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Changes in virulence and cultivation properties of entomopathogenic fungi subcultured on
different media or passaged through a live insect host are well known. Nevertheless,
comparative in-depth physiological studies on fungi after passaging through insect or plant
organisms are scarce. Here, virulence, plant colonization, hydrolytic enzymatic activities,
toxin production, and antimicrobial action were compared between stable
(nondegenerative) parent strain Metarhizium robertsii MB-1 and its reisolates obtained
after eight passages through Galleria mellonella larvae or Solanum lycopersicum or after
subculturing on the Sabouraud medium. The passaging through the insect caused similar
physiological alterations relative to the plant-based passaging: elevation of destruxin A, B,
and E production, a decrease in protease and lipase activities, and lowering of virulence
toward G. mellonella and Leptinotarsa decemlineata as compared to the parent strain. The
reisolates passaged through the insect or plant showed a level of tomato colonization
similar to that of the parental strain, yet the antagonistic activity toward the tomato-
associated bacterium Bacillus pumilus increased. Meanwhile, the subculturing of MB-1 on
the Sabouraud medium showed stability of the studied parameters, with minimal
alterations relative to the parental strain. We propose that the fungal virulence factors are
reprioritized during adaptation of M. robertsii to insects, plants, and media.
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Introduction

Entomopathogenic fungi of the genus Metarhizium are widespread in terrestrial ecosystems and
are widely exploited as microbial control agents against herbivore and blood-sucking insects
(Jaronski & Mascarin, 2016). Moreover, rhizosphere competency and endophytic activity of these
fungi are of great interest because they promote plant health. Being soil inhabitants, Metarhizium
fungi are concentrated mainly in the rhizosphere and may penetrate plant tissues as well
(reviewed by Vega, 2018; St Leger & Wang, 2020). The ability of Metarhizium spp. to colonize
roots, stems, and leaves of various plant species in the laboratory (e.g., Rios-Moreno et al.,
2016a; Krell, 2017) and under field conditions (Clifton et al., 2018; Tomilova et al., 2020) has
been documented. The presence of a specific set of adaptations both for insect infection (adhesion
to the cuticle followed by its hydrolysis, secondary-metabolite synthesis, and insect immune-
response avoidance) and for plant colonization (e.g., specific-adhesin synthesis, a xylose
metabolizing ability, providing insect-derived nitrogen transfer to a plant, and plant growth—
stimulating activity) points to a multifunctional lifestyle of Metarhizium fungi (reviewed by Hu &
Bidochka, 2019; St Leger & Wang, 2020).

Adaptive changes in the physiology of entomopathogenic fungi during development on
different hosts and substrates may be observed using in vitro and in vivo passaging through
artificial media or insect and plant organisms. The phenomenon of degeneration caused by
successive subculturing of entomopathogenic fungi on media is not uncommon and includes
decreases in virulence and sporulation levels, appearance of sectors in colonies, lowering of
enzymatic activities and of secondary-metabolite production, and other deteriorative changes
(reviewed by Butt et al., 2006). In contrast, other fungal strains are able to retain their stability
through successive subculturing (e.g., Ansari & Butt, 2011; Eckard et al., 2014; Hussien et al.,

2021). Butt et al. (2006) believe that the main reasons for the phenotypic and physiological
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degeneration are a transposable element, dsSRNA virus activities, DNA methylation, and
chromosome polymorphism. The loss of virulence in Metarhizium has been found to be linked
with a decline of protease Prl activity, of toxin production, and of conidial adhesion force (Shah,
& Butt, 2005; Butt et al., 2006; Shah et al., 2007). In a recent paper of Jirakkakul et al. (2018),
successive subculturing of Beauveria bassiana was proved to induce potent oxidative stress. In a
proteomic study on fungal conidia after serial passaging, proteins involved in the oxidative stress
response, autophagy, and apoptosis were found to be upregulated, while those responsible for
DNA repair, ribosome biogenesis, energy metabolism, and virulence were downregulated
(Jirakkakul et al., 2018).

Fungal strain degeneration during subculturing is a reversible process. In vivo passaging is
considered an effective way to restore the virulence and conidial yield of entomopathogens (Butt
et al., 2006). Many reports indicate virulence enhancement when fungi are passaged through
insects (e.g., Shah, Wang & Butt, 2005; Safavi 2012; Jirakkakul et al., 2018; Hu & Bidochka
2018). Similar research on passaging of insect pathogenic fungi through a plant organism can be
found in only a couple of articles. In particular, Hu and Bidochka (2018) have shown that fivefold
passaging through plants (soldier bean and switchgrass) and an insect (wax moth) restores
conidia production and virulence of a degenerative strain of M. robertsii; in that study, the
respective changes at the molecular level included a decline of both DNA methyltransferase
expression level and of the number of specific hypermethylated regions in DNA. This result
indicates substantial involvement of epigenetic changes—mediated by DNA methylation—in the
reported phenomena. Gonzalez-Mas et al. (2021) showed that triplicate passaging of B. bassiana
through melon, tomato, and cotton does not alter virulence toward G. mellonella but enhances
endophytic colonization of the plants. Comparative studies on transformations of stable
(nondegenerative) strains of entomopathogenic fungi during passaging through insects, plants, or

artificial media have not been carried out previously. This research can help to control the
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stability of strains during subculturing and offers an opportunity for their improvement via
passaging through live hosts. In addition, this approach can help predict the behavior of strains
after their introduction into ecosystems and could be interesting from the standpoint of
polyfunctional biocontrol of phytophages and phytopathogens.

Changes in activities of virulence factors under the influence of serial passaging through
media or living organisms are important for understanding endophytic/parasitic lifestyle
adaptions of fungi for their stability in culture. Such factors include, first of all, hydrolytic
enzymes and secondary metabolites. Among hydrolases as virulence factors, the most important
are proteases, endochitinases, and lipases. Proteases metabolize cuticular proteins (St Leger et al.,
1995; St Leger et al., 1996a; Anwar et al. 2019). Endochitinases act directly on chitin, which is a
major constituent of the insect cuticle (Dhar & Kaur, 2010). Lipases are indispensable for
assimilation of host’s nutrients (primarily from the insect fat body) that ensure fungal viability
and conidial production (Keyhani, 2018). Moreover, lipases may be important for fungal
development on or in the cuticle to break cuticular lipids down by hydrolysis of ester bonds in
lipoproteins, lipids, and waxes (da Silva et al., 2010; Supakdamrongkul, Bhumiratana & Wiwat,
2010; Sanchez-Pérez et al., 2014; Liu et al., 2019). For instance, inhibition of lipase activity in
Metarhizium by ebelactone B reduces fungal virulence to the cattle tick Rhipicephalus microplus
(da Silva et al., 2010).

Secondary metabolites may also be essential for development of fungi in their hosts. In
Metarhizium, major exometabolites are destruxins, which are produced in fungi during their
growth in insects, their cadavers, media, and plants (Vey, Hoagland & Butt, 2001; de Bekker et
al., 2013; Golo et al., 2014; Rios-Moreno et al., 2016a). These biomolecules are well known for
their ability to impair calcium channels and the cytoskeleton in hemocytes and to activate
apoptosis, thus suppressing phagocytosis and encapsulation, which are important in a host

immune response to the fungal invasion (Charnley, 2003; Lu & St Leger, 2016). The destruxin
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profile and production vary among Metarhizium species having different host ranges (Wang et al.,
2012) and between strains within one species (Rios-Moreno et al., 2016b), and their role in
virulence is ambiguous (Donzelli et al., 2012). The functions of destruxins produced by fungi in
plants is not yet clear. Probably, these metabolites participate in communication with host plants
as modulators of the immune system (Pedras et al., 2001; Barelli et al., 2022). Some authors
(Golo et al., 2014; Rios-Moreno et al., 2016a) have also hypothesized that these biomolecules
facilitate plant protection from insect pests because these substances have antifeedant properties
and oral toxicity (e.g., Amiri, Ibrahim & Butt, 1999; Thomsen & Eilenberg, 2000). It has been
shown that destruxin production diminishes in degenerative strains of Metarhizium (Wang,
Skrobek & Butt, 2003; Shah & Butt, 2005), though these processes have not been analyzed under
conditions of passaging through different hosts.

Besides the interplay of entomopathogenic fungi with insects and plants, such fungi also
interact with other microorganisms inhabiting various niches, be that living organism tissues or
an external environment. Inhibition of both entomopathogenic fungi by microorganisms and of
the latter by the former has been observed (Jaronski, 2007; Toledo et al., 2015; Lozano-Tovar et
al., 2017; Boucias et al., 2018). Antimicrobial properties of fungi can be mediated by toxins (Fan
et al., 2017), volatile organic compounds (Hummadi et al., 2022), or antimicrobial peptides (Tong
et al., 2022). To our knowledge, however, there is no information on how the antagonistic activity
of entomopathogenic fungi is modified by passaging through different hosts.

The aim of this work was comparative analysis of physiological alterations in a stable
(nondegenerative) strain of M. robertsii (MB-1) after passaging through an insect, plant, or
medium. We wanted to determine how development in different hosts alters properties of the
fungal entomopathogen, e.g., morphological and culture characteristics, levels of plant
colonization, virulence to insects, hydrolytic enzymatic activity, destruxin production, and

antagonism toward bacterial and fungal phytopathogens.
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Materials & Methods

Fungi, insects, and plants

A culture of the entomopathogenic fungus M. robertsii from the Collection of Microorganisms at
the Institute of Systematics and Ecology of Animals, the Siberian Branch of the Russian
Academy of Science (ISEA SB RAS) was used. Parental strain MB-1 was originally isolated
from soil in a forest-steppe zone of Novosibirsk Oblast (Western Siberia) in 2009. A partial
sequence of translation elongation factor (5'EF-1a) was employed to determine the species
identity (Kryukov et al., 2017). The culture was maintained on % Sabouraud Dextrose Agar with
0.25% of yeast extract (SDAY) at 4 °C and subcultured on the annual basis.

A laboratory culture of the Siberian line of the wax moth G. mellonella was maintained
routinely on an artificial diet (Vorontsova et al., 2018) at 28 °C. Sixth-instar larvae were used in
all assays. Fourth-instar larvae of the Colorado potato beetle Leptinotarsa decemlineata were
collected in private potato fields in Novosibirsk Oblast (53°44'03" N, 77°39'00" E). Tomato
Solanum lycopersicum plants of the variety Beliy naliv 241 (SeDeK, Moscow) were employed in

the experiments.

