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1. Introduction

F. culmorum and F. graminearum are the major causal agents of the Fusarium head blight and
crown rot diseases of small grain cereals worldwide. Epidemics of these diseases result in yield losses
reaching up to billions of dollars in economic damages and mycotoxin contamination e.g.,
deoxynivalenol, nivalenol, and zearalenone (Pasquali and Migheli, 2014; Matny, 2015). Several
strategies including fungicide usage, biocontrol agents and the development of disease resistant cultivars
have been used in order to combat Fusarium diseases (Moya-Elizondo and Jacobsen, 2016; Tufan et al.,
2017; Uluhan et al., 2019). The use of fungicides is a short-term strategy in the fight against diseases
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and is not effective because pathogenic fungi can easily become resistant to these fungicides and cause
environmental pollution. The use of biocontrol agents is the more friendly strategy by reducing the
chemical input to the environment as well as being economical. Among various bacterial genera,
Bacillus, Pseudomonas, and Streptomyces species are widely used as biocontrol agents (Legrand et al.,
2017). However, the Bacillus genus has an advantage over other microorganisms by endospore
production that is tolerant to stress conditions such as heat and high concentrations of chemicals. They
produce a broad spectrum of antibiotics, a wide range of antifungal lipopeptides (iturine, fengycin,
surfactins, etc.), and hydrolytic enzymes and act as bacterial and fungal antagonists against
phytopathogens. They promote plant growth through mechanisms such as siderophore production,
potassium solubility, and phytohormone synthesis (Khan et al., 2017; Nayak et al., 2017; Bolivar-Anillo
et al., 2021).

The aim of this study was to examine the antagonistic effects of B. megaterium CTBmegl and
HMAS on F. culmorum and F. graminearum. In this context, first, the antagonistic effects of B.
megaterium on Fusarium species were tested in vitro by dual culture assay and VOC analysis. Then, the
effects of B. megaterium strains on oxidative stress, trichothecene biosynthesis, and apoptosis in
Fusarium spp. were analyzed by qPCR at the transcript level. Finally, the toxigenic effects of B.
megaterium strains on Fusarium spp. were determined by WST-1- assay.

2. Material and Methods

2.1. Culture conditions of Fusarium isolates and Bacillus megaterium strains

The reference strains of F. graminearum (PH-1) and F. culmorum (UK99) isolates were used
for experiments. Carboxymethylcellulose (CMC) liquid medium (1.0 % CMC, 0.3 % NaCl, 0.1 %
KH,PO4) was used for Fusarium spore production. Fusarium isolates were grown in 2 potato dextrose
agar (PDA) medium for 5 days at 25 °C. Then, fungal discs were added to a CMC medium and incubated
at 28°C, 100 rpm for 5 days. The harvested fungal spores were standardized to 1 x 10° macroconidia/mL
(Nalam et al., 2016). Then, 20 pL of Fusarium spores were placed in the center of the PDA medium and
grown for 7 days at 25°C, 50 % humidity. Fungal discs with a diameter of ~3mm were used for the
following experiments.

Bacillus megaterium CTBmegl (Akcay and Kaya, 2019) and HMAS (Aksoy et al., 2018) strains
were obtained from Ondokuz Mayis University, Agricultural Biotechnology, and Plant Protection
Departments, respectively. The strains were grown in Luria Bertani (LB) medium at 30°C, 200 rpm
overnight, and diluted to an ODgg of 0.4. Strains were stored as 50% glycerol stock at -80°C.

2.2. Dual culture assay

Fusarium discs with a diameter of ~3mm were placed in the centers of new PDA media and
bacterial strains were swab inoculated ~2.5 cm away from the Fusarium disc and ~1 cm away from the
petri dish. Radial growth diameter from Fusarium disc center to bacteria was measured after 7 days and
the percentage of inhibition of radial growth (PIRG) was determined according to the following formula:
PIRG (%) =[(R1—R2)/ R1] x 100 % where R1 is the radial growth of Fusarium in the control plate, R2
is the radial growth of Fusarium towards antagonist bacteria. This study used a scale described by Bivi
et al. (2010) as follows; PIRG <30 % indicates low antifungal activity, 30 - <50 % indicates moderate
antifungal activity, 50 - <70 % indicates high antifungal activity, >70 % indicates very high antifungal
activity. A Petri dish containing only Fusarium isolate was used as a negative control. Experiments were
performed with 5 technical and 3 biological replicates.

