against hyphal growth was 102.1 pg/
mL, and the control efficacy against FHB under field condi-
tions was 86.38% in Huaimai 40 and 81.60% in Zhoumai
36, indicating that surfactin has potential antifungal activity
against F. graminearum.

We therefore speculated that in addition to direct anti-
biotic action, surfactin may have other modes of action.
Existing studies have also discussed such case, for example,
Chowdhury et al. reported that until now, it has not dem-
onstrated that the concentration of secondary metabolites
secreted by FZB42 or other representative bacilli is suffi-
cient for inhibition of the pathogen by direct antibiotic action
(Chowdhury et al. 2015), while Raaijmakers and Mazzola
highlighted that antibiotics at subinhibitory concentrations
can elicit other effects on microorganisms (Raaijmakers
and Mazzola 2012). Furthermore, of the large number of
metabolites secreted by microbes to date, only a small frac-
tion has been shown to possess useful therapeutic antibiotic
activity, most metabolites may play roles as cell-signalling
molecules, and the antagonistic potential of metabolites pro-
duced by Bacillus sp. is also not their only function (Yim
et al. 2007; Schoenborn et al. 2021). In this study, we con-
firmed that surfactin can induce apoptosis in F. graminearum
hyphae. To determine whether surfactin can induce apopto-
sis in F. graminearum hyphae, both early and late apoptosis
hallmarks, involved in morphological, biochemical, and bio-
logical changes, were detected by using multiple methods.
In detail, surfactin induced intracellular ROS accumulation
(biochemical changes of early apoptosis), MMP decrease
(biological change of early apoptosis), metacaspase activa-
tion (biochemical changes of early apoptosis) and chromatin
condensation (morphological change of late apoptosis) in F.
graminearum hyphae. These results clearly indicated that
surfactin induces apoptosis in F. graminearum hyphae. To
our knowledge, this is the first report describing apoptosis in
F. graminearum hyphae induced by surfactin. Furthermore,
we found that at high dose (1000 ug/mL), surfactin caused
membrane damage in F. graminearum hyphae (PI positive,
Fig. 2), showing a pro-necrotic effect, whereas at low dose
(100 pg/mL), surfactin failed to disrupt membrane integrity,
but showed a pro-apoptotic effect. More importantly, under
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natural field conditions, Bacillus sp. could not synthesize
enough surfactin to cause membrane-damaged necrosis in
fungal cells (Chowdhury et al. 2015). Therefore, we sug-
gested that the induction of apoptosis is more likely to be
the actual action mechanism of action of surfactin against F.
graminearum in nature.

Apoptosis, a form of programmed cell death (PCD), is
critical for the development and homeostasis in all organ-
isms, in which cells commit suicide by activating the intra-
cellular death machinery (Muzaffar et al. 2016). In fila-
mentous fungi, apoptosis was discovered late, but to date,
apoptosis has been observed in many filamentous fungi,
such as Mucor racemosus (Roze and Linz 1998), Asper-
gillus nidulans (Cheng et al. 2003), A. flavus (Wang et al.
2014; Hu et al. 2018), Botrytis cinerea (Wei et al. 2021),
Neurospora crassa (Marek et al. 2003), and Penicillium
digitatum (Bugeda et al. 2020), and are recognized to play
an essential role in the growth and development of filamen-
tous fungi (Robson 2006; Wang et al. 2014; Hu et al. 2018;
Bugeda et al. 2020). Nowadays, filamentous fungi pose an
increasing threat to global food production, food security,
and public health, thus novel control strategies are urgently
needed to combat these dangerous fungi (Ramsdale 2008;
Kulkarni et al. 2019). The strategy of activating the intrinsic
cell death pathways encoded by the fungi themselves, which
is analogous to new anticancer therapeutics now entering the
clinic, has been considered a promising strategy to control
filamentous fungi (Tian et al. 2016; Kulkarni et al. 2019).
Predictably, this strategy would provide new pathway for the
control of filamentous fungi and new targets for the develop-
ment of antifungal agents with broad application potential.