Fungal-strain passaging

Overall design. Prior to the experiments, conidia samples of the fungus were either plated on
SDAY supplemented with lactic acid (0.2%) for passaging experiments or stored in an aqueous
glycerol solution at -80 “C. An independent series of eight passages was performed a) on SDAY
with lactic acid, b) in the wax moth larvae, or ¢) in the tomato plants. After each passage though
the insect or plant, the reisolates were plated on SDAY with lactic acid to standardize conidia

production (which cannot otherwise be ensured in plants). The parent culture was stored at -80 °C
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until the last the passage. After the eighth passage, respective samples from the SDAY, plant,
insect, and parental strain were plated on the medium and subjected to morphological
examination, culture characterization, virulence tests, and antagonistic and biochemical assays.
Before the assays, all cultures were checked for viability of conidia. The germination rate on
SDAY was > 95%.

Passaging through the insect. The sixth-instar larvae of G. mellonella were inoculated by 15 s
immersion into a 10® conidia/mL suspension in water supplemented with 0.03% of Tween 80.
Control insects were treated with an aqueous Tween 80 solution. The larvae were kept on the
artificial diet in 90 mm Petri dishes at 26-27 °C, 90-95% relative humidity (RH), in the dark.
Mummified cadavers (killed by a fungus at 67 days after the inoculation) were transferred to
moisture chambers for conidiation (Fig. S1A) and were plated onto SDAY with lactic acid for
further manipulations.

Passaging through the plant. Tomato seeds were sterilized with 0.5% sodium hypochlorite for 2
min and with 70% ethanol for another 2 min, followed by a triple wash in distilled water (Posada
et al., 2007). Then, the seeds were inoculated by immersion in the aqueous Tween 80 suspension
(10°® conidia/mL) for 30 min and sown onto sterile moistened sand (25 mL of sterile water per
150 g of sand) in 500 mL plastic containers. The containers were covered with perforated lids and
kept in a climatic chamber at 24 °C, 75% RH, and a 16 h/8 h light/dark photoperiod). Control
seeds were treated similarly but without the addition of the fungal conidia. Reisolates were
obtained from above-ground parts of plants 20 days after the inoculation. Surface-sterilized
leaves and stems were plated on SDAY with lactic acid to ensure conidia production (Fig. S1B)
for further manipulations.

Passaging through the medium. The parental strain was plated on SDAY with lactic acid and
subcultured synchronously with the rounds of passaging through the insects and the plants at 26

°C in darkness.
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150 Colony morphological analysis

151 Standard media were used to grow fungal colonies: SDAY, potato-dextrose agar (PDA), and the
152  minimal medium (MM: 6 g/L. NaNOs, 0.52 g/L. KCl, 0.52 g/L. MgS0..7H,0, 0.25 g/L. KH,POy,).
153 The MM was supplemented with 1% of xylose or glucose (Xiao et al., 2012). Morphological
154  characteristics, including the color, shape, radial growth, and sector formation, were examined
155 within 20 days after the plating. Four replicates were analyzed for each reisolate.

156

157 Sequencing of an a/f-hydrolase gene fragment

158 To make sure that reisolates were successfully obtained by the subculturing and passaging as
159 described above, genotyping was necessary. Given that multiple isolates of Metarhizium of

160 different origins share an identical signature of the TEF sequence (Kryukov et al., 2017), there
161 was a need to use a more variable locus. Accordingly, a protein belonging to the superfamily of
162  o/p-hydrolases was chosen, previously exploited for differentiation between Beauveria strains
163  (Levchenko et al., 2020). A set of sequences from GenBank, including XM007818060 (accession
164  #) from M. robertsii and CP058937 from M. brunneum, were aligned in BioEdit (Hall, 1999).
165  Primers Metaslip55F (5'-CTCCATAAAGAACATGTGTCCGTTGC-3") and Metaslip1024R (5'-
166 GGCAAATCTACGTCGAGAAGC-3") were selected manually and then checked for

167 compatibility in PerlPrimer (Marshall, 2004). To investigate variation of the locus chosen in M.
168  robertsii, 10 strains from Novosibirsk Oblast were studied (from the Collection of

169 Microorganisms at the ISEA SB RAS). For genomic DNA extraction, we utilized a simplified
170  protocol of Sambrook et al. (1989) without the addition of phenol. Standard PCR (Malysh et al.,
171  2020) was run using the DreamTaq Green PCR Master Mix (Thermo Fisher Scientific) on a

172 Tertsik thermal cycler (DNK-Tekhnologiya, Moscow). Amplicons of expected size were

173  separated by agarose gel electrophoresis, purified by DNA adsorption on silica particles
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(Vogelstein & Gillespie, 1979), and sequenced in both directions by the chain termination method
(Sanger, Nicklen & Coulson, 1977) using an ABI Prism sequencer (Evrogen, Moscow). The
obtained reads, 885 bp long, were aligned and visually checked for accuracy of automatic peak
interpretation in the original chromatogram in BioEdit and were compared to the GenBank

entries by means of BLAST.

A virulence assay
The virulence of M. robertsii reisolates was assayed using either G. mellonella or L.
decemlineata. Sixth-instar larvae of G. mellonella were immersed in a fungal conidia suspension
and maintained as described above (see subsection 2.2.2). Mortality was scored daily for 13 days
(until pupation). Seven replicates (one replicate = 15 larvae) for each reisolate were subjected to
the assay. Control insects were treated with a conidia-free aqueous Tween 80 solution.
Fourth-instar larvae of L. decemlineata were immersed into an aqueous Tween 80
suspension (107 conidia/mL) for 15 s and then transferred to fresh potato leaves in 300 mL
ventilated plastic containers and maintained at 26 °C, 30—40% RH, and the 16 h/8 h photoperiod.
Feed was refreshed and mortality was scored daily for 8 days. Thirteen replicates (one replicate =
10 larvae) were assayed for each reisolate. Control insects were treated with an aqueous Tween

80 solution without the addition of the fungal conidia.

A plant colonization assay

The plant seed treatment was performed as described above (see subsection 2.2.3). After 20 days
of maintenance, upper parts of tomato seedlings were sterilized with hypochlorite and ethanol
(Posada et al., 2007), imprinted (McKinnon et al., 2017), and plated in 90 mm Petri dishes (one
plant per dish) containing a modified Sabouraud medium (glucose, 40 g/L; peptone, 10 g/L; yeast

extract, 1 g/L; agar, 20 g/L.) supplemented with cetyltrimethylammonium bromide (0.35 g/L),
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cycloheximide (0.05 g/L), tetracycline (0.05 g/L), and streptomycin (0.6 g/L) to inhibit the
growth of saprophytic fungi and bacteria. The plates were incubated at 24 °C for 10 days, and
plants colonized by M. robertsii were counted. Samples in which fungal growth was registered on

prints were excluded from the analysis. There were 100 plants in each treatment group.

A hydrolase assay

Sample preparation. For this purpose, a modified method of Ment et al. (2020) was used.
Submerged cultures were grown in MM broth with the addition of 1.2 g of the dry cuticle of G.
mellonella per 800 mL of broth. For cuticle preparation, sixth-instar larvae were dissected, and
their internal organs were removed by means of a spatula. The remaining cuticle was washed
several times with saline (0.9% NaCl), lyophilized at -65 °C and 600 mTorr for 24 h, ground with
a mortar and pestle in liquid nitrogen, and added to MM. The medium was poured into 50 mL
conical flasks, autoclaved, inoculated with the fungal conidia grown for 14 days on SDAY at the
concentration of 5 X 10° conidia/mL, and incubated for 8 days at 26 °C with constant shaking at
150 rpm. The fungal mycelium was sedimented by centrifugation at 5000 X g and 4 °C for 30
min, washed with Tris-buffered saline, and sonicated in an ice bath with three 10 s bursts on a
Bandelin Sonopuls sonicator (GmbH & Co. KG, Berlin, Germany). The resulting suspension was
centrifuged at 10000 X g and 4 °C for 20 min, and a 1 mL sample of the supernatant was taken
from each flask. Four biological replicates (flasks) of each culture were used for determining
enzymatic activities.

An assay of nonspecific protease activity. Proteolytic activity was measured with azocasein
(Sigma-Aldrich) as a substrate by a method of Zanphorlin et al. (2011), with modifications. A 40
pL aliquot of the supernatant (see subsection 2.7.1) was added to 250 pL of 0.5% azocasein and
250 pL of 0.5 mM Tris-HCl buffer (pH 8.0) containing 0.15 mM NaCl. After incubation for 90

min at 28 °C, the reaction was terminated by the addition of 250 pL of 20% trichloroacetic acid.
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Next, the samples were cooled for 10 min at 4 “C and centrifuged at 20000 X g and 4 °C for 5
min. The enzymatic activity was determined spectrophotometrically on a 96-well plate reader at a
wavelength of 366 nm.
An assay of nonspecific lipase activity. The lipolytic activity was measured according to Albro
et al. (1985) with minor modifications. A 40 pL aliquot of the supernatant (see subsection 2.7.1)
was added to 200 pL of 24 mM NH4HCO; (pH 8.5) containing 0.4 mM p-nitrophenyl myristate
and 8 mM Triton X-100. The enzymatic activity was determined spectrophotometrically on a 96-
well plate reader at 405 nm.

All enzymatic activities were measured as a change of optical density units (AA) in the
incubation mixture per minute per milligram of protein. The concentration of protein in the
supernatant was determined by the Bradford method (1976). For construction of the calibration

curve, bovine serum albumin was employed as a standard.

