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A B S T R A C T

The oriental hornet (Vespa orientalis) is increasingly recognized as a significant pest of honey bees in southern 
Europe and other dry sub-humid regions, where it causes colony losses, disrupts foraging activity, and may 
contribute to pathogen circulation among apiaries. Current control measures, based mainly on trapping and nest 
destruction, are labor-intensive and raise concerns for non-target organisms, highlighting the need for sustain
able alternatives. Entomopathogenic fungi represent promising candidates due to their insecticidal activity and 
potential for horizontal transmission within social groups. Here we characterized the fungal community asso
ciated with decaying V. orientalis nests and identified Beauveria varroae as a naturally occurring entomopathogen. 
The nest-associated strain was compared with a commercial Beauveria bassiana strain (ATCC 74040; Naturalis®) 
in laboratory bioassays on adult hornets using contact, ingestion, and indirect transmission routes. Survival 
analyses revealed significant route-dependent mortality for both strains. Histological observations confirmed 
fungal penetration and systemic colonization, particularly of fat body tissues, and indicated host immune re
sponses at lower inoculum levels. Indirect transmission assays demonstrated the capacity of infected individuals 
to disseminate conidia to conspecifics. These findings identify B. varroae as a virulent pathogen of V. orientalis 
and support the feasibility of exploiting nest-level horizontal transmission (“Trojan horse” strategy) for hornet 
management. Further research should focus on optimizing delivery systems and assessing field applicability 
within integrated pest management frameworks.

1. Introduction

Hornets of the genus Vespa (Hymenoptera: Vespidae) are among the 
most effective predators of honey bees, exerting strong pressure on 
colonies through direct predation and persistent foraging interference 
(Abd Al-Fattah et al., 2014; Matsuura et al., 1990; Tan et al., 2013). Most 
Vespa species are native to East and Southeast Asia (Richards, 1971), but 
several aspects of their biology facilitate their successful invasion of 
habitats in nonnative regions (Otis et al., 2023), where they often 
establish becoming invasive pests (Arca et al., 2015; Kim et al., 2006; 
Pusceddu et al., 2022; Sánchez et al., 2024; Werenkraut et al., 2022; 

Wilson et al., 2020). The impact of Vespa spp. invasions are not limited 
to managed honey bee populations, but may extend to native arthropod 
communities through predation, competition and fear (Otis et al., 2023; 
Tan et al., 2013), with potential negative effects on pollination and 
natural biocontrol (Beggs et al., 2011; Hanna et al., 2014). Even 
V. crabro and V. orientalis, which are naturally distributed across Europe 
and the Mediterranean basin (Cetkovic, 2003), may behave as pests 
when introduced in novel subregional areas (Pusceddu et al., 2022; 
Temreshev, 2018; Zucca et al., 2024).

Over the past decade, partly due to anthropogenic transport and 
climatic suitability, V. orientalis has expanded its range beyond its 
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traditional Mediterranean distribution and has been recorded in several 
European countries, including Spain (Hernández et al., 1999), Romania 
(Zachi and Ruicănescu, 2021), France (Gereys et al., 2021), and the 
Greek islands (Ceccolini, 2022). In Italy, the species was historically 
confined to Sicily, Calabria, Campania, and Lazio (Cetkovic, 2003), but 
has recently spread to Marche, Tuscany, Sardinia, Liguria, and Friuli 
Venezia Giulia, where it occurs at variable population densities (Bressi 
et al., 2019; Graziani and Cianferoni, 2021; Ruschioni et al., 2023). 
Human-mediated introductions have also been documented in Chile and 
Mexico (Dvořák, 2006; Ríos V. et al., 2020). In temperate regions, 
V. orientalis exhibits an annual colony cycle (Ishay, 1964). After over
wintering, founding queens establish primary nests in early spring, 
which initially contain a limited number of brood cells (Darchen, 1964). 
The emergence of the first workers by early summer allows the colony to 
grow rapidly, reaching peak size during the summer months, with 
populations of up to 400 individuals (Archer, 1998). Reproductive in
dividuals are produced towards late summer and autumn; newly 
emerged queens mate and subsequently overwinter before founding new 
colonies the following year (Ishay, 1964; Matsuura et al., 1990). In dry 
sub-humid climatic areas such as South Europe, North Africa, West/ 
South Asia, V. orientalis is considered one of the most damaging pests of 
Apis mellifera, causing substantial colony losses (Ishay, 1964; Sweelam 
et al., 2019). Adult hornets primarily consume carbohydrates, such as 
nectar, honeydew, and ripe fruits (Archer, 1998), whereas larvae require 
large quantities of protein. Consequently, workers actively prey on large 
insects, particularly honey bees, and also exploit scavenging resources 
such as meat and fish (Ishay and Ikan, 1968). Predation pressure on 
apiaries is greatest between July and November, coinciding with the 
peak protein demand of developing larvae and maximum colony growth 
(Archer, 1998; Baracchi et al., 2010). Beyond direct predation, 
V. orientalis represents a potential epidemiological threat to honey bees, 
contributing to pathogen dissemination among apiaries (Zucca et al., 
2024). A recent biomolecular survey in Italy detected six honey bee 
viruses (ABPV, BQCV, CBPV, DWV, KBV, and SBV), tripanosomatides 
and Vairimorpha ceranae in hornet specimens, with frequent co- 
infections observed (Power et al., 2024, 2023, 2022). Finally, 
V. orientalis also poses a public health concern: although not more 
aggressive than other hornets such as V. crabro, its tendency to nest and 
forage in densely populated urban areas increases the likelihood of 
human–hornet interactions (Smith-Pardo et al., 2024; Zucca et al., 
2024).