2.3. Effects of VOCS on radial mycelial growth and hyphae morphology

A ~3mm diameter fungal disc was inoculated into the center of a new PDA medium, and the
bacterial strain was inoculated into another PDA medium with the help of a swab. The two petri dishes
were placed on top of each other with only common air flow between them and incubated at 25°C, 50
% humidity for 7 days. The percentage inhibition of diameter growth (PIDG) was determined by
measuring the difference in diameter of the fungal culture after the two petri dishes were brought
together, according to the formula: PIDG (%) = [(D1-D2) / D1] x 100 % where D1 is the diameter of
the Fusarium in the control plate, D2 is the diameter of Fusarium treated with antagonistic bacteria (Toh
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et al., 2016). PIDG <30 % indicates low antifungal activity, 30 - <50 % indicates moderate antifungal
activity, 50 - <70 % indicates high antifungal activity, and >70 % indicates very high antifungal activity.
A Petri dish containing only Fusarium isolate was used as a negative control. Experiments were
performed with 5 technical and 3 biological replicates.

2.4. qPCR for expression of oxidative stress, trichothecene biosynthesis, and apoptosis related
genes

Total RNA extraction from Fusarium isolates on day 7 of the dual culture assay was performed
according to the manufacturer's protocol (NucleoSpin RNA Mini Kit, Macherey Nagel). 30 mg of fungal
hyphae was taken and homogenized for 1 min (Retsch MM 400, Germany). The quality and quantity of
the total RNAs were determined by agarose gel electrophoresis and spectrophotometer (A260, A280,
A230).

Synthesis of cDNA from total RNA was performed according to the manufacturer's protocol
(ProtoScript® First Strand cDNA Synthesis BioLABs). 1 pg of total RNA was used and the synthesized
cDNAs were diluted to 20 ng pl™.

qPCR was performed with 1X Sybr Green I mix, 5 pmoL primers, and 40 ng uL"' ¢cDNA in a
total volume of 10 uL. The qPCR conditions were 2 min at 95°C, followed by 40 cycles of 5 s at 95 °C,
10 s at 58 °C, and 10 s at 72 °C. At the end of the cycle, melting curve analysis was performed between
65 °C - 95 °C by increasing 0.5 °C at 2-5 sec/step (Bio-Rad, CFX Connect RealTime System). f-tubulin
was used as the housekeeping gene while cat, mst20, and tri5 were the target genes (Gazdagh et al.,
2018). Gene expression profiles were calculated according to 2"*“T normalization values (Livak and
Schmittgen, 2001). Experiments were performed in 3 technical and 2 biological replicates.

2.5. WST-1 cell viability assay

WST-1 assay was performed from Fusarium isolates on day 7 of the dual culture assay by
optimizing the manufacturer's protocol (Cell Proliferation Reagent WST-1, Roche). 1X PBS (1 L
DHSO, 8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,, 0.24 g KH,PO,) was added onto ~1cm? mycelium and
homogenized for 40 sec. 1:10 (v/v) WST-1 was added to 100 pL of cell suspension and incubated at 28
°C, 100 rpm for 3 h. Cell viabilities % were calculated by 450/600 nm wavelengths (Teker et al., 2021).
The experiments were performed with 2 technical and 2 biological replicates.

2.6. Statistical analysis

Cell viability % assays were performed with a two-way analysis of variance (ANOVA)
Bonferroni post-test using GraphPad Prism (Version 5.01) (*P < 0.05, ** P < 0.01, *** P < (0.001).
gPCR analyses were performed using one-way ANOVA with LSD test in R statistical software with
RStudio (Version 1.3.1093) and the package agricolae.