Assessment of destruxin production

Quantification of destruxins (dtx) A, B, and E in culture broth was performed according to the
method of Seger et al. (2004) with minor modifications. Conidia were added into conical flasks
containing 25 mL of Czapek—Dox broth to obtain final concentration 5 x 10° conidia per milliliter
of broth and were then incubated for 8 days at 26 °C and 150 rpm. Fungal biomass was removed
by centrifugation (20,000 X g, 30 min), and the pellets were dried at 70 °C to a constant weight.
The supernatants were passed through a 0.22 pm nylon membrane filter (Millipore). Aliquots of
the resulting filtrates were diluted 1:1 with the acetonitrile for high-performance liquid
chromatography (HPLC) with a diode array detector. An Agilent 1260 Infinity HPLC system
(Agilent Technologies, Singapore) was used equipped with a C18 column (Diaspher 110-C18, 2.1
x 150 mm, 5 pm particle size, BloChemMak ST JSC, Russia, Moscow). HPLC conditions were

as follows: 30 °C column temperature and 0.4 mL/min flow rate, with recording of
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chromatograms at 210 nm. The injection volume was 5 pL. The mobile phase consisted of water
(solution A) and acetonitrile (solution B). The following gradient was implemented: 0 min, 30%
B; minute 20, 50% B; minute 21, 80% B; minutes 21-27, 80% B; and minutes 2840,
equilibration at 30% B. A calibration curve for dtxA (Sigma-Aldrich, USA, Saint Louis, 99%
purity) was built from six concentrations (0.125, 0.25, 0.5, 1, 10, and 50 pg/mL) and was linear
in this range (R? = 0.999). Because dtxA, dtxB, and dtxE are major compounds in HPLC analysis
of M. robertsii culture broth and have identical sequences of peaks during elution from a C18
column (Seger, 2004; Wang et al., 2012; Golo et al., 2014), despite the absence of dtxB and dtxE
standards, we identified those compounds on the basis of UV spectra (Fig. S2) and literature data.

Four biological replicates (flasks) of each reisolate were subjected to the experiment.

An assay of antagonistic activity

Antagonism toward the fungal phytopathogens. The antagonistic action of M. robertsii
reisolates was assayed against fungal pathogens of plants from the Collection of Microorganisms
at the All-Russian Institute of Plant Protection. Fungal cultures of Fusarium oxysporum, F. solani,
Rhizoctonia solani, Bipolaris sorokiniana, and Botrytis cinerea were used in a cocultivation assay
performed as described elsewhere (Sobowale et al., 2010), with modifications. An agar plug, 10
mm in diameter and containing the 5-day-old culture of M. robertsii, was placed in a 90 mm Petri
dish filled with PDA at a distance of 3 cm from the dish margin. Two days later, a similar plug
with a phytopathogen culture was placed in the same dish at a distance of 3 cm from the opposite
margin of the dish. A phytopathogen culture grown in the absence of M. robertsii served as a
control. The dishes were incubated at 26 °C in the dark. Phytopathogen growth inhibition by M.
robertsii was estimated in comparison to radial growth of the control phytopathogen culture after

20 days of cultivation by means of a standard formula: [(RI — R2)/R1] % 100 (Barra-Bucarei et
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al., 2020), where R1 is the radius (mm) of the control phytopathogen colony, and R2 is the radius
(mm) of the pathogen colony competing against M. robertsii. Three replicates of each MB-1

reisolate were analyzed.

Additionally, in the case of R. solani, the density of mycelial primordia of the sclerotia was
analyzed in the assay as described above. Inhibition of sclerotia formation was assayed by
quantitation of mycelial color intensity in the ImageJ software (Abramoff, Magelhaes & Ram,

2004) in six replicates for each reisolate.

Antagonism toward bacteria. The antagonistic activity of M. robertsii reisolates was assayed by
the standard agar diffusion method against Enterococcus faecalis and Enterobacter sp., which are
predominant in the G. mellonella gut (Polenogova et al., 2019), as well as against Bacillus
pumilus isolated from the tomato plant seedlings. The bacterial species were identified by 16S
ribosomal-RNA gene sequencing (Polenogova et al., 2019). A 10 mm agar plug with the 5-day-
old M. robertsii culture was placed in the center of a 90 mm Petri dish containing PDA and
freshly seeded with a bacterial culture. The dishes were incubated at 26 °C in darkness. The
diameter of the sterile zone was measured on the 4th and 8th day in six replicates for each MB-1

reisolate.

Statistics

The normality of data distribution was analyzed by the Shapiro—Wilk W test. For normally
distributed data, one-way ANOVA was applied followed by Fisher’s least significant difference
(LSD) test. For non-normally distributed data, Kruskal-Wallis ANOVA was applied followed by
Dunn’s test. The logrank test was performed to determine differences in the mortality dynamics.

Fisher’s exact test was employed to compare plant colonization frequencies. Correlations
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between enzymatic activities, destruxin production, and virulence were determined by Pearson’s

correlation analysis. In graphs, the data are presented as the mean and standard error.

Results
Morphology and genetics of the reisolates

Colony morphology and rate of growth. When grown on four different media, the fungal
colonies showed no sectorization. The morphology was very similar among the colonies obtained
on different media, although on SDAY, the aerial mycelium was more prominent in all the
passaged reisolates as compared to the parent strain (Fig. 1A). Radial growth rates were also
similar, though in some cases, there were significant differences. In particular, on MM+xylose,
the isolate passaged through the insect showed slower growth than did the parent strain and the
plant-passaged culture (Fisher’s LSD test, p < 0.02). On the contrary, the latter showed
statistically significant growth retardation on MM+glucose (p < 0.004) as compared to the parent
strain and the insect-passaged reisolate. The reisolate subcultured on SDAY demonstrated the
fastest growth on this medium (p < 0.039) relative to the parent strain and the plant-passaged

reisolate (Fig. 1B).

Molecular genetic analysis using the o/f-hydrolase gene sequence. Ten strains of M. robertsii
originating from Novosibirsk Oblast were found to belong to four haplotypes corresponding to
separate lineages within the molecular phylogenetic tree of this species (Fig. 1C). Nucleotide
sequence similarity between these haplotypes varied between 95.8% and 98.1%. The first, most
prevalent haplotype was detected in five strains, including Q11 (GenBank accession #
0OP985336). No 100% matches for this sequence were found in GenBank. The second haplotype
was presented by two strains from our collection, including 194-1 (# OP985337), as well as M.

robertsii strain ARSEF 23, for which only an mRNA record is available (# XM007818060), and
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320 thus the intron sequence is not available. The third haplotype was detected in two strains from our
321 collection, including MB-1 (# OP985335), without 100% GenBank matches. Finally, the fourth

322 haplotype was assigned to a single strain: Q4 (# OP985338).

323 It should be noted that all the reisolates either subcultured on a medium or passaged through
324  the plant or insect were 100% identical to each other and to parent strain MB-1. Meanwhile, only
325 one of the remaining nine strains from our collection (sampled in Novosibirsk Oblast) was found
326 to belong to the same haplotype. Therefore, MB-1 has the a/B-hydrolase molecular haplotype
327  that is not very common, and we can presume that the reisolates obtained during the study truly
328 originate from the parent strain because the probability of culture contamination with other

329 samples of the same haplotype is negligible. The absence of Metarhizium cultures in samples

330 from control (untreated) plants and insects confirms this assumption.

331

332 Virulence levels

333 The mortality of the wax moth larvae caused by the fungal treatment did not exceed 60% on the
334 13" day post inoculation (d.p.i.) (Fig. 2A), and the highest score was observed in the case of the
335 parent strain. The mortality dynamics induced by the reisolate subcultured on SDAY were not
336 different from those of the parent strain (logrank test, x> = 0.63, df = 1, p = 0.428). Meanwhile,
337  the speed of death and total mortality of the wax moth larvae under the influence of the plant-
338 passaged and insect-passaged reisolates were significantly lower in comparison with the parent
339 strain (x> > 9.74, df = 1, p < 0.007) and the SDAY-subcultured reisolate (x* > 5.16, df =1, p <
340 0.025). Moreover, the plant-passaged reisolate was less virulent than the insect one (x* = 9.36, df
341 =1, p =0.007). It can be concluded that the insect-passaged reisolates, and even more so the

342 plant-passaged reisolates, showed minimal virulence among the cultures tested.
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Similar results were obtained in the Colorado potato beetle larvae, though the mortality
scores were higher, reaching 100% on the 5"-7" d.p.i. (Fig. 2B). Reisolates passaged through
insect and plant displayed a significant increase in median lethal time (LTs) equaling 1 day when
compared to the parent strain (x* > 38.82, df = 1, p < 0.0001) and the SDAY-subcultured reisolate
(¢ = 52.19, df = 1, p < 0.0001). The mortality dynamics did not differ between the infections by
the plant and insect-passaged reisolates (x*> = 0.10, df = 1, p = 0.754). As for the SDAY-
subcultured reisolate, its virulence did not differ (x> = 3.35, df = 1, p = 0.067) from that of the

parent strain either.

Plant colonization

Frequencies of tomato seedings’ colonization 20 days after the seed treatment were not
significantly different between the reisolates and the parent strain. Colonization levels of tomato
stems and leaves ranged between 18% and 28% (Fig. 3). Nonetheless, the plant colonization
frequency tended to be higher (1.5-fold) in the plant-passaged reisolate compared to the parent
strain and SDAY-subcultured reisolate with marginal significance (Fisher’s exact test, p = 0.091
and 0.065, respectively). In the insect-passaged reisolate, there was a similar trend without

statistical significance (p > 0.11).

Enzymatic activities

The lipase and protease activities tended to decrease in the passaged reisolates as compared to the
parent strain (Fig. 4). When subcultured on SDAY or passaged through the plant or through
insect, the fungal culture showed lower lipolytic activity as compared to the parent strain (1.2-
fold, p = 0.026; 1.4-fold, p = 0.014; 1.7-fold, p = 0.002, respectively, Fig. 4A). There were no

significant differences between the passaged cultures.
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367 As for the proteolytic activity, it was 1.4- to 2.3-fold lower than that in the parent strain,
368 though a statistically significant difference was observed only for the plant-passaged reisolate
369 (Fisher’s LSD test, p = 0.010); for the insect-passaged reisolate, the significance of the difference
370 was marginal (p = 0.065) (Fig. 4B).

371 Notably, there was a statistically significant correlation between the proteolytic activity of
372 M. robertsii isolates and their virulence to G. mellonella, as estimated via insect mortality on the
373 13" d.p.i. (r = 0.951, p = 0.049). Regarding the virulence to L. decemlineata (mortality on the 6"
374  d.p.i.), the correlation was also positive but not significant (r = 0.877; p = 0.123). Remarkable
375 coefficients of correlation (r = 0.844-0.943) between lipolytic activity and virulence were seen
376 only in the case of L. decemlineata (mortality on the 5"-7" d.p.i.), though statistical significance
377 was marginal (p > 0.057).