Current control strategies against hornets rely largely on mechanical 
trapping, nest destruction, and, in some cases, on synthetic insecticides 
delivered either by direct nest treatment or via contaminated individuals 
used to transfer the active substance to the colony. These approaches 
suffer from major limitations, including low selectivity, variable effi
cacy, labor intensity, and potential negative effects on non-target in
sects, including pollinators (Lester, 2025; Malaquias Souto et al., 2025; 
Rojas-Nossa et al., 2024). Moreover, chemical control is particularly 
problematic in the context of apiaries, where the risk of affecting bees 
and contaminating hive products is unacceptable. As a result, there is a 
growing interest in alternative, environmentally compatible control 
strategies that can be integrated into sustainable pest management 
programs (Turchi and Derijard, 2018).

Among biological control options, entomopathogenic fungi (EPF) 
represent a promising but still underexplored tool for hornet manage
ment (Bava et al., 2022; Poidatz et al., 2018). Fungi belonging to the 
genus Beauveria are well known for their broad EPF potential and have 
been widely studied and applied against agricultural pests. Their path
ogenicity relies on a combination of mechanical penetration and enzy
matic degradation of the insect cuticle, mediated by proteases, lipases, 
esterases, and chitinases, followed by colonization of the hemocoel and 
the production of toxic secondary metabolites, such as beauvericin 
(Mannino et al., 2019; Pedrini, 2022; Valero-Jiménez et al., 2016b). The 
infection process typically culminates in host death and the emergence 
of fungal reproductive structures on the mummified insect cadaver 

(Hajek and St. Leger, 1994). Importantly, the quantity and composition 
of virulence factors and secondary metabolites vary markedly among 
Beauveria species and even among strains of the same species, influ
encing host specificity and efficacy (Fuguet and Vey, 2004; Quesada- 
Moraga and Vey, 2003; Ranesi et al., 2024; Valero-Jiménez et al., 
2016a). Beyond direct pathogenicity, an important advantage of EPF 
lies in their potential to be disseminated through insect behavior, 
enabling indirect transmission within social groups. In social wasps, 
including Vespa spp., workers engage in frequent physical interactions 
such as grooming, trophallaxis, and nestmate contact, which can facil
itate the horizontal transfer of fungal propagules from treated in
dividuals to conspecifics (Hunt et al., 1982; Ishay and Ikan, 1968; 
Poidatz et al., 2022). This concept has been described as a “Trojan 
horse” strategy, whereby foraging adults acquire the pathogen outside 
the nest and subsequently introduce it into the colony environment 
(Poidatz et al., 2019, 2018). In this context, exploiting nest-associated or 
host-adapted EPF may further enhance the effectiveness of Trojan horse 
strategies by improving pathogen persistence, transmission efficiency, 
and host specificity (Brodeur, 2012). However, the success of such ap
proaches depends on a detailed understanding of fungal virulence, 
transmission dynamics, and host immune responses, factors that remain 
largely unexplored for V. orientalis.

In this study, we investigated the interaction between V. orientalis 
and Beauveria spp. by characterizing the mycobiota associated with 
hornet nests and isolating B. varroae directly from nest material. We then 
compared its virulence with that of a commercial B. bassiana strain 
(Naturalis®) using different inoculation routes under controlled labo
ratory conditions. By combining survival analysis, transmission assays, 
and histopathological observations, our aim was to assess fungal path
ogenicity, host responses, and transmission potential, providing a first 
evaluation of Beauveria-based strategies for the biological control of 
V. orientalis.

