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Abstract: The species composition of fungal pathogens among three of the most harmful locust
species (Asian migratory locust, Moroccan locust and Italian locust) in the southern Russian Fed-
eration was studied. Insects were sampled in 20 locations of seven federal subjects of the Russian
Federation (Republic of Dagestan, Republic of Kalmykia; Krasnodar and Stavropol Krai; Astrakhan,
Volgograd and Rostov Regions). Forty-five isolates belonging to the fungal genus Beauveria were
collected, particularly isolates of B. bassiana and B. pseudobassiana. B. bassiana was the most prevalent,
constituting 98% of the samples, and could be differentiated into three clades, as evidenced by the
TEF gene and intergenic spacer Bloc. Clade 1, represented by the reference isolate ARSEF 2040, was
most abundant (61%), and Clade 2, represented by ARSEF 1811, had lower abundance (27%). The
remaining isolates either belonged to the genetically distinct Clade 3, represented by ARSEF 1564, or
were found to fall outside the major lineages. The frequency of infection in locust populations was
variable and tended to increase under conditions unfavorable for the insects. The vast majority of
Beauveria isolates from locusts were highly virulent in this insect group.

Keywords: Beauveria; Cordycipitaceae; ecology; phylogenetic analysis; entomopathogenic fungi;
haplotypic diversity

1. Introduction

Of the damaging herbivorous insects, locusts and grasshoppers (Orthoptera: Acridi-
dae), especially species with gregarious behavior, have a particularly significant impact.
Over the last 30 years, there have been significant outbreaks of the Italian locust, Callipta-
mus italicus (Linnaeus, 1758), and the Asian migratory locust, Locusta migratoria migratoria
(Linnaeus, 1758) in southern European Russia [1]. Also, over the last decade, the Moroccan
locust, Dociostaurus maroccanus (Thunberg, 1815), has been observed periodically in that
region [2].

Until the middle of the last century, information about fungi infecting locusts was
scarce, with the only exception being Entomophaga grylli (Fresen.) A. Batko (Entomophtho-
rales) [3]. In 1891, Brongniart documented several entomopathogenic fungi discovered on
Shistocerca gregaria (Forskal, 1775) in Algeria, among which two were subsequently named
Botrytis brongniartii Sacc. (syn. Beauveria brongniartii (Sacc.) Petch) and Botrytis delacroixii
Sacc. (syn. Beauveria delacroixii (Sacc.) Petch) [4,5]. Sporotrichum globuliferum Speg. (syn.
Beauveria bassiana (Bals.-Criv.) Vuill. s.l.) has been found in natural populations of the
South American locusts, Schistocerca cancellata (Serville, 1838), in 1897 [6]. Reyes [7] noted
considerable mortality in a population of migratory locusts in the Philippines caused by
B. bassiana. Later, Schaefer [8] described red locusts, Nomadacris septemfasciata (Serville,
1838), in South Africa infected with B. bassiana. An epizootic disease caused by Metarhizium
anisopliae (Metschn.) Sorokin in a swarm of Schistocerca gregaria in Eritrea was reported
by Balfour-Browne [9]. Both E. grylli and M. anisopliae have been identified as pathogens
affecting Patanga succincta (Johannson, 1763) in Thailand [10,11].
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Significant interest in entomopathogenic fungi that infect Acrididae arose in the 1990s.
This was driven by the idea of developing an environmental-friendly microbiological locust
control product as an alternative to chemical insecticides (project LUBILOSA) [12-14]. In
order to obtain the final product, the screening of isolates was based on the idea that the
greatest virulence to locusts would be demonstrated by isolates recovered from this target
insect group (in this case interpreted broadly as including the entire order Orthoptera).
Prior to these studies, there were only 30 isolates of entomopathogenic filamentous fungi
from orthopteran hosts in international microbiological collections [15].

In the course of that work, 181 isolates of M. anisopliae s.1., Metarhizium flavoviride
Gams and Rozsypal, B. bassiana s.1. and Sorosporella sp. were isolated from orthopteran
hosts collected in 1990-1993 in Madagascar, Oman, Pakistan and West Africa [16]. Only
31 isolates were obtained directly from locusts (L. migratoria capito (Saussure, 1884) from
Madagascar and Schistocerca gregaria from Pakistan), that is, 17% of the entire isolates. As
a result, the first anti-locust mycoinsecticide, marketed as Green Muscle, was developed
based on the isolate IMI 330189 Metarhizium acridum (Driver and Milner) J.F. Bisch., S.A.
Rehner and Humber (syn. M. anisopliae var. acridum) and successfully used in Africa [17,18].
The modern range of similar products based on fungi from the genera Metarhizium and
Beauveria includes more than 15 biocontrol formulations [19,20].