378

379 Production of destruxins

380 Production levels of these toxins in the insect- and the plant-passaged reisolates proved to be
381 elevated 1.8-3.1-fold as compared to the parent strain (Fisher’s LSD test, dtxA: p < 0.0002; dtxB:
382 p <0.024; dtxE: p <0.0002, Fig. 5) and by 4.4-4.8-fold as compared to the SDAY-subcultured
383 reisolate (dtxA: p <0.0002; dtxB: p < 0.0005; dtxE: p < 0.0002). In the latter, levels of the toxin
384 production tended to be lower for all three destruxins assayed when compared to the parent

385 strain, and in the case of destruxin A, the difference was significant (p = 0.037).

386 A statistically significant negative correlation was observed between the virulence to L.
387 decemlineata (4"—6™ d.p.i.) and levels of production of all three destruxins (dtxA: r < -0.951, p <
388 0.049; dtxB: r < -0.961, p < 0.039; dtxE: r <-0.984, p < 0.016). There was a strong negative

389 correlation between the virulence to G. mellonella (8"-13" d.p.i.) and destruxin production

390 levels, although statistical significance was marginal (r between -0.915 and -0.756, p > 0.085).

391
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Antagonistic activity toward phytopathogens

Antagonism toward other fungi. The passaged reisolates showed minor, albeit in some cases
statistically significant, changes in antimicrobial action on the phytopathogenic fungi (Fig. 6).
The inhibitory activity of the insect-passaged reisolate against slowly growing B. sorokiniana
was significantly higher relative to the parent strain (Dunn’s test, p = 0.02). The passaging
through the plant enhanced inhibitory activity against fast-growing cultures of R. solani when
compared to the parent strain (p = 0.016) and against B. cinerea when compared to the SDAY-

subcultured reisolate (p = 0.016).

Significant inhibition of sclerotia formation in R. solani was recorded under the influence of all
the tested cultures, including the parent strain (p < 0.0005, Fig. S3). Nonetheless, only the plant-
passaged reisolate displayed an activity that was higher than that of the parent strain (Fisher’s

LSD test, p = 0.021).

Antagonism toward bacteria. No changes were detected between the parent strain and its
reisolates in their antagonistic properties against the bacterium E. faecalis from the wax moth gut
(Dunn’s test, p > 0.729, Fig. S4). As for Enterobacter sp., the antagonistic activity was weaker in
the insect-passaged reisolate than in the parent strain and the plant-passaged reisolate (p < 0.049,
Fig. S4). Meanwhile, in the case of B. pumilus from the tomato seedlings, the bacterial growth
was suppressed more strongly by the plant- and insect-passaged reisolates than by the SDAY-

subcultured reisolate and parent strain (p < 0.044, Fig. 7).

Discussion

This paper shows that the passaging of M. robertsii strain MB-1 for eight generations through an
insect or plant caused physiological and biochemical changes associated with suppression of

virulence to insects and of lipolytic and proteolytic activities as well as activation of destruxin
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synthesis. Moreover, there were minor alterations of growth rates (on media containing different
carbohydrate sources) and of an antagonistic action on plant pathogenic fungi and bacteria
associated with insects and plants. The passages of the microorganisms through the live
organisms were alternated with plating onto a medium and because the testing of the cultures
after the final passage was also performed after one passage on a medium; therefore, we suppose
the alterations are explained by epigenetic or selection processes but not by pre-test nutrition of
the fungus in question. The constant subculturing on a medium caused only minor changes in
comparison to the parent culture, indicating stability of the strain. All the reisolates are
characterized by high morphological similarity of the colonies, the absence of sectors, and
genetic homogeneity as evidenced by o/f3-hydrolase sequencing. This stability points to good
prospects of this strain for biological control.

As mentioned above, passaging of entomopathogenic fungi through insects usually affects
virulence positively (reviewed by Butt et al., 2006), and in plant-passaged M. robertsii, its
virulence to insects and the conidiogenesis level also go up (Anwar et al., 2019). On the contrary,
in the present paper, the plant- and insect-passaged reisolates demonstrated significantly lowered
virulence to two insect species: a) the wax moth that was used for the passaging and b) the
Colorado potato beetle, which represents a target host from another insect order. Notably, larvae
of these two insects possess strikingly dissimilar epicuticular lipid composition (Tomilova et al.,
2019; Kryukov et al., 2022). In a series of independent studies, it has been reported that
passaging through insects may not alter fungal virulence (Hall, 1980; Ignoffo et al., 1982;
Brownbridge, Costa & Jaronski, 2001; Vandenberg & Cantone, 2004; Eckard et al., 2014), and
only a few papers indicate its weakening (Hussain et al., 2010). In the latter work, M. anisopliae
strain 406 manifested diminution of virulence and major changes in the profile of volatile
compounds after one or two passages through the termite Coptotermes formosanus. The

phenomenon of the virulence decline may be due to the initially high virulence of the examined
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strain. We have also found previously that M. robertsii strain P-72 retains high virulence after
prolonged in vitro cultivation (over 45 years) though its ability to form conidia after colonization
of insects is lost (Kryukov et al., 2019), and its passaging through the wax moth causes a
reduction in virulence (V Kryukov, 2022, unpublished data).

We noticed that the virulence decrease in the reisolates passaged via the live organisms
correlated with decline of lipolytic and proteolytic activities. Proteases are important for
penetration through the insect cuticle and subsequent growth of the fungus in the host haemocoel.
Mutant M. robertsii strains with deleted genes of metalloproteases (Mrmepl and MrmepZ2)
display a curtailed conidial yield and virulence to the wax moth (Zhou et al., 2018). On the other
hand, fungal proteases trigger a set of insect immune reactions (Vilcinskas, 2010; Mukherjee &
Vilcinskas, 2018), and overexpression of these enzymes causes strong activation of the
phenoloxidase system, thereby possibly resulting in the death of both the pathogen and host (St
Leger et al., 1996b). The lowering of proteolytic activity may therefore be advantageous from the
standpoint of evasion of the host’s defense, thus favoring fungal survival and propagation. In
terms of plant colonization, proteolytic activity may be a neutral characteristic. Research by
Moonjely et al. (2019) revealed that a deletion of the subtilisin-like serine protease (Pr1A) gene
in M. robertsii cuts down its virulence to Tenebrio molitor yet does not influence the capacity for
rhizoplane and endophytic colonization of barley roots. Their finding is in good agreement with
our observed tendency for elevation of tomato colonization frequency in reisolates with
weakened protease production. It is also known that endophytic and phytopathogenic fungi
possess a significantly smaller set of proteases as compared to Metarhizium species (Hu et al.,
2014). Thus, high levels of proteolytic activity do not seem to be supported by passaging of
Metarhizium through plants.

The proteases’ activity also slightly decreased during subculturing on the medium as

compared to the parent culture. Nonetheless, this decrease was not significant and did not affect
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the virulence of the subcultured reisolate. This phenomenon is often observed when strains of
Metarhizium are subcultured on media (e.g., Shah et al., 2007). Notably, the analysis of changes
in the proteolytic activity of reisolates in the present work is of a screening nature and
preliminary. We did not analyze the expression of various groups of proteinases, such as
subtilisin-like proteases, trypsins, and metalloproteases, although they differ in their impact on
the development of pathological processes during a fungal infection (Vilcinskas, 2010). The
changes in expression of different proteases during passages through insects and plants should be
the focus of future studies.

We detected a sharp increase of production of destruxins in the plant- and insect-passaged
reisolates as opposed to a minor decrease after subculturing on a medium, suggesting that these
toxins’ synthesis is induced by contact with living organisms. Destruxin production negatively
correlated with virulence, supporting the idea that these toxins are not major virulence factors.
Concentrations of in vitro—produced destruxins do not necessarily correlate with insect mortality
rates (Golo et al., 2014). Mutant strains of Metarhizium with zero destruxin production have
either minor differences in virulence from the wild-type strain (Wang et al., 2012) or no such
differences at all (Donzelli et al., 2012). Rios-Moreno et al. (2017) discovered that M. brunneum
strains having identical virulence levels against the wax moth produce 5- to 7-fold different
amounts of destruxin A in vivo. Anyway, negative effects of destruxins on cellular and humoral
immunity in insect hosts are well known (Wang et al., 2012; Han et al., 2013). As for plants,
Barelli et al. (2022) reported that production of destruxins is elevated or their set is wider in
various Metarhizium species cocultivated on media with beans or maize in comparison to pure
fungal cultures; this means that the toxin synthesis can be stimulated by plant root exudates. It is
believed that Metarhizium destruxins may be an evolutionary relic from ancestral
phytopathogenic fungi (Barelli et al., 2022). For example, destruxin B has host-selective

phytotoxicity and serves as one of major metabolites in Alternaria species (Meena & Samal,

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

2019). Pedras et al. (2001) noted that Alternaria brassicae—resistant Sinapis alba metabolizes
destruxin B into a less toxic product substantially faster than susceptible species do (Brassica
napus, Brassica juncea, and Brassica rapa). This finding suggests that destruxins may facilitate
plant colonization and that inactivation of destruxins may inactivate the fungal invader. This
notion is consistent with the results of our study: destruxin production in M. robertsii turned out
to be enhanced by passaging through the plant. These results, taken together with our data
concerning the proteolytic- and lipolytic-activity decline, imply that adaptation to live organisms
provokes complex modifications of virulence regulation.

On the basis of these observations, we can hypothesize that high virulence is not necessarily
advantageous for this fungus. According to the “trade-off hypothesis” (Anderson & May, 1982;
Ewald, 1983), parasites may evolve toward low but not zero virulence. Their transmission may be
interrupted either because of the killing of the host before infection of new individuals (Alizon et
al., 2009) or due to insufficient virulence. In case of entomopathogenic fungi, the former situation
corresponds to host death before complete colonization by a highly virulent fungal strain and
poor sporulation on cadavers (Boucias et al., 2018), whereas the latter one matches the inability
to penetrate the cuticular barrier and a loss of virulence of the fungus. In theory, in vivo passaging
may eliminate outlying variants (possessing either extremely high or insufficient virulence) and
support moderate virulence. In this context, levels of protease and lipase activity do not
significantly affect fungi’s additional strategy associated with endophytic colonization.
Additional experiments are needed to test this supposition.

In our work, aside from similar changes incurred by the passaging through different hosts,
some more specific alterations were also detected concerning antimicrobial activity of the fungus
and its development on different carbohydrate sources. In particular, the insect-passaged reisolate
showed slightly slower growth on the xylose-containing medium, whereas the plant-derived

reisolate’s growth was retarded by added glucose. Fungal growth dynamics on xylose sources are
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known to indicate adaptation to development in plants (Xiao et al., 2012). Metarhizium has a
sufficient set of genes related to xylose metabolism (Duan et al., 2009). We hypothesize that
passaging through insects lowers the synthesis of xylose-metabolizing enzymes.