2. Materials and methods

2.1. Fungal isolation and identification

Fungal isolates were obtained from two collapsing V. orientalis col
onies collected during 2023 and 2024, in Portici (Naples, Southern Italy) 
and Palermo (Southern Italy), respectively. Dead individuals and debris 
were extracted from the nest using sterile forceps and washed in PBS +
0.5% Tween 20. Insects and debris were processed by serial dilution 
method using sterile distilled water. An aliquot (100 μL) of the sus
pensions were plated on PDA Petri dishes (9 cm). Washing buffer ali
quots (100 μL) were plated as well, to discriminate between inner and 
outside fungal presence. Fungal colonies were subcultured and identi
fied by molecular techniques targeting ITS regions. DNA extraction with 
CTAB buffer and PCR using ITS-1F and ITS-4 primers were performed 
following protocols described elsewhere (Cubero et al., 1999). After 
sequencing, the isolates were identified by blastn searches against ITS 
TYPE material db (NCBI). One isolate was identified as B. varroae 
(PDA11Vo712), while a commercial strain of B. bassiana (ATCC 74040) 
was isolated from a biopesticide formulation (Naturalis®, CBC S.r.l., 
Grassobbio, Italy), by plating 1:100 dilution of the product on PDA.

Phylogenetic analysis was conducted on PDA11Vo712 strain by 
aligning ITS and RPB1 sequences of isolates from GenBank (Supple
mentary Table S1), selected among the most similar hits reported by 
blastn searches against nr/nt and TYPE material databases (NCBI). PCR 
to amplify a fragment of RPB1 locus, which encodes largest subunit of 
RNA polymerase II, was performed using the primers RPB1-313F (5′- 
YTGGARATTGTCTGCCAYAAY-3′) and RPB1CrW (5′- 
CCNGCDATNTCRTTRTCCATRWA-3′), following a protocol described 
elsewhere (Simmons et al., 2015).

ITS and RPB1 sequences were aligned independently using MUSCLE 
v5.3 (Edgar, 2022) and the resulting alignments were visually inspected 
and manually curated where necessary using AliView (Larsson, 2014). 
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Phylogenetic relationships were subsequently investigated using both 
single-locus and concatenated datasets (ITS = 1–587 bp; RPB1 =
588–1319 bp). For the concatenated analyses, two datasets were 
generated: (i) a complete two-locus dataset comprising the 14 taxa for 
which both ITS and RPB1 sequences were available, and (ii) a broader 
dataset comprising all 24 taxa included in the ITS analysis, with the 
RPB1 partition coded as missing data for taxa lacking RPB1 sequences. 
ITS and RPB1 alignments were concatenated while retaining the two loci 
as separate partitions.

The best-fitting nucleotide substitution model for each locus was 
selected using ModelTest-NG v0.1.7 (Darriba et al., 2020) according to 
the Bayesian Information Criterion (BIC). TIM2 + I + G4 and TrNef+G4 
were selected for the ITS and RPB1 partitions, respectively. Maximum- 
likelihood phylogenetic inference was performed using RAxML-NG 
v2.0.2 (Kozlov et al., 2019), allowing each partition to evolve accord
ing to its respective substitution model. Branch support was assessed 
using 1000 non-parametric bootstrap replicates. The complete 14-taxon 
concatenated dataset was used for the primary phylogenetic recon
struction, while the 24-taxon sparse-matrix analysis and the individual 
ITS and RPB1 phylogenies were used to evaluate the robustness of the 
inferred taxonomic placement. The phylogenetic tree was drawn using 
the software FigTree v1.4.3.

2.2. Virulence assay on V. orientalis adults

Beauveria species were grown on PDA plates at 25 ◦C in dark con
ditions. Conidia were harvested from 10-day-old PDA cultures, scraped 
from plates, and suspended in water to a final concentration of 107 

conidia/mL, to perform oral inoculation assays. For direct contact and 
indirect transmission inoculation assays, conidia were suspended in an 
emulsion of 5% sunflower oil, 5% Tween 20 and 90% sterile water, to 
facilitate adhesion to the hornet integument (Ranesi et al., 2024).