Studies on the Moroccan locust mycobiota have also been conducted in southern
Spain [21]. The authors showed that the populations of this species contain B. bassiana s.1.
(dominant) and M. anisopliae s.1., the infection rate of which reaches 1.6-20.5%. Studies
conducted in Uzbekistan by Nurzhanov [22,23] led to the isolation of Beauveria brongniartii
(Sacc.) Petch s.1. (syn. B. tenella) from the Moroccan locust, which has an extremely high
virulence towards the Asian and Italian locusts. In our earlier studies in the Novosibirsk
region of Russia during 2000, we showed that in Italian locust populations, B. bassiana
s.l. was the predominant pathogen and M. anisopliae s.1. occurred only at a relatively low
frequency, with a combined infection rate of nearly 16.6% [24]. Fungal isolates from this
swarm were selected for the production of two anti-locust mycoinsecticides, Mykolar V
and Mykolar M, approved for use in the Republic of Kazakhstan. Despite all of the above,
it should be noted that research on locust entomopathogens, in terms of their natural
occurrence, is quite fragmentary.

Species of genera Beauveria are typical cosmopolitans with pathogenic properties
against arthropods, which can also develop as saprotrophs or endophytes of wild and
cultivated plants. Over recent decades, with the use of molecular genetic methods, signif-
icant phylogenetic changes have occurred within this genus. In addition to revealing a
significant number of cryptic species, several typical telemorphic species were also included
in this genus. To date, about 30 species-rank taxa have been recognized within the genus
Beauveria [25-28].

In Russia, a detailed recent molecular investigation focused on the genetic diversity
within the genus Beauveria of boreal forests of northern European Russia [29]. This study
primarily emphasized Beauveria and other entomopathogenic fungi from xylophagous
insects, especially Ips typographus (Linnaeus, 1758) (Coleoptera: Curculionidae), the most
damaging pest with mass outbreaks causing extensive tree mortality in Norway spruce
forests in Europe. The present study focused on the species and interspecies genetic diver-
sity within Beauveria associated with locusts in southern European Russia. We hypothesized
that in the south, Beauveria pseudobassiana S.A. Rehner and Humber will be less represented
and B. bassiana will be more common with new haplotypes not typical for isolates from
northern xylophagous insects. A supplementary aim of this study was to test the virulence
of any isolates obtained.

2. Materials and Methods
2.1. Insect Populations and Fungal Isolates

We focused on fungal pathogens among three of the most harmful locust species
occurring in the southern Russian Federation: Asian migratory locust (L. migratoria subsp.
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migratoria), Italian locust (C. italicus) and Moroccan locust (D. maroccanus). At some loca-
tions, only mixture populations of non-target locust species were found, but these were
also sampled for fungal isolation. Locust nymphs and adults were collected from June to
October in 2019, 2020 and 2021. Twenty locations were sampled in seven federal subjects of
the Russian Federation (the Republics of Dagestan and Kalmykia, Krasnodar and Stavropol
Krai, Astrakhan, Volgograd and Rostov Regions). Locusts were caught with an entomo-
logical net. Individuals from each location were placed in cages (40 x 40 x 40 cm) and
maintained at high density to cause stress and encourage fungal infection [16,30]. Cages
were kept under standard room conditions, as well as in the open air on the grounds of
the Slavyansk Experimental Station of All-Russian Institute of Plant Protection, Slavyansk-
on-Kuban (45°15'31"” N 38°07'29” E). A diet of wheat and corn was provided to the Asian
and Moroccan locusts, and various species of Artemisia (Asteraceae) to the Italian locusts
as these plants are preferred by this species. For several months, the caged locusts were
examined every 2-3 days for locust cadavers. Environmental specimens of imago locust
cadavers with signs of mycosis were additionally collected in locations 4 and 6 during field
sampling (Figure 1 and Table S1).