Although the passaging through the insect or plant did not influence M. robertsii’s
antagonism toward the intestinal bacteria of the wax moth, the activity was stronger against the
plant-associated bacterium B. pumilus and phytopathogenic fungi. Notably, it was the passaging
through the plant that strengthened the action against R. solani. Multiple mechanisms may be
involved in this phenomenon. In particular, M. robertsii is known to produce diverse
antimicrobial metabolites (helvolic acid, ustilaginoidin, pseurotin, indigotide, and hydroxy-
ovalicin) to suppress bacteria (Sun et al., 2022a; Sun et al., 2022b). Moreover, the spectrum of
volatile organic compounds emitted by Metarhizium fungi inhibits the development of competing
bacteria and fungi, including phytopathogenic ones (Hummadi et al., 2022). The profile of
Metarhizium compounds significantly changes during passaging through insects as mentioned
above (Hussain et al., 2010). Further research will address alterations of the profile of these

metabolites under the influence of passaging through plants.

Conclusions

This is the first paper showing changes in a stable Metarhizium strain during passaging through a
plant and (separately) through an insect. The study indicates relatively fast physiological
alterations of M. robertsii during its adaptation to different hosts, thus pointing to ecological
plasticity of the fungus. We showed for the first time that the virulence and activity of hydrolytic
enzymes (lipases and proteases) can diminish after passaging through a plant or insect, although
the production of other virulence factors such as destruxins can greatly increase. The latter is

evidence of stimulation of this characteristic by passaging. We suppose that after several
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iterations of the life cycle through live organisms, reprioritization of virulence factors occurs
favoring better adaptation of the fungus to its hosts. The similar nature of virulence factors’
changes when the strain passaged through the insect is compared with the strain passaged through
the plant may reflect common trends of M. robertsii transformation during interactions with
different organisms. Nevertheless, some physiological alterations were more specific, including
changes of the growth rate on media with different carbohydrate sources and antagonistic
properties against phytopathogens. It should be emphasized that the continuous subculturing in
vitro did not drastically alter virulence of the strain in question, indicating its stability and
suitability for practical applications as a microbial control agent against pests and diseases of
plants. Subsequent studies on fungal passaging will involve an analysis of epigenetic processes as
well as transcriptome and metabolome characterization to elucidate molecular mechanisms of the

adaptations of the fungus to different hosts.

Acknowledgements

The authors are indebted to Vladimir Shilo, Olga Polenogova, Evgeniya Buntova, and Tatyana
Marchenko (ISEA SB RAS, Novosibirsk) for their help with experiments’ organization and
technical assistance. The fungal DNA sequencing was performed on the equipment of the core
facility Innovative Technologies of Plant Protection at the All-Russian Institute of Plant

Protection (St. Petersburg).

References

Abramoff MD, Magelhaes PJ, Ram SJ. 2004. Image processing with ImageJ. Biophotonics

International 11(7):36-42.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

Albro PW, Hall RD, Corbett JT, Schroeder J. 1985. Activation of non specific lipase (EC
3.1.1.-) by bile salts. Biochimica et Biophysica Acta (Lipids and Lipid Metabolism)
835:477-490 DOI 10.1016/0005-2760(85)90117-1.

Alizon S, Hurford A, Mideo N, van Baalen M. 2009. Virulence evolution and the trade-off
hypothesis: history, current state of affairs and future. Journal of Evolutionary Biology
22:245-259 DOI 10.1111/.1420-9101.2008.01658.x.

Amiri B, Ibrahim L, Butt TM. 1999. Antifeedant properties of destruxins and their potential use
with the entomogenous fungus Metarhizium anisopliae for improved control of crucifer
pests. Biocontrol Science and Technology 9:487-498 DOI 10.1080/09583159929451

Anderson R, May R. 1982. Coevolution of hosts and parasites. Parasitology 85(2):411-426 DOI
10.1017/50031182000055360.

Ansari MA, Butt TM. 2011. Effects of successive subculturing on stability, virulence, conidial
yield, germination and shelf-life of entomopathogenic fungi. Journal of Applied
Microbiology 110:1460-1469 DOI 10.1111/j.1365-2672.2011.04994.x.

Anwar W, Javed MA, Shahid AAK, Akhter A, Rehman MZU, Hameed U, Iftikhar S, Haider
MS. 2019. Chitinase genes from Metarhizium anisopliae for the control of whitefly in
cotton. Royal Society Open Science 6(8):190412 DOI 10.1098/rs0s.19412.

Barelli L, Behie SW, Hu S, Bidochka MJ. 2022. Profiling destruxin synthesis by specialist and
generalist Metarhizium insect pathogens during coculture with plants. Applied and
Environmental Microbiology 88(12):e0247421 DOI 10.1128/aem.02474-21.

Barra-Bucarei L, Iglesias AF, Gonzalez MG, Aguayo GS, Carrasco-Fernandez J, Castro JF,
Campos JO. 2020. Antifungal activity of Beauveria bassiana endophyte against Botrytis
cinerea in two solanaceae crops. Microorganisms 8:65 DOI

10.3390/microorganisms8010065.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

587 Boucias DG, Zhou Y, Huang S, Keyhani NO. 2018. Microbiota in insect fungal pathology.

588 Applied Microbiology and Biotechnology 102:5873-5888 DOI 10.1007/s00253-018-9089-z.
589 Bradford MM. 1976. A rapid and sensitive method for the quantitation of microgram quantities
590 of protein utilizing the principle of protein dye binding. Analytical Biochemistry 72:248-
591 254 DOI 10.1016/0003-2697(76)90527-3.

592 Brownbridge M, Costa S, Jaronski ST. 2001. Effects of in vitro passage of Beauveria bassiana
593 on virulence of Bemisia argentifolii. Journal of Invertebrate Pathology 77:280-283 DOI
594 10.1006/jipa.2001.5020.

595 Butt TM, Wang C, Shah FA, Hall R. 2006. Degeneration of entomogenous fungi. In: Eilenberg
596 J, Hokkanen HMT, eds. An Ecological and Societal Approach to Biological Control.

597 Springer: Netherlands, 213-226 DOI 10.1007/978-1-4020-4401-4_10.

598 Charnley AK. 2003. Fungal pathogens of insects: cuticle degrading enzymes and toxins.

599 Advances in Botanical Research 40:241e321 DOI 10.1016/S0065-2296(05) 40006-3.

600 Clifton EH, Jaronski ST, Coates BS, Hodgson EW, Gassmann AlJ. 2018. Effects of

601 endophytic entomopathogenic fungi on soybean aphid and identification of Metarhizium
602 isolates from agricultural fields. PLoS One 13(3):e0194815 DOI
603 10.1371/journal.pone.0194815.

604 da Silva WOB, Santi L, Scharank A, Vainstein MH. 2010. Metarhizium anisopliae lipolytic
605 activity plays a pivotal role in Rhipicepthalus (Boophilus) microplus infection. Fungal

606 Biology 114(1):10-15 DOI 10.1016/j.mycres.2009.08.003.

607 de Bekker C, Smith PB, Patterson AD, Hughes DP. 2013. Metabolomics reveals the

608 heterogeneous secretome of two entomopathogenic fungi to ex vivo cultured insect tissues.

609 PLoS One 8(8):e70609 DOI 10.1371/journal.pone.0070609.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

Dhar P, Kaur G. 2010. Cuticle-degrading proteases produced by Metarhizium anisopliae and
their induction in different media. Indian Journal of Microbiology 50(4):449-455 DOI
10.1007/s12088-011-0098-1.

Donzelli BGG, Krasnoff SB, Sun-Moon Y, Churchill ACL, Gibson DM. 2012. Genetic basis
of destruxin production in the entomopathogen Metarhizium robertsii. Current Genetics
58:105-116 DOI 10.1007/s00294-012-0368-4.

Duan ZB, Shang YF, Gao Q, Zheng P, Wang CS. 2009. A phosphoketolase Mpk1 of bacterial
origin is adaptively required for full virulence in the insectpathogenic fungus Metarhizium
anisopliae. Environmental Microbiology 11(9):2351-2360 DOI 10.1111/j.1462-
2920.2009.01961.x.

Eckard S, Ansari MA, Bacher S, Butt TM, Enkerli J, Grabenweger G. 2014. Virulence of in
vivo and in vitro produced conidia of Metarhizium brunneum strains for control of
wireworms. Crop Protection 64:137-142 DOI 10.1016/j.cropro.2014.06.017.

Ewald PW. 1983. Host-parasite relations, vectors, and the evolution of disease severity. Annual
Review of Ecology Evolution and Systematics 14:465-485 DOI
10.1146/ANNUREV.ES.14.110183.002341.

Fan Y, Liu X, Keyhani NO, Tang G, Pei Y, Zhang W, Tong S. 2017. Regulatory cascade and
biological activity of Beauveria bassiana oosporein that limits bacterial growth after host
death. Proceedings of the National Academy of Sciences of the United States of America,
PNAS 114(9):201616543 DOI 10.1073/pnas.1616543114.

Golo PS, Gardner DR, Grilley MM, Takemoto JY, Krasnoff SB, Pires MS, Fernandes EKK,
Bittencourt VREP, Roberts DW. 2014. Production of destruxins from Metarhizium spp.
fungi in artificial medium and in endophytically colonized cowpea plants. PLoS One

9(8):e104946 DOI 10.1371/journal.pone.0104946.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

Gonzalez-Mas N, Valverde-Garcia R, Gutiérrez-Sanchez F, Quesada-Moraga E. 2021. Effect
of passage through the plant on virulence and endophytic behavioural adaptation in the
entomopathogenic fungus Beauveria bassiana. Biological control 160:e104687 DOI
10.1016/j.biocontrol.2021.104687.

Hall RA. 1980. Effect of repeated subculturing on agar and passaging through an insect host on
pathogenicity, morphology, and growth rate of Verticillium lecanii. Journal of Invertebrate
Pathology 36:216-222 DOI 10.1016/0022-2011(80)90027-0.

Hall TA. 1999. BioEdit: A user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic Acids Symposium Series 41:95-98.