Adult females of V. orientalis were collected using an entomological 
net, while attacking managed colonies of Apis mellifera. Subsequently, 
the individuals were transferred into 50-mL Falcon tubes and introduced 
into observation arenas. Each arena consisted of transparent plastic 
boxes (16 cm × 11 cm × 6 cm) to which feeding dispensers were 
attached to provide food to the hornets during the experiments (Sup
plementary Fig. S4).

All experiments were conducted at the Apidology laboratory of the 
SAAF Department, University of Palermo, under controlled temperature 
(25 ± 1 ◦C) and relative humidity (70 ± 5%) conditions; the light–dark 
cycle was 16:8 h. Each trial began after keeping the hornets inside the 
arenas for 24 h under optimal conditions and adequately fed, so that 
they could acclimate.

Five adults were placed in each arena, maintained at the above 
conditions and inoculated with the B. bassiana ATCC 74040, B. varroae 
PDA11Vo712, or control solution as described below. After a 24 h 
acclimation period inside the arenas, hornets were artificially infected 
using three methods: direct contact, ingestion, and indirect trans
mission. For each fungal strain and each inoculation method, four arenas 
(5 hornets per arena) were set up per experimental run. The entire 
experiment was repeated twice. Each fungal treatment consisted of 40 
hornets per inoculation method (5 hornets × 4 arenas × 2 experimental 
repetitions), whereas the corresponding control treatment consisted of 
20 hornets.

To test virulence by direct contact exposure, each hornet was 
removed from the Falcon tube and restrained using soft plastic labora
tory tweezers to avoid injury; then, using a micropipette, a 10 μL drop of 
conidial suspension, or tween/oil control emulsion without conidia, was 
applied to the dorsal thorax. After waiting for the emulsion to dry, the 
hornets were transferred again inside the observation arenas, in groups 
of five.

To test virulence by ingestion, hornets were fed through the dis
pensers with a 25% (w/v) sucrose syrup containing 107 conidia/mL, for 
24 h. Control hornets received the same sucrose solution without 

conidia. After the exposure period, the inoculated diet was replaced with 
50% (w/v) sucrose syrup, which was provided for the remainder of the 
experiment.

Finally, to test virulence of Beauveria isolates by indirect trans
mission, one hornet was marked using Uni POSCA Paint Markers (Uni 
Mitsubishi Pencil, UK) and inoculated by contact, as described above. 
The topically inoculated hornet was introduced into the arena contain
ing four untreated individuals, allowing seconday exposure through 
contact. For the corresponding control treatment, the marked carrier 
hornet was treated identically with the conidial carrier (tween/oil 
emulsion) but without conidia before being introduced into an arena 
with four untreated hornets. Two hours after inoculation, observation 
arenas were checked to replace any individuals that had died from 
causes not directly attributable to the fungi. Survival was monitored 
every 24 h for 10 days, removing dead hornets from the arena. Kaplan- 
Meier survival curves were generated and compared using log-rank 
tests.

2.3. Macroscopic and microscopic examination

After 10 days, for each experimental condition, surviving individuals 
were 10% neutral buffered formalin (NFB) fixed and shipped to the 
Histopathology and Diagnostic Core of the Department of Biology, 
University of Naples “Federico II”. All samples were observed at the 
stereomicroscope (Zeiss Stemi 305 trino, New York, USA) to detect the 
presence of anatomical alterations, and further processed for histologi
cal examination as previously described (Power et al., 2024). Briefly, 
samples were cut sagittally and the two halves were placed in embed
ding cassettes and automatically processed (Thermo Fisher Scientific 
Shandon Citadel 1000, Massachusetts, USA). Three μm sections were 
subsequently stained with Haematoxylin and Eosin (HE) to identify 
possible microscopic lesions and with Grocott methenamine silver 
staining following the manufacturer's protocol (Bio-Optica, Milan, Italy) 
to detect the presence of fungi.

3. Results

3.1. Characterization of fungal isolates from V. orientalis nest

A total of 16 fungal isolates were obtained from different develop
mental stages and nest components of V. orientalis, including larvae, 
pupae, adults, and surface washes (Table 1). The isolates were identified 
by molecular analysis of the ITS region. Among them, the most 
frequently isolated taxa were yeasts and filamentous fungi commonly 
associated with environmental or insect-associated niches.