Figure 1. The study area in southern European Russia shows ecoregions and locations sampled
for locusts in 2019, 2020 and 2021. The ecoregions (larger white numbers) are: 1, Pontic steppe;
2, Caspian lowland desert; 3, Crimean Submediterranean forest complex; 4, Caucasus mixed forests;
5, Euxine-Colchic broadleaf forests; 6, Eastern Anatolian montane steppe; and 7, Azerbaijan shrub
desert and steppe. The sampling locations (circles with a central black dot) are detailed in Table S1.
Green circles indicate locations with infected locusts from which Beauveria sp. isolates were obtained
and white circles locations with uninfected locusts. City abbreviations: Atrk, Astrakhan; Elst, Elista;
Krsn, Krasnodar; Mhch, Makhachkala; RosD, Rostov-on-Don; Stvl, Stavropol, and Vlgr, Volgograd.
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Insect cadavers were air-dried at room temperature and placed on glass slides in moist
chambers without surface sterilization. When external mycoses occurred, fungal isolation
was made by transferring conidia or mycelium from cadavers to Sabouraud dextrose agar
(SDA; Difco, Detroit, MI, USA) with a sterile inoculating needle. Initial identification of
Beauveria spp. and other entomopathogens was made based on the examination of macro-
and micromorphological features.

2.2. DNA Extraction, Amplification and Sequencing

Fungal genomic DNA was extracted from homogenized mycelium in 1.5 mL Eppen-
dorf tubes using a CTAB/chloroform procedure [31]. DNA probes were resuspended in
diH,O and stored at —20 °C. Primers for partial amplification of translation elongation
factor 1-a (TEF) were 983F and 1567R [32]. To amplify the nuclear intergenic region, Bloc
primers B5.1F and B3.1R were used [33]. All PCR reactions were performed in a final vol-
ume of 25 uL containing 2.5 puL of 10x PCR buffer, 0.5 uL of ANTP mix (10 mM), 0.5 uL of
each primer (10 pM), 0.15 pL of Tag DNA polymerase (5 U/uL, Qiagen, Hilden, Germany),
1 pL of genomic DNA and 19.85 pL of diH20. Parameters of DNA amplification were as in
Rehner and Buckley [32] and Rehner et al. [33]. The amplicon quality was assessed using
electrophoresis on an agarose gel (1%) stained with ethidium bromide in 1x TBE buffer.
The bands chosen for sequencing were excised and then purified with silica particles [34].
The Sanger sequencing of PCR products was performed in both directions using a capillary
DNA sequencer ABI 3500 (Applied Biosystems, Foster City, CA, USA).

2.3. Bioinformatic Analyses

The nucleotide sequences obtained were assembled and manually edited using Vector
NTI Advance 11.5.1 software (Life Technologies, Carlsbad, CA, USA). Sequences were
aligned using the algorithm MUSCLE [35] in the bioinformatics software tool MEGA X [36].
All sequences were trimmed evenly to eliminate the variation in sequence length. After
alignment, the concatenation of TEF and Bloc sequences was conducted in SequenceMatrix
1.7.3 for further multilocus analysis [37]. Appropriate nucleotide substitution models were
identified with ModelFinder based on the Bayesian information criterion [38]. Substitution
models with single genes datasets were TNe + I (TEF) and HKY + F + G4 (Bloc). The
concatenated dataset was divided into two partitions (TEF: 1-406; Bloc: 407-1886) and
appropriate models (TNe + I and HKY + F + G4) were implemented to them. Maximum
likelihood phylogenetic reconstruction for all datasets was conducted in IQ-tree 1.6.12 with
10,000 ultrafast bootstrap approximations [39,40] and visualized in MEGA X.

Total number of haplotypes and haplotype diversity (Hd) were determined using
DnaSP v. 5.10 [41,42]. The relative species abundance was considered as the percentage of
isolates from each fungal species to the total number of fungal isolates.

Maps of sampling locations were constructed with the cloud computing platform
Google Earth Engine [43] using ecoregions dataset [44] and GoogleEarth ver. 7.3.4.8642
software using layers of the Koppen-Geiger climate classification dataset [45].