Han P, Jin F, Dong X, Fan J, Qiu B, Ren. S. 2013. Transcript and protein profiling analysis of
the destruxin A-induced response in larvae of Plutella xylostella. PLoS One 8(4):e60771
DOI 10.1371/journal.pone.0060771.

Hu S, Bidochka MJ. 2020. DNA methyltransferase implicated in the recovery of conidiation,
through successive plant passages, in phenotypically degenerated Metarhizium. Applied
Microbiology and Biotechnology 104:5371-5383 DOI 10.1007/s00253-020-10628-6.

Hu S, Bidochka MJ. 2019. Root colonization by endophytic insect-pathogenic fungi. Journal of
Applied Microbiology 130(2):570-581 DOI 10.1111/jam.14503.

Hu X, Xiao G, Zheng P, Shang Y, Su Y, Zhang X, Liu X, Zhan S, St Leger RJ, Wang C.
2014. Trajectory and genomic determinants of fungal-pathogen speciation and host
adaptation. Proceedings of the National Academy of Sciences of the United States of
America, PNAS 111:16796-16801 DOI 10.1073/pnas.1412662111.

Hummadi EH, Cetin Y, Demirbek M, Kardar NM, Khan S, Coates CJ, Eastwood DC,
Dudley E, Maffeis T, Loveridge J, Butt TM. 2022. Antimicrobial volatiles of the insect

pathogen Metarhizium brunneum. Journal of Fungi 8:326 DOI 10.3390/jof8040326.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)


https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=Shang+Y&cauthor_id=25368161
https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=Wang+C&cauthor_id=25368161
https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=St+Leger+RJ&cauthor_id=25368161
https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=Zhan+S&cauthor_id=25368161
https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=Liu+X&cauthor_id=25368161
https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=Zhang+X&cauthor_id=25368161
https://pubmed.ncbi.nlm.nih.gov/?show_snippets=off&term=Su+Y&cauthor_id=25368161

Peer]

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

Hussain A, Tian MY, He YR, Lei YY. 2010. Differential fluctuation in virulence and VOC
profiles among different cultures of entomopathogenic fungi. Journal of Invertebrate
Pathology 104(3):166-171 DOI 10.1016/j.jip.2010.03.004.

Hussien RHM, Ezzat SM, El Sheikh, AA, Taylor JWD, Butt TM. 2021. Comparative study of
fungal stability between Metarhizium strains after successive subculture. Egyptian Journal
of Biological Pest Control 31:2 DOI 10.1186/s41938-020-00348-4.

Ignoffo CM, MclIntesh AH, Garcia C, Kroha M, Johnson JM. 1982. Effects of successive in
vitro and in vivo passages on thevirulence of the entomopathogenic fungus,
Nomuraearileyi. Entomophaga 27:371-378 DOI 10.1007/BF02372059.

Jaronski ST. 2007. Soil ecology of the entomopathogenic ascomycetes: a critical examination of
what we (think) we know. In: Ekesi S, Maniania NK, eds. Use of entomopathogenic fungi
in biological pest management. Research Signpost Inc: Kerala, India, 91-143.

Jaronski ST, Mascarin GM. 2016. Chapter 9. Mass production of fungal entomopathogens. In:
Lacey LA, ed. Microbial control of insect and mite pests: From theory to practice.
Academic Press: Cambridge, MA, USA, 141-155. DOI 10.1016/B978-0-12-803527-
6.00009-3

Jirakkakul J, Roytrakul S, Srisuksam C, Swangmaneecharern P, Kittisenachai S,
Jaresitthikunchai J, Punya J, Prommeenate P, Senachak J, So L, Tachaleat A,
Tanticharoen M, Cheevadhanarak S, Wattanachaisaereekul S, Amnuaykanjanasin A.
2018. Culture degeneration in conidia of Beauveria bassiana and virulence determinants by
proteomics. Fungal Biology 122(2-3):156-171 DOI 10.1016/j.funbio.2017.12.010.

Kershaw MJ, Moorhouse ER, Bateman R, Reynolds SE, Charnley AK. 1999. The role of
destruxins in the pathogenicity of Metarhizium anisopliae for three species of insect.

Journal of Invertebrate Pathology 74(3):213-223 DOI 10.1006/jipa.1999.4884.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

Keyhani NO. 2018. Lipid biology in fungal stress and virulence: Entomopathogenic fungi.
Fungal Biology 122(6):420-429 DOI 10.1016/j.funbio.2017.07.003.

Krell V, Jakobs-Schonwandt D, Vidal S, Patel AV. 2017. Encapsulation of Metarhizium
brunneum enhances endophytism in tomato plants Biological control 116:62-73 DOI
10.1016/j.biocontrol.2017.05.004.

Kryukov V, Yaroslavtseva O, Tyurin M, Akhanaev Y, Elisaphenko E, Wen T-C, Tomilova O,
Tokarev Y, Glupov V. 2017. Ecological preferences of Metarhizium spp. from Russia and
neighboring territories and their activity against Colorado potato beetle larvae. Journal of
Invertebrate Pathology 149:1-7 DOI 10.1016/j.jip.2017.07.001.

Kryukov VY, Kabilov MR, Smirnova N, Tomilova OG,Tyurin MV, Akhanaev YB,
Polenogova OV, Danilov VP, Zhangissina SK, Alikina T, Yaroslavtseva ON, Glupov
VV. 2019. Bacterial decomposition of insects post-Metarhizium infection: Possible
influence on plant growth. Fungal Biology 123:927e935 DOI
10.1016/j.funbio.2019.09.012.

Kryukov VYu, Chernyak EI, Kryukova N, Tyurin M, Krivopalov A, Yaroslavtseva O,
Senderskiy I, Polenogova O, Zhirakovskaia E, Glupov VV, Morozov SV. 2022.
Parasitoid venom alters the lipid composition and development of microoganisms on the
wax moth cuticle. Entomologia Experimentalis et Applicata 170(10):852-868 DOI 10.1111/
eea.13219.

Kumar S, Stecher G, Tamura K. 2015. MEGA?7: Molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Molecular Biology and Evolution 33(7):1870-1874 DOI
10.1093/molbev/msw054.

Levchenko M, Gerus A, Malysh S, Orazova S, Lednev G. 2020. The effect of endophytic

colonization of wheat plants by the fungus Beauveria bassiana on the development of the

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

706 nymphs of the migratory and desert locusts. BIO Web of Conferences 18:00018 DOI
707 10.1051/bioconf/20201800018.

708 Liu S, Xu Z, Wang X, Zhao L, Wang G, Li X, Zhang L. 2019. Pathogenicity and in vivo
709 development of Metarhizium rileyi against Spodoptera litura (Lepidoptera: Noctuidae)
710 larvae. Journal of Economic Entomology 112(4):1598-1603 DOI 10.1093/jee/toz098.

711 Lozano-Tovar MD, Garrido-Jurado I, Quesada-Moraga E, Raya-Ortega MC, Trapero-

712 Casas A. 2017. Metarhizium brunneum and Beauveria bassiana release secondary
713 metabolites with antagonistic activity against Verticillium dahliae and Phytophthora
714 megasperma olive pathogens. Crop Protection 100:186-195 DOI

715 10.1016/j.cropro.2017.06.026.

716 Lu H-L, St Leger RJ. 2016. Insect immunity to entomopathogenic fungi. Advanced Genetics
717 94:254-286 DOI 10.1016/bs.adgen.2015.11.002.

718 Malysh JM, Malysh SM, Kireeva DS, Kononchuk AG, Demenkova MA. 2020. Detection of

719 Wolbachia in larvae of Loxostege sticticalis (Pyraloidea: Crambidae) in European and Asian
720 parts of Russia. Plant Protection News 103(1):49-52 DOI 10.31993/2308-6459-2020-103-
721 1-49-52.

722  Marshall OJ. 2004. PerlPrimer: cross-platform, graphical primer design for standard, bisulphite
723 and real-time PCR. Bioinformatics 20(15):2471-2472 DOI 10.1093/bioinformatics/bth254.
724  McKinnon AC, Saari S, Moran-Diez ME, Meyling NV, Raad M, Glare TR. 2017. Beauveria
725 bassiana as an endophyte: A critical review on associated methodology and biocontrol

726 potential. Biocontrol 62:1-17 DOI 10.1007/s10526-016-9769-5.

727 Meena M, Samal S. 2019. Alternaria host-specific (HSTs) toxins: An overview of chemical
728 characterization, target sites, regulation and their toxic effects, Toxicology Reports 6:745-

729 758 DOI 10.1016/j.toxrep.2019.06.021.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

Ment D, Gindin G, Samish M, Glazer I. 2020. Comparative response of Metarhizium
brunneum to the cuticles of susceptible and resistant hosts. Archives of Insect Biochemistry
and Physiology 105(4):e21756 DOI 10.1002/arch.21756.

Moonjely S, Zhang X, Fang W, Bidochka MJ. 2019. Metarhizium robertsii ammonium
permeases (MepC and Mep2) contribute to rhizoplane colonization and modulates the
transfer of insect derived nitrogen to plants. PLoS One 14(10):e0223718 DOI
10.1371/journal. pone.0223718.

Mukherjee K, Vilcinskas A. 2018. The entomopathogenic fungus Metarhizium robertsii
communicates with the insect host Galleria mellonella during infection. Virulence
9(1):402-413 DOI 10.1080/21505594.2017.1405190.

Pedras MSC, Zaharia IL, Gai Y, Zhou Y, Ward DE. 2001. In planta sequential hydroxylation
and glycosylation of a fungal phytotoxin: Avoiding cell death and overcoming the fungal
invader. Proceedings of the National Academy of Sciences of the United States of America,
PNAS 98(2):747-752 DOI 10.1073/pnas.021394998.

Polenogova OV, Kabilov MR, Tyurin MV, Rotskaya UN, Krivopalov AV, Morozova VYV,
Mozhaitseva K, Kryukova NA, Alikina TY, Kryukov VYu, Glupov VV. 2019. Parasitoid
envenomation alters the Galleria mellonella midgut microbiota and immunity, thereby
promoting fungal infection. Scientific Reports 9(1):4012 DOI 10.1038/s41598-019-40301-
6.

Posada F, Aime MC, Peterson SW, Rehner SA, Vega FE. 2007. Inoculation of coffee plants
with the fungal entomopathogen Beauveria bassiana (Ascomycota: Hypocreales).
Mycological Research 111:748-757 DOI 10.1016/j.mycres.2007.03.006.