In the Portici (Naples) nest, six species were isolated from larvae, 
including Cladosporium puyae, Penicillium citreosulfuratum, Botryotinia 
ranunculi, Aspergillus chevalieri, Candida parapsilosis, and notably Beau
veria varroae (Table 1). The latter was selected for pathogenicity testing 
due to its entomopathogenic potential. Candida parapsilosis was also 
recovered from pupae and adult washes, suggesting it is a common nest 
yeast. Yeasts such as Metschnikowia chrysoperlae and M. pulcherrima were 
isolated from washing water of pupae and adults, respectively, indi
cating contamination of external surfaces. From adult specimens, fila
mentous fungi such as Penicillium citrinum, P. thomii, and Cladosporium 
ramotenellum were identified (Table 1). In the Palermo nest, three fungal 
colonies were isolated from adults, including Talaromyces primulinus, 
Didymella keratinophila and Curvularia subpapendorfii, two fungal col
onies were isolated from pupae, including Aspergillus versicolor and 
Didymosphaeria variabile, while no fungal colonies were isolated from 
larvae.

Phylogenetic analysis of the complete concatenated ITS–RPB1 
dataset strongly supported the assignment of isolate PDA11Vo712 to 
B. varroae (Fig. 1). PDA11Vo712 clustered with B. varroae LRMH_C291 
with 89% bootstrap support, and this group formed a strongly supported 
clade with the B. varroae type strain ARSEF 8257 (93% bootstrap 
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support). In contrast, the B. bassiana strains ATCC 74040, the active 
ingredient of the biopesticide Naturalis®, and ARSEF 1564 formed a 
distinct lineage with 98% bootstrap support. The placement of 
PDA11Vo712 within the B. varroae lineage was also recovered in the 
broader 24-taxon concatenated analysis, which retained taxa lacking 
RPB1 data as missing characters, as well as in the individual ITS and 
RPB1 analyses (Figs. S1–S3).

3.2. Survival analysis following inoculation of conidial suspensions

Log rank analysis revealed a significant impact of treatments on 
V. orientalis survival, which was reduced in all treated groups (n = 40) 

compared to controls (p < 0.05). In contact experiment (Fig. 2a), both 
B. varroae PDA11Vo712 (Bv) and B. bassiana ATCC 74040 (Bb) reduced 
survival significantly, at a similar level (Control-Bv log rank test: χ2 =

12.24; P = 0.0005; Control-Bb log rank test: χ2 = 13.26; P = 0.0003). 
When delivered by ingestion, Bv was more virulent than Bb (Bb-Bv log 
rank test: χ2 = 4.80; P = 0.03), with faster onset of mortality (Fig. 2b). In 
the indirect transmission experiment, a significant increase of mortality 
was observed in cage mates (Control-Bv log rank test: χ2 = 14.31; P =
0.0002; Control-Bb log rank test: χ2 = 6.80; P = 0.009), suggesting 
horizontal transfer by contact (Fig. 2c). Notably, mortality increased 
lately in indirect transmission experiments (4–5 days after treatment) 
compared to topical treatments (Fig. 2a).

Table 1 
Fungal species isolated from V. orientalis.

Source Location Isolate Accession Species* Best match* Query cover (%)* Identity (%)*

Larva Portici PDA35Vo724 PX915584 Cladosporium puyae NR_152298.1 97 99.81
Larva Portici PDA25Vo717 PX915585 Penicillium citreosulfuratum NR_153252.1 100 99.14
Larva Portici PDA11Vo712 PX915586 Beauveria varroae NR_111599.1 98 99.46
Larva Portici PDA23Vo716 PX915587 Botryotinia ranunculi NR_164278.1 99 99.44
Larva Portici PDA31Vo719 PX915588 Aspergillus chevalieri NR_135340.1 95 100
Meconium/debris Portici PDA13Vo713 PX915589 Trichoderma atrobrunneum NR_137298.1 99 99.67
Pupa Palermo SAAF_2NA PZ049847 Aspergillus versicolor NR_131277.1 100 98.74
Pupa Palermo SAAF_2OB PZ049849 Didymosphaeria variabile NR_137006.1 93 99.65
Pupa Portici PDA15Vo714 PX915590 Candida parapsilosis NR_130673.1 98 99.61
Pupa - Washing water Portici LB10Vo711 PX915591 Metschnikowia chrysoperlae NR_111376.1 96 98.96
Adult Palermo SAAF_2CA PZ049846 Talaromyces primulinus NR_145151.1 100 98.94
Adult Palermo SAAF_2CC PZ049848 Didymella keratinophila NR_158275.1 100 99.94
Adult Palermo SAAF_2CD PZ049850 Curvularia subpapendorfii NR_147488.1 100 98.57
Adult Portici LB1Vo710 PX915592 Penicillium citrinum NR_121224.1 93 99.4
Adult Portici PDA27Vo718 PX915593 Penicillium thomii NR_077159.1 99 99.31
Adult-Washing water Portici PDA21Vo715 PX915594 Metschnikowia pulcherrima NR_164379.1 100 96.25

* Species were identified on the basis of ITS sequence similarity. Searches were performed via blastn using ITS as query against ITS TYPE material db (NCBI).