2.4. Virulence Assay

Forty-five Beauveria isolates were tested for their virulence to nymphs of early instar
laboratory non-diapause population of African migratory locust. Conidia were obtained
from 2-week-old cultures grown on SDA, suspended in a sterile aqueous solution of 0.01%
Tween 80 and mixed vigorously to obtain homogeneous suspensions. Conidial quantifi-
cation was performed using a hemocytometer under a light microscope. Nymphs were
infected by immersing them for 2 s in an aqueous conidial suspension with concentration
adjusted to 1 x 107 conidia/mL. The controls were immersed in a sterile aqueous solution
of 0.01% Tween 80. Five individual insects were placed in 1L plastic rearing containers
with 4 replicates containers for each isolate. The containers were inspected daily and all
dead individuals were removed. During the experiment, insects were fed with fresh wheat
leaves. To determine the cause of death, superficially sterilized insect cadavers were placed
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in wet chambers (Petri dishes with an inner diameter of 88 mm with wet paper in them),
followed by culturing and microscope examination.

2.5. Statistical Analyses

Data analyses were performed using Statistica 8 (StatSoft Inc., Tulsa, OK, USA) [46].
The normality of data was checked with the Shapiro-Wilk W test. Normally distributed data
were analyzed by one-way ANOVA followed by Tukey’s post hoc test. A Kaplan-Meier
log-rank test was used to calculate the median lethal time (presented as LT5y £ SE).

3. Results

Locust samples were collected in 20 locations in southern European Russia (Figure 1).
Pure swarms of L. migratoria were observed in seven locations, C. italicus in five locations
and D. maroccanus in four locations. In the rest of the locations, locusts occurred in mixture
populations of non-target species (Dociostaurus spp., Calliptamus spp. and others). Detailed
species composition and locust samples obtained at each location are presented in Table
S1. Infected individuals with mycoses were identified in more than 50% of the sampled
locations (Table S2). The highest percentage of infected individuals was for L. migratoria
in the Primorsko-Akhtarsky district, Krasnodar Krai (28.3% at location 4 and 22.1% at
location 6; Table S2). In location 4, second instar nymphs of L. migratoria were collected
with these belonging to a second generation (which is uncommon in southern European
Russia). They were collected in early October on the border of flooded and adjacent areas
when the hatching of nymphs from egg pods laid in August began. The nymphs began to
hatch from the southern side of the slopes, huddled together in bands and went beyond
the wetlands to the adjacent areas, including cropping fields. The emergence of these
bands along the floodplains continued to at least late October. These second-generation
individuals (including those collected and kept outside in cages), even in conditions of a
very mild winter, could not complete their ontogenesis and died.

The percentage of infected individuals isolated from C. italicus varied from 1.2 to 6.5%.
The percentage of fungal infection in the D. maroccanus populations did not exceed 3.3%.

Almost all fungal isolates were determined as Beauveria spp. with the exception of
some opportunistic genera, Aspergillus spp. and Fusarium spp. Forty-five Beauveria isolates
were purified and sequenced from eight locations (Figure 1 and Figure S1). These isolates
included only two species, B. bassiana and B. pseudobassiana. B. bassiana was the most
frequently encountered species (98% of all isolates). Twenty-nine isolates of B. bassiana
were from L. migratoria, thirteen from C. italicus, two from Dociostaurus sp. and one from an
unidentified Acrididae specimen. B. pseudobassiana was represented only by a single isolate
(BCi16Rv20) from C. italicus (Rostov region, Salsky district).

The total Hd for the B. bassiana isolates across all locations reached 0.556 (TEF), 0.742
(Bloc) and 0.742 (TEF and Bloc). There were five B. bassiana haplotypes for TEF and nine for
Bloc and MLS.

Analysis of the phylogenetic tree constructed for concatenated TEF and Bloc sequences
revealed three major clades (Figure 2). Clade 1 with the most B. bassiana isolates (61%) was
relatively close to the reference isolate ARSEF 2040 from Genbank. The two haplotypes
found within this clade were differentiated by a single transversion (A /C) in the Bloc locus.
One of these haplotypes was completely identical to the isolate Bsc76Ng18 (Genbank) from
bark beetles of a northern European boreal forest. Clade 1 included most of the L. migratoria
isolates (21 of 29) and half of the C. italicus isolates (6 of 12).

Clade 2, representing 27% of the isolates, was distant from Clade 1 but relatively close
to the B. bassiana reference isolate, ARSEF 1811 (identity: TEF 100% and Bloc 99.93%).