Rios-Moreno A, Carpio A, Garrido-Jurado I, Arroyo-Manzanares N, Lozano-Tovar MD,
Arce L, Gamiz-Gracia L, Garcia-Campaiia AM, Quesada-Moraga E. 2016b.

Production of destruxins by Metarhizium strains under different stress conditions and their

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

755 detection by using UHPLC-MS/MS. Biocontrol Science and Technology 26(9):1298-1311
756 DOI 10.1080/09583157.2016.1195336.

757 Rios-Moreno A, Garrido-Jurado I, Raya-Ortega MC, Quesada-Moraga E. 2017.

758 Quantification of fungal growth and destruxin A during infection of Galleria mellonella
759 larvae by Metarhizium brunneum. Journal of Invertebrate Pathology 149:29-35 DOI
760 10.1016/j.jip.2017.06.007.

761 Rios-Moreno A, Garrido-Jurado I, Resquin-Romero G, Arroyo-Manzanares N, Arce L,

762 Quesada-Moraga E. 2016a. Destruxin A production by Metarhizium brunneum strains
763 during transient endophytic colonisation of Solanum tuberosum. Biocontrol Science and
764 Technology 26(11):1574-1585 DOI 10.1080/09583157.2016.1223274.

765 Safavi SA. 2012. Attenuation of the entomopathogenic fungus Beauveria bassiana following
766 serial in vitro transfers. Biologia 67(6):1062-1068 DOI 10.2478/s11756-012-0120-z.

767 Sambrook J, Fritsch ER, Maniatis T. 1989. Molecular cloning: a laboratory manual, 2nd ed.;
768 Cold Spring Harbor Laboratory Press: Plainview NY, USA.

769 Sanchez-Pérez L, Barranco-Florido J, Rodriguez-Navarro S, Cervantes-Mayagoitia J,

770 Ramos-Loépez M. 2014. Enzymes and entomopathogenic fungi: advances and insights.
771 Advances in Enzyme Research 2:65-76 DOI 10.4236/aer.2014.22007.

772  Sanger F, Nicklen S, Coulson AR. 1977. DNA sequencing with chain-terminating inhibitors.
773 Proceedings of the National Academy of Sciences of the United States of America, PNAS
774 74(12):5463-5467 DOI 10.1073/pnas.74.12.5463.

775 Seger C, Sturm S, Stuppner H, Butt TM, Strasser H. 2004. Combination of a new sample

776 preparation strategy with an accelerated high-performance liquid chromatography assay
777 with photodiode array and mass spectrometric detection for the determination of destruxins
778 from Metarhizium anisopliae culture broth. Journal of Chromatography A 1061(1):35-43
779 DOI 10.1016/j.chroma.2004.10.063.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

Shah FA, Allen N, Wright CJ, Butt TM. 2007. Repeated in vitro subculturing alters spore
surface properties and virulence of Metarhizium anisopliae. FEMS Microbiology Letters
276(1):60-66 DOI 10.1111/.1574-6968.2007.00927 .x.

Shah FA, Butt TM. 2005. Influence of nutrition on the production and physiology of sectors
produced by the insect pathogenic fungus Metarhizium anisopliae. FEMS Microbiology
Letters 250(2):201-207 DOI 10.1016/j.femsle.2005.07.011.

Shah FA, Wang CS, Butt TM. 2005. Nutrition influences growth and virulence of the insect
pathogenic fungus Metarhizium anisopliae. FEMS Microbiology Letters 251:259-266 DOI
10.1016/j.femsle.2005.08.010.

Sobowale AA, Odebode AC, Cardwell KF, Bandyopadhyay R, Jonathan SG. 2010.
Antagonistic potential of Trichoderma longibrachiatum and T. hamatum resident on maize
(Zea mays) plant against Fusarium verticillioides (Nirenberg) isolated from rotting maize
stem. Archives of Phytopathology and Plant Protection 43:744-753 DOI
10.1080/03235400802175904.

St Leger R, Joshi L, Bidochka MJ, Roberts DW. 1996b. Construction of an improved
mycoinsecticide overexpressing a toxic protease. Proceedings of the National Academy of
Sciences of the United States of America, PNAS 93(13):6349-6354 DOI
10.1073/pnas.93.13.6349.

St Leger RJ, Wang JB. 2020. Metarhizium: jack of all trades, master of many. Open Biology
10(12):200307 DOI 10.1098/rsob.200307.

St Leger RJ, Joshi L, Bidochka MJ, Roberts DW. 1995. Protein synthesis in Metarhizium
anisopliae growing on host cuticle. Mycological Research 99(9):1034-1040 DOI
10.1016/S0953-7562(09)80769-7.

St Leger RJ, Joshi L, Bidochka MJ, Rizzo NW. 1996a. Biochemical characterization and

ultrastructural localization of two extracellular trypsins produced by Metarhizium

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

anisopliae in infected insect cuticles. Applied and Environmental Microbiology 62(4):1257-
1264 DOI 10.1128/aem.62.4.1257-1264.1996.

Sun Y, Chen B, Li X, Yin Y,Wang C. 2022a. Orchestrated biosynthesis of the secondary
metabolite cocktails enables the producing fungus to combat diverse bacteria. mBio
13(5):e0180022 DOI 10.1128/mbio.01800-22.

Sun Y, Hong S, Chen H, Yin Y, Wang C. 2022b. Production of helvolic acid in Metarhizium
contributes to fungal infection of insects by bacteriostatic inhibition of the host cuticular
microbiomes. Microbiology Spectrum 10(5):e0262022 DOI 10.1128/spectrum.02620-22.

Supakdamrongkul P, Bhumiratana A, Wiwat C. 2010. Characterization of an extracellular
lipase from the biocontrol fungus, Nomuraea rileyi MJ, and its toxicity toward Spodoptera
litura. Journal of Invertebrate Pathology 105(3):228-235 DOI 10.1016/j.jip.2010.06.011.

Tamura K, Nei M. 1993. Estimation of the number of nucleotide substitutions in the control
region of mitochondrial DNA in humans and chimpanzees. Molecular Biology and
Evolution 10(3):512-526 DOI 10.1093/oxfordjournals.molbev.a040023.

Thomsen L, Eilenberg J. 2000. Time-concentration mortality of Pieris brassicae (Lepidoptera:
Pieridae) and Agrotis segetum (Lepidoptera: Noctuidae) larvae from different destruxins.
Environmental Entomology 29(5):1041-1047 DOI 10.1603/0046-225X-29.5.1041.

Toledo A, Lépez S, Aulicino M, de Remes-Lenicov AM, Balatti P. 2015. Antagonism of
entomopathogenic fungi by Bacillus spp. associated with the integument of cicadellids and
delphacids. International Microbiology 18(2):91-97 DOI 10.2436/20.1501.01.238.

Tomilova OG, Yaroslavtseva ON, Ganina MD, Tyurin MV, Chernyak EI, Senderskiy IV,
Noskov YA, Polenogova OV, Akhanaev YB, Kryukov VYu, Glupov VV. Morozov SV.
2019. Changes in antifungal defence systems during the intermoult period in the Colorado
potato beetle. Journal of Insect Physiology 116:106-117 DOI

10.1016/j.jinsphys.2019.05.003.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

Tomilova OG, Shaldyaeva EM, Kryukova NA, Pilipova YV, Schmidt NS, Danilov VP,
Kryukov VY, Glupov VV. 2020. Entomopathogenic fungi decrease Rhizoctonia disease in
potato in field conditions. PeerJ 8:€9895 DOI 10.7717/peerj.9895.

Tong S, Li M, Keyhani NO, Liu Y, Yuan M, Lin D, Jin D, Li X, Pei Y, Fan Y. 2020.
Characterization of a fungal competition factor: production of a conidial cell-wall
associated antifungal peptide. PLOS Pathogens 16(4):e1008518 DOI
10.1371/journal.ppat.1008518.

Vandenberg JD, Cantone FA. 2004. Effect of serial transfer of three strains of Paecilomyces
fumosoroseus on growth in vitro, virulence and host specificity. Journal of Invertebrate
Pathology 85(1): 40-45 DOI 10.1016/j.jip.2003.12.004.

Vega FE. 2018. The use of fungal entomopathogens as endophytes in biological control: a
review. Mycologia 110(1):4-30 DOI 10.1080/00275514.2017.1418578.

Vey A, Hoagland R, Butt TM. 2001. Chapter 12. Toxic metabolites of fungal biological control
agents. In: Butt TM, Jackson CW, Magan N, eds. Fungi as biocontrol agents: Progress,
Problems and Potential. CAB International, Wallingford, Oxon, UK, 311-346.

Vilcinskas A. 2010. Coevolution between pathogen-derived proteinases and proteinase inhibitors
of host insects. Virulence 1(3): 206-214 DOI 10.4161/viru.1.3.12072.

Vogelstein B, Gillespie D. 1979. Preparative and analytical purification of DNA from agarose.
Proceedings of the National Academy of Sciences of the United States of America, PNAS
76:615-619 DOI 10.1073/pnas.76.2.615.

Vorontsova YL, Slepneva IA, Alekseev AA, Kryukov VY, Tyurin MV, Glupov VV. 2018. The
effect of entomopathogenic fungi Metarhizium robertsii of different virulence on the
generation of reactive oxygen species in Galleria mellonella larvae. Invertebrate Survival

Journal 15:276-284 DOI 0.25431/1824-307X/isj.v15i1.276-284.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

854 Wang B, Kang Q, Lu Y, Bai L, Wang C. 2012. Unveiling the biosynthetic puzzle of destruxins
855 in Metarhizium species. Proceedings of the National Academy of Sciences of the United
856 States of America, PNAS 109(4): 1287-1292 DOI 10.1073/pnas.1115983109.

857 Wang CS, Skrobek A, Butt TM. 2003. Concurrence of losing a chromosome and the ability to
858 produce destruxins in a mutant of Metarhizium anisopliae. FEMS Microbiology Letters
859 226(2):373-378 DOI 10.1016/S0378-1097(03)00640-2.

860 Xiao G, Ying S-H, Zheng P, Wan Z-L, Zhang S, Xie X-Q, Shang Y, St Leger RJ, Zhao G-P,

861 Wang C, Feng M-G. 2012. Genomic perspectives on the evolution of fungal
862 entomopathogenicity in Beauveria bassiana. Scientific Reports 2:483 DOI
863 10.1038/srep00483.