Fig. 1. Maximum-likelihood phylogenetic placement of Beauveria varroae isolate PDA11Vo712 based on concatenated ITS and RPB1 sequences. The phylogeny was 
inferred from the complete two-locus dataset comprising 14 fungal strains for which both ITS and RPB1 sequences were available. The two loci were analyzed as 
separate partitions using their respective best-fitting nucleotide substitution models selected according to the Bayesian Information Criterion (BIC): TIM2 + I + G4 for 
ITS and TrNef+G4 for RPB1. The tree was inferred using RAxML-NG.Light blue and orange labels indicate B. bassiana ATCC 74040 and B. varroae PDA11Vo712, 
respectively, while blue labels indicate TYPE material (reference strains). Branch support was assessed using 1000 bootstrap replicates, and bootstrap values ≥50% 
are shown at the nodes. The scale bar indicates the number of nucleotide substitutions per site. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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3.3. Macroscopic and histological observations

Histological analyses were performed exclusively on hornets that 
survived until the end of the experimental period. Consequently, the 
observations reported below describe tissue alterations in surviving in
dividuals and should not be considered representative of the full spec
trum of pathological changes associated with lethal Beauveria infection. 
Macroscopic examination of hornets which survived the treatments did 
not show any signs of alterations in any of the observed samples. In 
contrast, histological examination revealed significant changes in the 
abdominal tissues of Beauveria-treated samples compared to control 
ones. Individuals treated with Bb (Fig. 3) and Bv (Fig. 4) showed 
degeneration of fat body, midgut and Malpighian tubules. Both Bb and 
Bv, when delivered by contact or by ingestion, successfully infected the 
host and showed a massive presence of hyphae (Fig. 3a and b; Fig. 4a 
and b), which were absent in individuals infected by indirect trans
mission (Fig. 3c and 4c), suggesting delayed infection. In samples 

treated by indirect transmission, the recipient individuals lacked visible 
fungal growth; only few samples presented spores and no tissue damage 
was observed (Fig. 3c and 4c). Notably, some individuals challenged 
with Bb in the transmission test presented pyknotic nuclei in some 
oenocytes (Fig. 3c). The marked vehicle hornet (topically treated with 
either Bb and Bv) presented fungal infection in the abdomen often 
associated with hemocyte recruitment in the haemocoel and vacuoli
zation of the Malpighian tubules (Fig. 5c). No tissue damage or fungal 
growth was observed in control samples (Fig. 3d, 4d, 5d).

Hyphal fragments and septated hyphae were even more evident in 
the Grocott stained samples (Fig. 5a and b), appearing as black/dark 
brown filaments and round/oval shaped cells. Notably, Grocott staining 
of samples infected by transmission showed yeast-like fungal cells 
(blastospores) surrounded by a light brown diffuse melanin deposit, 
indicating immune response of the host towards infection (Fig. 5c).

Fig. 2. Kaplan–Meier survival curves of adult hornets treated with B. bassiana ATCC 74040 (Bb) and B. varroae PDA11Vo712 (Bv) via three different inoculation 
methods: a) contact application; b) ingestion through sugar syrup; c) indirect transmission. Control groups received no fungal treatment. Survival was monitored 
daily. In each inoculation assay, subjects at risk were: Control, n = 20; Bb, n = 40; Bv, n = 40. Statistical differences among groups were assessed using the Log Rank 
(Mantel–Cox) test. Different letters indicate significant differences (p < 0.05).