3. Results

3.1. Effects of B. megaterium strains against Fusarium spp.

Antifungal activities of B. megaterium CTBmegl and HMAS strains against F. graminearum
PH-1 and F. culmorum UK99 isolates were evaluated by in vitro dual culture assay. After 7 days of the
assay, morphologically significant differences were observed in the experimental groups compared with
the control groups in terms of hyphae color and structure of PH-1 and UK99. The hyphae of the PH-1
control group were looser and cottony, and the color of the hyphae was dark pink. As a result of the
antagonistic effect of CTBmegl and HMAS strains, the PH-1 hyphae structure was found to be like the
control group, but the color of the hyphae turned white. PH-1 covered the entire petri dish on the 7th
day in the control group but did not grow in the experimental groups (Figure 1. a-c). In the UK99 control
group, the hyphae structure was looser and cottony, and the color was dark pink. As a result of the
antagonistic effect of CTBmegl and HMAS strains in the experimental groups, it was observed that the
hyphae structure was more frequent and felt-like, and the color of the hyphae was white (Figure 1. d-f).
When the antagonistic effects of B. megaterium strains against PH-1 and UK99 were analyzed in terms
of the radial growth, it was found that the bacteria showed high in vitro antifungal activity against UK99
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(76.4 % and 72.7 % in CTBmegl and HMAS, respectively) and PH-1 (77.7 % and 73.7 %, in CTBmegl
and HMAS, respectively) (Figure 2. a).

Figure 1. Dual culture assay for the screening of B. megaterium CTBmegl and HMAS against F.
graminerarum PH-1 and F. culmorum UK99. a) PH-1 (control), b) PH-1+CTBmegl, c) PH-1+HMAS,
d) UK99 (control), e UK99+CTBmegl and f UK99+HMAS.
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Figure 2. (a) PIRG %, (b) PIDG %, and (c) cell viability % of F. graminerarum PH-1 and F. culmorum
UK99 isolates obtained from dual culture assays. Error bars represent = standard errors (SE) of three
replicates.

3.2. VOC analysis

The antifungal activities of CTBmegl and HMAS strains against PH-1 and UK99 isolates were
evaluated by in vitro VOC analysis. As a result of the analysis, morphologically significant differences
were observed in the experimental groups compared with the control groups in terms of hyphae color
and structure of both Fusarium isolates. In the PH-1 control group, the hyphae structure was looser and
cottony, and the color is dark pink, while in the experimental group, the hyphae structure was loose but
more fragmented than in the control group. Hyphae growths were longer in all experimental groups
compared with the control group and no significant color changes were observed. While the control
group grew to cover almost the entire petri dish, it was observed that the diameter growth was
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significantly suppressed in the experimental group (Figure 3. a-c). Compared with the control group, it
was observed that CTBmegl and HMAS strains also caused morphological differences in the hyphae
structure and diameter growth of UK99 isolate. While the hyphae structure was loose and cottony and
the color was dark pink in the control group, the group exposed to VOC had a looser hyphae structure
than the control group, and the hyphae color was burgundy in the center and the surrounding mycelial
growth was white. Although the control group covered the entire petri dish on the 7th day, it was
observed that diameter growths were suppressed in the experimental groups (Figure 3. d-f). In terms of
PIDG %, bacteria showed high in vitro antifungal activity against PH-1 (59.0 % and 52.1 % in CTBmeg1
and HMAS, respectively) and UK99 (62.4 % and 53.6 % in CTBmegl and HMAS, respectively). (Figure
2.Db).

Figure 3. The effects of VOCs produced by CTBmegl and HMAS on the growth of PH-1 and UK99.
a) PH-1 (control), b) PH-1+CTBmegl, ¢) PH-1+HMAS5, d) UK99 (control), ¢) UK99+CTBmegl and
f) UK99+HMAS.

3.3. Gene expression analysis

Both in the control and experimental groups, expression levels of mst20, cat, and tri5 genes
were examined. In each experimental set #7i5 gene decreased, while the decrease in PH-1 + CTBmegl
(0.15 fold) was significant. cat gene increased significantly in all experimental sets (between 3.6 to 4.7
fold). Although there was a significant increase in the mst20 gene in all experimental sets, these increases
were significant in the groups treated with CTBmegl strain (2.3 and 3.7 fold in PH-1 and UK99,
respectively) (Figure 4).
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Figure 4. Gene expression analysis of #i3, cat, and mst20 genes by means of qPCR. a) PH-
1+CTBmegl, b) PH-1+HMAS, ¢) UK99+CTBmegl and d) UK99+HMAS. Error bars represent +
standard errors (SE) of three replicates.

3.4. Cell viability

Bacillus strains were compared in terms of the cell viability of Fusarium isolates. It was
observed that both bacteria significantly reduced cell viability (***). Besides, CTBmeg]1 suppressed cell
viability more than HMAS in both Fusarium species. However, no significant difference was observed
between CTBmegl and HMAS in PH-1, while a significant difference was observed between both
strains in UK99 (***) (Figure 2. c).