Clade 3 contained several haplotypes represented by single isolates. BLm1Rv19 was
identical to B. bassiana ARSEF 1564 and separated by only one transversion (T/G) from
Blm2Rv19, which was recovered from locusts in the same location. The sister lineage to this
group contains the haplotype represented by isolate BCi14Rv20. Additionally, two isolates
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(BLm27KK20 and BLm17KK20) represented two distinct lineages well separated from the
above haplotypes.

BLmM20KK20 Clade 1
BLm31Vg20
BLm3Rv19
BLmM24KK20
BSc76Ng18 bT2B2*
BLmM23KK20
BLm5Rv19
BLm6Rv19
BLM22KK20
BLm18KK20
BCi2Rv19
BLM21KK20
BLmM15KK20
BLm32Vg20
BLmM26KK20
BCi4Rv19
BLmM14KK20
BLm4Rv19
BLmM19KK20
BLm7Rv19
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BCi3Rv19
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Figure 2. Phylogenetic tree of Beauveria spp. based on the maximum likelihood (ML) analyses of two
concatenated loci (TEF and Bloc). ML bootstrap values (>50%) are shown at the nodes. Beauveria
bassiana isolates were divided into three clades and highlighted in color. Reference sequences are
indicated in bold. Sequences (haplotypes) from an earlier study [29] are indicated by asterisks.
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All tested B. bassiana isolates caused significantly greater mortality (p < 0.05) in locust
nymphs compared to the control 9 days post-treatment (dpt, Table 1). By this time, the
mortality between isolates ranged between 23.8 and 100%. Although, the majority of the
isolates caused high mortality (>90%) in the tested insects, regardless of their phylogeneti-
cally established haplotypes. Isolates recovered from C. italicus and L. migratoria had the
same rate of pathogenicity in the test insects (x* = 3.25, df = 1, p = 0.067). The single isolate
of B. pseudobassiana was also significantly pathogenic (mortality 93.3 £ 6.7%). Significant
differences in LT5( (5 and 7 dpt) were detected between isolates that caused high levels of
mortality (85-100%).

Table 1. Mortality of the African migratory locust after treatment with a conidial suspension of
Beauveria spp. isolates. Letters (a—c) indicate values within columns, which differ significantly at

p <0.05.
Isolate Host Location CIOSSIESF;; nce LTs 1\}/[;::;}1::55
ean
Beauveria bassiana
BCilRv19 50+0.19a 100 a
BCi2Rv19 50+041a 100 a
BCi3Rv19 N Rostov region, 7.0 £ 0.68b 100 a
BCi4Rv19 forb-wormwood steppe 5.0 £ 0.91 ab 100 a
BCi5Rv19 7.0 + 044D 100 a
BCi6Rv19 7.0+ 0.16b 100 a
BLm3Rv19 5.0 +0.59 ab 100 a
BLm4Rv19 7.0+ 0.18b 867 +6.7a
BLm5Rv19 Rostov region, 50+£023a 100 a
BLm6Rv19 reedbeds 50+ 041a 100 a
BLm7Rv19 70+ 0.14b 933+67a
BLm31Vg20 Volgograd region, 5.0+ 091ab 100 a
BLm32Vg20 reedbeds 50+041a 867 + 133 a
BLm11KK20 ARSEll’JZO 10 7.0 + 0.68 ab 86.7 +13.3a
BLm13KK20 5.0 + 0.59 ab 933+67a
BLm14KK20 5.0+ 047 a 933 +6.7a
BLm15KK20 L. migratoria 70+0.19b 9B3+67a
BLm18KK20 5.0+ 0.64 ab 933+67a
BLm19KK20 50+031a 933+ 67a
BLmM20KK20 Krif;‘éiaey;mi’ 50+00a 100 a
BLm21KK20 50+04la 100 a
BLm22KK20 7.0 + 0.30 b 100 a
BLmM23KK20 5.0+ 1.00 ab 100 a
BLmM24KK20 7.0+ 044D 100 a
BLm25KK20 - 467 67D
BLmM26KK20 7.0 033D 100 a
BLm28KK20 7.0 +0.61 ab 933+67a
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Table 1. Cont.
Mortality
*
Isolate Host Location Clade %, LT5g after9d,
Close Reference Mean - SE
BCi7Rv19 7.0 & 0.61 ab 86.7 + 6.7 a
BCi13Rv20 Rostov region, 5.0 + 0.61 ab 933 +6.7a
forb—-wormwood steppe
BCil5Rv20 C. italicus 5.0+ 0.51 ab 100 a
BCi11As20 Astrakhan region, 5.0 & 0.91 ab 100 a
BCi12As20 forb-wormwood steppe 5.0+ 041a 100 a
BLm12KK20 7.0 +0.38b 933+67a
BLm16KK20 L. migratori Krasnodar krai, , 50+ 028a 100 a
BLm4KK21 reedbeds ARSEF1811 7.0+042b 100 a
BLm5KK21 - 2384+ 95¢
BDs8Rv21 Dociostaurus sp. Rostov region, 7.0 +0.81 ab 66.7 +12.6 b
forb-wormwood steppe
BDs9Km21 D. marrocanus _ Kalmylia, 7.0+ 0.38b 952 +48a
gramineous-forb steppe
BAc1D21 Acrididae sp. Dagestan, 7.0 +0.40 b 952+ 48a
forb steppe
BLm1Rv19 L , 7.0+030b 100 a
. miQratoria .
BLm2Rv19 § Rostov region, 3 50+029a 100 a
reedbeds ARSEF1564
BCil4Rv20 C. italicus 7.0+ 0.44b 100 a
BLm17KK20 L. migratoria Krasnodar krai, - 5.0 + 1.05 ab 86.7 + 6.7 a
reedbeds
BLm27KK20 L. migratoria Krasnodar krai, - 7.0 £024b 100 a
reedbeds
B. pseudobassiana
BCil6Rv20 C. italicus Rostov region, - 5.0 + 0.97 ab 933+ 67a