Fig. 3. Vespa orientalis infected by Beauveria bassiana. a) Individuals infected by topical administration showing fungal cells in the hemocoel (arrow heads), 
degenerated fat body (arrows) and oenocytes (asterisks); b) Individuals infected by oral administration showing fungi in the haemocoel (arrow heads) and 
degenerated fat body (arrows); c) Individuals infected by indirect transmission showing healthy trophocytes and no fungi. Nuclei of oenocytes appear pyknotic 
(asterisks) d) Control sample showing well developed fat body (arrow) and oenocytes (asterisk). H&E. 40× magnification. Scale bar: 20 μm.
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4. Discussion

In this study, we characterized the fungal community associated with 
V. orientalis decaying nests and identified B. varroae as a naturally 
occurring entomopathogen with marked virulence against adult hor
nets. The characterization of fungal isolates from V. orientalis nests 
revealed a diverse mycobiota comprising both filamentous fungi and 
yeasts commonly associated with insect habitats, nesting materials, and 
environmental substrates. The recovery of taxa such as Penicillium, 
Cladosporium, Aspergillus, Botryotinia, Didymosphaeria, Talaromyces and 

Curvularia is consistent with their ubiquitous saprotrophic nature and 
frequent association with soil, plant material, and detritus incorporated 
into social insect nests (Ahmadpour et al., 2025; Batra et al., 1973; 
Becchimanzi and Nicoletti, 2022; Fouillaud and Morel, 1995; Guevara- 
Suarez et al., 2020; Nicoletti et al., 2024; Senanayake et al., 2023).

Also Didymella keratinophila reflects incidental acquisition from nest 
material or surrounding detritus. This species is of particular interest 
due to its ability to produce keratinase and collagenase enzymes and 
degrade keratin-rich substrates such as feathers in fermentation studies, 
indicating a saprotrophic ecology in soil and organic debris rather than 

Fig. 4. Vespa orientalis infected by Beauveria varroae. a) Individuals infected by topical administration showing fungal cells in the hemocoel (arrow heads), 
degenerated trophocytes (arrows) and oenocytes; b) Individuals infected by oral administration showing fungi in the haemocoel (arrow heads) and degenerated fat 
body (arrows); c) Individuals infected by transmission showing healthy fat body (arrows) and no fungal growth d) Control sample showing well developed fat body 
(arrows). H&E. 40× magnification. Scale bar: 20 μm.

Fig. 5. Grocott staining of Vespa orientalis abdominal tissues. a) Individuals infected with B. bassiana showing hyphae in the hemocoel (arrow head) and 
degenerated fat bodies (arrows); b) Individuals infected with B. varroae showing hyphae in the haemocoel (arrow head) and degenerated fat bodies (arrows); c) 
Individual infected by indirect transmission showing yeast-like blastospores in the haemocoel, surrounded by a melanin deposit (arrow heads) and degeneration of 
Malpighian tubules; d) Control sample showing no fungal cells in hemocoel and healthy fat body (arrow). 40× magnification. Scale bar: 20 μm.
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an obligate association with specific insect species or plant hosts (Al- 
Bedak et al., 2023; Chen et al., 2017).

The repeated isolation of yeasts including Candida parapsilosis and 
Metschnikowia spp. from larvae, pupae, and surface washes highlight the 
strong association between yeast species and insects (Stefanini, 2018; 
Suh et al., 2008), particularly flower visitors, including Vespidae 
(Jimenez et al., 2017; Stefanini et al., 2012). Similar patterns of diverse 
fungal and yeast communities have been described in other social Hy
menoptera, where nest-associated microbiota can influence colony 
health either positively or negatively (Becchimanzi and Nicoletti, 2022; 
Mayorga-Ch et al., 2021; Turillazzi et al., 2023).

This is the first report of B. varroae from Vespidae, although other 
entomopathogenic species have been reported from wasps and hornets. 
In another hornet species, Vespa velutina, a B. bassiana strain was isolated 
from a naturally parasitized foundress (Poidatz et al., 2019). In Polistes 
hebraeus (Vespidae), the nest act as a reservoir of fungal species, 
including entomopathogens such as Paecilomyces farinosus, which may 
spread in the environment after the seasonal colony collapse (Fouillaud 
and Morel, 1995). Our findings align with previous studies (Rose et al., 
1999), supporting the hypothesis that hornet nests are not just reservoirs 
of environmental microbes but also arenas for natural host–pathogen 
interactions.

These results represent the first characterization of fungal commu
nities associated with V. orientalis nests, adults, and larvae, which 
demonstrates that several fungal organisms are able to colonize the 
oriental hornet's microcosm. This provides insights into the microbial 
ecology of V. orientalis, useful for understanding synergistic or antago
nistic interactions and, therefore, for developing biopesticide-based pest 
management strategies.