864 Zanphorlin LM, Cabral H, Arantes E, Assis D, Juliano L, Juliano MA, Da Silva R, Gomes

865 E, Bonilla-Rodriguez G.O. 2011. Purification and characterization of a new alkaline serine
866 protease from the thermophilic fungus Myceliophthora sp. Process Biochemistry 46:2137-
867 2143 DOI 10.1016/j.procbio.2011.08.014.

868 Zhou R, Zhou X, Fan A, Wang Z, Huang B. 2018. Differential functions of two

869 metalloproteases, Mrmep1 and Mrmep2, in growth, sporulation, cell wall integrity, and
870 virulence in the filamentous fungus Metarhizium robertsii. Frontiers In Microbiology
871 9:1528 DOI 10.3389/fmicb.2018.01528.

Peer] reviewing PDF | (2023:04:84422:0:0:CHECK 7 Apr 2023)



Peer]

Figure 1

Morphology and genotyping of Metarhizium robertsii MB-1 (parent) and its reisolates
after 8 cycles of subculturing on SDAY medium or after passaging through tomato or
wax moth.

(A) Phenotypes of fungal colonies on different media 20 days after plating on minimal media
(MM) with glucose or xylose, PDA, and SDAY. (B) Fungal colony diameter 15 days after
plating on these media. Different letters indicate the significantly different values (p < 0.05,
Dunn'’s test). (C) Phylogenetic positions of MB-1 reisolates and other M. robertsii strains (ISEA
collection) as inferred from a maximum likelihood (ML) analysis based on the Tamura 3-
parameter model (Tamura &apm; Nei, 1993) of an alignment of partial a/B-hydrolase
sequences, 878 bp long. The sequences downloaded from GenBank are pointed out by
asterisks. ML bootstrap values are shown next to the branches. The tree is drawn to scale,
with branch lengths measured as the number of substitutions per site (Kumar, Stecher &aurm;

Tamura, 2015).
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Figure 2

Mortality dynamics of the test insects after inoculation with Metarhizium robertsii parent
strain MB-1 and its reisolates from the SDAY medium, tomato and wax moth.

(A) Mortality of sixth instar larvae of wax moth, Galleria mellonella (n = 100 insects per
treatment). (B) Mortality of fourth instar larvae of Leptinotarsa decemlineata (n = 130 insects

per treatment). Different letters indicate significant differences (logrank test: x* = 5.16, df =

1, p = 0.025).
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Figure 3

Level of tomato seedling colonization by Metarhizium robertsii parent strain MB-1 and
its reisolates (SDAY medium, tomato, and wax moth) on day 20 after inoculation.

Concentration of suspension used for inoculation was 10° conidia/mL. Identical letters indicate non-
significant differences (Fisher’s exact test, p = 0.065; n = 100 plants per treatment group).
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Figure 4

Manuscript to be reviewed

Nonspecific enzyme activities of Metarhizium robertsii parent strain MB-1 and its

reisolates (SDAY medium, tomato and wax moth).

(A) Lipase activity. (B) Protease activity. The fungus was cultivated in minimal medium

supplemented by 1.5% of Galleria mellonella cuticles for 8 days (n = 4 per culture). Different

letters indicate significantly different values (Fisher’s LSD test, p < 0.05).
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Figure 5

Amounts of destruxins (Dtx) in Czapek-Dox broth after 8 days of cultivation of
Metarhizium robertsii parent strain MB-1 and its reisolates from the SDAY medium,
tomato and wax moth.

Number of samples = 4 per each culture. Different letters indicate significantly different

values (Fisher’s LSD test, p < 0.05).
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Figure 6

Antagonistic action of Metarhizium robertsii parent strain MB-1 and its reisolates (SDAY
medium, tomato and wax moth) against the phytopathogenic fungi.

The fungi assayed were Rhizoctonia solani, Fusarium oxysporum, F. solani, Botrytis cinerea,
and Bipolaris sorokiniana, as inferred from observation of radial growth after 20 days of

cocultivation (n = 3 for each culture). Different letters indicate significantly different values

(p < 0.05, Dunn’s test).
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Figure 7

Growth inhibition of the bacterium Bacillus pumilus by Metarhizium robertsii parent
strain MB-1 and its reisolates (SDAY medium, tomato and wax moth).

Growth inhibition was assayed on days 4 and 8 as “sterile zone” diameter formed after
placing of fungal plugs onto the bacterial culture plated on PDA (n = 6). Different letters

indicate significantly different values (Fisher’s LSD test, p < 0.05).
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	Antagonism toward the fungal phytopathogens. The antagonistic action of M. robertsii reisolates was assayed against fungal pathogens of plants from the Collection of Microorganisms at the All-Russian Institute of Plant Protection. Fungal cultures of Fusarium oxysporum, F. solani, Rhizoctonia solani, Bipolaris sorokiniana, and Botrytis cinerea were used in a cocultivation assay performed as described elsewhere (Sobowale et al., 2010), with modifications. An agar plug, 10 mm in diameter and containing the 5-day-old culture of M. robertsii, was placed in a 90 mm Petri dish filled with PDA at a distance of 3 cm from the dish margin. Two days later, a similar plug with a phytopathogen culture was placed in the same dish at a distance of 3 cm from the opposite margin of the dish. A phytopathogen culture grown in the absence of M. robertsii served as a control. The dishes were incubated at 26 °С in the dark. Phytopathogen growth inhibition by M. robertsii was estimated in comparison to radial growth of the control phytopathogen culture after 20 days of cultivation by means of a standard formula: [(R1 − R2)/R1] × 100 (Barra-Bucarei et al., 2020), where R1 is the radius (mm) of the control phytopathogen colony, and R2 is the radius (mm) of the pathogen colony competing against M. robertsii. Three replicates of each MB-1 reisolate were analyzed.
	Additionally, in the case of R. solani, the density of mycelial primordia of the sclerotia was analyzed in the assay as described above. Inhibition of sclerotia formation was assayed by quantitation of mycelial color intensity in the ImageJ software (Abramoff, Magelhaes & Ram, 2004) in six replicates for each reisolate.
	Antagonism toward bacteria. The antagonistic activity of M. robertsii reisolates was assayed by the standard agar diffusion method against Enterococcus faecalis and Enterobacter sp., which are predominant in the G. mellonella gut (Polenogova et al., 2019), as well as against Bacillus pumilus isolated from the tomato plant seedlings. The bacterial species were identified by 16S ribosomal-RNA gene sequencing (Polenogova et al., 2019). A 10 mm agar plug with the 5-day-old M. robertsii culture was placed in the center of a 90 mm Petri dish containing PDA and freshly seeded with a bacterial culture. The dishes were incubated at 26 °С in darkness. The diameter of the sterile zone was measured on the 4th and 8th day in six replicates for each MB-1 reisolate.
	Colony morphology and rate of growth. When grown on four different media, the fungal colonies showed no sectorization. The morphology was very similar among the colonies obtained on different media, although on SDAY, the aerial mycelium was more prominent in all the passaged reisolates as compared to the parent strain (Fig. 1A). Radial growth rates were also similar, though in some cases, there were significant differences. In particular, on MM+xylose, the isolate passaged through the insect showed slower growth than did the parent strain and the plant-passaged culture (Fisher’s LSD test, р £ 0.02). On the contrary, the latter showed statistically significant growth retardation on MM+glucose (р £ 0.004) as compared to the parent strain and the insect-passaged reisolate. The reisolate subcultured on SDAY demonstrated the fastest growth on this medium (р £ 0.039) relative to the parent strain and the plant-passaged reisolate (Fig. 1B).
	Molecular genetic analysis using the a/b-hydrolase gene sequence. Ten strains of M. robertsii originating from Novosibirsk Oblast were found to belong to four haplotypes corresponding to separate lineages within the molecular phylogenetic tree of this species (Fig. 1C). Nucleotide sequence similarity between these haplotypes varied between 95.8% and 98.1%. The first, most prevalent haplotype was detected in five strains, including Q11 (GenBank accession # OP985336). No 100% matches for this sequence were found in GenBank. The second haplotype was presented by two strains from our collection, including 194-1 (# OP985337), as well as M. robertsii strain ARSEF 23, for which only an mRNA record is available (# XM007818060), and thus the intron sequence is not available. The third haplotype was detected in two strains from our collection, including MB-1 (# OP985335), without 100% GenBank matches. Finally, the fourth haplotype was assigned to a single strain: Q4 (# OP985338).
	It should be noted that all the reisolates either subcultured on a medium or passaged through the plant or insect were 100% identical to each other and to parent strain MB-1. Meanwhile, only one of the remaining nine strains from our collection (sampled in Novosibirsk Oblast) was found to belong to the same haplotype. Therefore, MB-1 has the a/b-hydrolase molecular haplotype that is not very common, and we can presume that the reisolates obtained during the study truly originate from the parent strain because the probability of culture contamination with other samples of the same haplotype is negligible. The absence of Metarhizium cultures in samples from control (untreated) plants and insects confirms this assumption.
	Antagonism toward other fungi. The passaged reisolates showed minor, albeit in some cases statistically significant, changes in antimicrobial action on the phytopathogenic fungi (Fig. 6). The inhibitory activity of the insect-passaged reisolate against slowly growing B. sorokiniana was significantly higher relative to the parent strain (Dunn’s test, р = 0.02). The passaging through the plant enhanced inhibitory activity against fast-growing cultures of R. solani when compared to the parent strain (р = 0.016) and against B. cinerea when compared to the SDAY-subcultured reisolate (р = 0.016).
	Significant inhibition of sclerotia formation in R. solani was recorded under the influence of all the tested cultures, including the parent strain (р £ 0.0005, Fig. S3). Nonetheless, only the plant-passaged reisolate displayed an activity that was higher than that of the parent strain (Fisher’s LSD test, p = 0.021).
	Antagonism toward bacteria. No changes were detected between the parent strain and its reisolates in their antagonistic properties against the bacterium E. faecalis from the wax moth gut (Dunn’s test, p ≥ 0.729, Fig. S4). As for Enterobacter sp., the antagonistic activity was weaker in the insect-passaged reisolate than in the parent strain and the plant-passaged reisolate (p ≤ 0.049, Fig. S4). Meanwhile, in the case of B. pumilus from the tomato seedlings, the bacterial growth was suppressed more strongly by the plant- and insect-passaged reisolates than by the SDAY-subcultured reisolate and parent strain (р £ 0.044, Fig. 7).