4. Discussion

F. culmorum and F. graminearum are the main causative agents of the most destructive
Fusarium diseases, Fusarium head blight and Fusarium crown rot. Struggle with these diseases includes
several different strategies such as fungicide treatment, disease resistant cultivar development, or plant-
derived essential oil usage (Jones, 2000; Bernardo et al., 2007; Ozsoy et al., 2020). Each strategy has
several disadvantageous. From past to present, common fungicides treatment, in particular triazole
group-demethylation inhibiting fungicides, has been the most powerful strategy to manage Fusarium
diseases (Yorik, 2018). However, fungicide resistance development and ecotoxicological
characteristics of fungicides led researchers to find out novel strategies in order to control Fusarium
diseases. The use of antagonistic microorganisms as biological control agents provide a promising
strategy for the management of plant pathogens. Bacillus spp. offer several advantages over other
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biocontrol microorganisms due to their endospore-forming, antibiotic producing ability, and resistance
to extreme conditions (Aksoy et al., 2018; Akcay and Kaya, 2019). There are several reports on the
Bacillus spp. for biological control of Fusarium diseases (Zhao et al., 2014; Grosu et al., 2015; Zalila-
Kolsi et al., 2016; Wu et al., 2019; Cantoro et al., 2021). However, there are only limited reports related
to the effects of B. megaterium on fungal pathogens (Pan et al., 2015; El-Gremi et al., 2017). Also, B.
megaterium against F. culmorum was not used in these studies. Instead, various pieces of research have
been studied on the nematicidal and insecticidal effects of B. megaterium (Aksoy et al., 2018; Zhou et
al., 2020). Studies by Pan et al. (2015) showed that B. megaterium BMI significantly reduced F.
graminearum growth. Similarly, in our study, both B. megaterium CTBmegl and HMAS strains could
effectively inhibit both growths of UK99 and PH-1.

Volatile organic compounds produced by Bacillus spp. also play an important role in
antagonistic activities toward plant pathogens by suppressing the growth and spore germination (Raza
et al., 2016; Tahir et al., 2017; Wu et al., 2019). Similarly, in our study, both strains caused high
antifungal activity in the VOC analysis. Wu et al. (2014) showed that phenol, toluene, phenol, and
benzothiazole VOCs released from the B. amyloliquefaciens strain have antifungal effects against
Sclerotinia sclerotiorum. Gao et al. (2017) found that B. velezensis ZSY-1 strain synthesized pyrazine
(2,5-dimethyl), benzothiazole, 4-chloro-3-methyl, and phenol-2,4-bis (1,1-dimethylethyl) VOCs with
antifungal activity against Alternaria solani and Botrytis cinerea. Li et al. (2020) showed that Bacillus
velezensis CT32 synthesized decanal, benzothiazole, 3-undecanone, 2-undecanone, 2-undecanol,
undecanal and 2,4-dimethyl-6-tert-butylphenol VOCs with high antifungal activity against Verticillium
dahliae and F. oxysporum.

In the next step, we aimed to detect potential alterations in Fusarium spp. in response to B.
megaterium treatment. Apoptosis related (msz20) and oxidative stress related (caf) genes were increased
while the deoxynivalenol biosynthesis related gene (#i5) was decreased. Similarly, significant
differences were reported by previous studies Gazdagh et al., 2018; Yoriik, 2018; Cantoro et al. 2021;
Teker et al., 2021). Moreover, both B. megaterium strains reduced significantly the cell viability of
Fusarium isolates.

Conclusion

In this study, B. megaterium CTBmegl and HMAS strains significantly reduced the mycelial
growth of F. culmorum UK99 and F. graminearum PH-1 isolates. VOC could affect the inhibition of
mycelial growth. At the molecular level, a decrease in the gene associated with toxin production and
increases in genes associated with antioxidants and apoptosis were detected in Fusarium isolates treated
with Bacillus strains. To our knowledge, this is the first report to reveal transcripts analysis in B.
megaterium strains against Fusarium spp. However, detailed and comprehensive investigations such as
in planta tests and more Fusarium species would be useful in providing more detailed data in disease
management.
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