ROS have been shown to induce various biological
processes, including apoptosis. In this study, compared to
control hyphae, a significant increase of intracellular ROS
accumulation was observed in surfactin-treated hyphae
(» <£0.0001), indicating that surfactin triggered intracellular
ROS accumulation. As reported, ROS are detrimental to cell
viability, causing membrane disruption, enzyme inactiva-
tion, and highly reactive and modify proteins, lipids, and
nucleic acids, and ROS-induced cell damage is a frequent
event (Hwang et al. 2012). Therefore, we wondered whether
surfactin-induced ROS accumulation would cause oxidative
stress and mediate apoptosis-like PCD in F. graminearum
hyphae. Therefore, we performed comparative experiments
with NAC to investigate the effects of ROS accumulation
on early and late apoptosis in F. graminearum hyphae.
The results showed that through NAC pretreatment, the
decreased MMP and activated metacaspase activity induced
by surfactin were significantly blocked or suppressed
(p £0.0001) compared to surfactin-treated hyphae (Fig. 6),
especially for the expression level of FGSG_09204, cas-
pase 3 activity, and MMP decrease, which were reduced to
have no significant difference with those of control hyphae.
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In addition, chromatin condensation was consistently sup-
pressed in NAC-pretreated hyphae compared to surfactin-
treated hyphae. Considering that ROS accumulation can
damage nucleic acids in cells, it is reasonable to assume
that it also causes chromatin condensation. In summary,
since MMP decrease and metacaspase activation are both
typical hallmarks of early apoptosis in fungi, and chroma-
tin condensation is a typical cytological hallmark of late
apoptosis in fungi (Semighini and Harris 2010; Hwang et al.
2012), thus we concluded that once surfactin-induced ROS
accumulation was scavenged, either early or late apoptosis
in F. graminearum hyphae induced by surfactin was signifi-
cantly blocked or suppressed. These results suggest that ROS
accumulation has a critical mediating effect on surfactin-
induced early and late apoptosis of F. graminearum hyphae.
Similarly, a-tomatine was proved to induce apoptosis in F.
oxysporum mediated by ROS (Ito et al. 2007).
Apoptosis-like cell death can be induced by environ-
mental stresses and exposure to toxic metabolites through
the extrinsic death receptor pathway or the intrinsic mito-
chondrial pathway in mammals (Robson 2006; Bugeda et al.
2020). In fungi, the core machinery is similar to that of
mammals, but the network of apoptosis is less complex and
of more ancient origin (Sharon et al. 2009). Among them,
the mitochondrion plays a central role in apoptosis, and
mitochondrial dysfunctions are always associated with apop-
tosis (Sharon et al. 2009; Cao et al. 2010). Previous studies
have shown that generated ROS can directly activate the
mitochondrial permeability transition and lead to a decrease
in MMP. Normal MMP is essential for normal mitochondrial
functions, MMP decrease, indicating mitochondrial dysfunc-
tion, sequentially triggers the release of apoptotic factors,
including cytochrome c (Cyt c) and apoptosis-inducing fac-
tor (AIF), from mitochondria into the cytoplasm, sequen-
tially activating caspases and inducing the propagation of
the apoptotic cascade and the execution of apoptosis-like
PCD (Kroemer et al. 2007; Cao et al. 2010; Hwang et al.
2012). In this study, both MMP decrease and metacaspase
activation were observed in surfactin-treated hyphae, and
these events were blocked or suppressed by NAC, suggesting
that surfactin-induced apoptosis in F. graminearum hyphae
is mediated by a ROS-dependent mitochondrial pathway.
In summary, based on the above results, we proposed
a preliminary model to elucidate the action of surfactin-
induced apoptosis in F. graminearum hyphae. Under the
influence of low concentrations of surfactin, the hyphae
membrane of F. graminearum suffered a certain degree of
damage that was insufficient to induce necrosis. Neverthe-
less, the plasma membrane-embedded NADPH oxidase
(NOX) complex, which is known as one of the main sources
for producing ROS (Yaakoub et al. 2022), was activated
under the treatment of surfactin (data not shown). Conse-
quently, the NOX-produced ROS accumulated in cells and
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acted as an early signaling mediator of apoptosis, trigger-
ing a cascade of cellular events including mitochondrial
membrane damage. During this process, mitochondria
damaged by ROS tend to generate even more ROS, lead-
ing to increased oxidative stress and subsequent dysfunction
characterized by decreased MMP. As a result, pro-apoptotic
factors are released from mitochondria and activate metacas-
pases to initiate metacaspase-dependent mitochondria-medi-
ated apoptosis. The findings have enhanced our understand-
ing of the antifungal mode of action of surfactin, thereby
expanding its potential as an antifungal agent for controlling
fungal and mycotoxin contamination in agricultural products
and food. Additionally, these results provide valuable guid-
ance for the application of surfactin and Bacillus sp. strains
in disease control. However, to develop surfactin as a novel
antifungal agent against F. graminearum, there is still a lot of
work to be done. Future studies will focus on identifying key
pathways or factors that stimulate and/or enhance apoptosis
to facilitate the induction of apoptosis in harmful fungi.
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