forb-wormwood steppe

* Clades are as Figure 2.

4. Discussion

This study found fungally-infected locusts in half of the sampled locations. In most
cases, the prevalence of infection in the locusts did not exceed 5%. The exception was two
locations in Krasnodar Krai, which have old and well-known Azov-Kuban populations of
the Asiatic locust.

The migratory locust in Russia and neighboring countries is considered to have mostly
one generation per year [1]. In the autumn of 2020, due to unusually conducive weather
conditions, an uncommon second generation of locust emerged from the egg pods that
had been deposited earlier that year (location 4). Such a phenomenon is very rare in these
areas [47]. Nevertheless, a change in the weather subsequently negatively affected the
further development of the nymphs, weakened them and did not allow them to complete
ontogenesis. The consequence of this was the high prevalence of infected individuals in
this population. Similarly, the cadavers of adult locusts (the single generation, location
6), collected in the Krasnodar Krai in autumn of 2021, also had a high prevalence of
mycosis. In contrast, in all populations obtained and tested in summer, the percentage
of infected individuals was significantly lower. A high prevalence of fungal infections
in autumn is caused by favorable seasonal conditions for infection and development of
the pathogen, accompanied by temperature decrease and humidity increase, as well as
the weakening of insects due to age-related changes and lack of good nutrition. This is
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consistent with numerous reports that entomopathogenic ascomycetes are largely adapted
to infecting insects weakened by various stress factors [48]. In addition, it is known that
entomopathogenic ascomycetes are consistently present in soils, but, especially in arid
zones, often have a low prevalence, as well as low to medium virulence [49,50].

During our study of entomopathogenic fungi from the genus Beauveria associated
with natural populations of locusts in southern European Russia, it was found that this
genus is largely represented by the species B. bassiana. Of the 45 isolates obtained from the
various sampling locations, only one was B. pseudobassiana, which is presumably typical of
forest ecosystems [29,51]. Earlier, during a study of the distribution and genetic diversity of
Beauveria in the boreal forests of northern European Russia, B. bassiana was less abundant
and comprised 11% of all isolates. In the same study, four haplotypes of B. bassiana were
described and assigned as bT1B1, bT2B2, bT3B3 and bT4B4 (for details see Table S4 and [29]).
Some of these haplotypes were found in the current study, therefore, reference isolates from
each northern European Russia haplotype were included in the current phylogenetic tree
(Figure 2). Isolate BD62Ps13, referred to as bT1B1 (the most abundant B. bassiana haplotype
in northern European Russia), was in Clade 3 of the current research. The reference isolate
BSc76Ng18 (bT2B2 haplotype) was in Clade 1, which was the most abundant in the south.
Clade 2 did not correspond to any previously reported boreal haplotypes. Combining
data from the two investigations, we conclude that from north to south, the proportion of
B. pseudobassiana decreases with the simultaneous increase of B. bassiana. In parallel, the
population genetic structure of B. bassiana also changes. For boreal zones, haplotypes from
Clade 3 are more prevalent, while to the south, the members of Clade 1 are more frequently
observed and the abundant Clade 2 appears.

Beauveria caledonica Bissett and Widden recorded in boreal forests of north European
Russia [29], as well as, B. brongniartii, according to earlier reports located in this area were
not detected in our investigation. The absence of these species in our collection may be due
to their rarity or their adaptation to other environmental conditions or other arthropod
hosts. During the previous sampling in boreal forests, entomopathogenic fungi from
another seven taxonomic groups were identified [29], which differs markedly from the
current study in which no other entomopathogenic fungal species were identified in the
sampled locust specimens.

Overall, the diversity of entomopathogenic fungi identified from locusts in the current
study was low. Previous studies have reported that members of the genus Metarhizium are
often present in locust populations. In southern Spain, both B. bassiana and M. anisopliae
were found in the natural populations of the Moroccan locust (D. maroccanus), with B.
bassiana being the predominant species [21]. In Madagascar, in addition to 14 B. bassiana
isolates, 9 isolates of M. flavoviride were obtained from L. migratoria capito [16].

Given that the sampling and isolations made in the current work were not fully geo-
graphically representative, it is not possible to link the clades found to the main ecoregions
of southern European Russia or its climatic zones (Figure 1 and Figure S1). This is evident
in that most of the isolates (98%) were obtained from the Pontic steppe ecoregion (Képpen
climatic zone Dfa; see Figures 1 and S1 captions) and only one isolate from the Caspian
lowland desert (Kdppen climatic zone Bsk). Nevertheless, the distribution of the fungal
clades is likely to be strongly influenced by the characteristics of the habitats (such as open
steppe, forest, reedbeds and desert) and mesorelief.

This study also investigated the pathogenicity of 45 Beauveria isolates in African
migratory locusts. At 9 dpt, 55% of the tested fungal isolates caused complete mortality
(100% of individuals) and 27% of isolates caused mortality of over 90%. The high virulence
of the majority of the isolates could be attributed to their specificity to the test insects, with
all being isolated from locusts. The reported pathogenicity of isolates from locusts varies
widely in the literature. For example, the isolate of B. bassiana EABb90-2/Dm isolated from
D. maroccanus in southern Spain was found to be only moderately virulent against this locust
species. The LT5q calculated for the highest concentration (836 conidia/insect), caused 67%
mortality of fourth-instar of D. maroccanus within 8 days [21]. B. brongniartii isolate BD-55
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from the Moroccan locust in Uzbekistan was highly virulent against second-instar nymphs
of Asian and Italian locusts, causing 100% mortality after 10 days at2 x 107 conidia/mL [23].
B. bassiana isolate BBK-1 from the Italian locusts collected in the Novosibirsk region had
high virulence in second-instar nymphs of L. migratoria migratorioides causing complete
mortality after 7 days at 1 x 107 conidia/mL [52]. These findings suggest that virulence is
primarily determined by the biological properties of the isolate itself, rather than by the
source of isolation.

5. Conclusions

It has been shown that Beauveria species are present in local locust populations in
southern European Russia on a permanent basis and their species and intraspecific com-
position is not diverse. Fungal infection in locust populations in this region can be seen
as usually sporadic, but under conditions unfavorable for insect hosts, it might occur at a
high frequency. This is possible because the vast majority of Beauveria isolated from locusts
showed a high level of virulence in this group of insects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d15080930/5s1, Figure S1: The study area in Southern European
Russia showing Koppen-Geiger climate classification and locations sampled for locusts in 2019,
2020 and 2021; Table S1: Sampling location details; Table S2: Infection frequency in different locust
populations; Table S3: Beauveria spp. isolated in this study, their origin, host, clades and GenBank
numbers; Table S4: Reference sequences.
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