In contrast to B. bassiana, globally used as biopesticide (Mascarin and 
Jaronski, 2016), B. varroae has only recently been identified as a po
tential biocontrol agent, with very limited studies conducted so far 
(Lagogiannis et al., 2023; Mantzoukas et al., 2025, 2023). In one study, 
among 15 isolates tested, a B. varroae native strain showed the highest 
toxicity to all Halyomorpha halys (Hemiptera: Pentatomidae) stages 
(Mantzoukas et al., 2023). When delivered by spraying, B. varroae 
strains resulted effective also against larval stages of Notodontidae and 
Noctuidae (Lepidoptera) (Lagogiannis et al., 2023; Mantzoukas et al., 
2025).

The concordance among single-locus and concatenated phylogenies 
supports the assignment of PDA11Vo712 to B. varroae and its distinction 
from the closely related B. kipukae and B. bassiana. While ITS alone 
provided limited resolution among these closely related lineages, the 
additional phylogenetic signal from RPB1 and the partitioned ITS–RPB1 
analysis considerably strengthened the taxonomic placement of our 
isolate. These results highlight the value of combining independent 
molecular markers for resolving closely related and potentially cryptic 
Beauveria species (Bustamante et al., 2019; Becchimanzi et al., 2021). 
The genetic distinction between PDA11Vo712 and the commercial 
ATCC 74040 strain (Naturalis®) is partially reflected in biological 
performance.

Both fungi significantly reduced V. orientalis survival when delivered 
by contact, demonstrating that hornet adults are susceptible to infection 
by Beauveria spp. under laboratory conditions. Although the use of field- 
collected hornets inevitably introduced some degree of biological vari
ability, all individuals were sampled simultaneously while actively 
foraging at the same apiaries, thereby likely reducing age-related vari
ation. Moreover, the statistically significant differences in survival 
observed indicate that the pathogenic effects of Beauveria were suffi
ciently robust to be detected despite the unavoidable heterogeneity of 
wild-caught individuals. Our findings are in line to what reported by 
Poztdaz et al. (2018), who inoculated adult hornets with one B. bassiana 
and four Metarhizium robertsii strains using different routes of delivery. 
Contact treatment using the same concentration that we used in the 
present study (107 spores per milliliter), led to reduced survival by half 
after only five to six days, in agreement with our results. Moreover, no 

significant difference in mortality was reported when comparing 
different strains administered by contact (Poidatz et al., 2018), similarly 
to what we observed. Nevertheless, differences emerged when alterna
tive delivery routes were tested.

Although B. bassiana is considered a contact pathogen, several 
studies indicate that oral exposure can induce significant insect mor
tality, even without evidence of gut infection (Mannino et al., 2019; 
Veen, 1966; Yanagita and Iwashita, 1987). Orally ingested conidia 
generally do not germinate in the midgut, which is a hostile environ
ment, but may adhere to and germinate on the oral cavity or foregut 
structures (Jeffs et al., 1997; Lai et al., 2024). This mechanism, together 
with possible toxic or immunomodulatory effects of fungal metabolites 
(Mannino et al., 2019), likely explains the high mortality observed in 
hornets following oral delivery.

Indeed, in our study, ingestion of both B. bassiana and B. varroae 
increased mortality, accompanied by tissue invasion, suggesting that 
oral exposure can, under certain conditions, lead to successful systemic 
infection. However, toxin-mediated effects cannot be excluded. Beau
veria species synthesize a wide array of secondary metabolites, including 
cyclic peptides (beauvericin, bassianolide), polyketides, and quinones, 
that are linked to virulence and host immune modulation (Feng et al., 
2015; Pedrini, 2022). These compounds have been identified in cul
ture extracts and infected insects and may be present in conidial prep
arations used for inoculation (Pedrini, 2022), potentially contributing to 
host mortality following oral exposure. Future studies will elucidate the 
mechanism of the observed oral activity by performing metabolomic 
profiling and bioassays including heat-killed conidia and filtered culture 
supernatant. When delivered by ingestion, Bv PDA11Vo712 resulted in 
higher mortality than Bb ATCC 74040. A similar result was also observed 
in the study by Poidatz et al. on V. velutina, reporting that entomopa
thogenic strains can differ in their oral activity (Poidatz et al., 2018). 
Our results suggest that B. varroae, isolated directly from the hornet 
larvae, may be better adapted to exploit physiological conditions 
encountered following oral exposure, such as gut environment, immune 
barriers, or hemolymph composition.

A limitation of the oral infection assay is that the actual amount of 
conidia ingested by individual hornets could not be quantified because 
food consumption was not measured. Although all individuals were 
provided with the same freshly prepared sucrose solution containing a 
standardized concentration of viable conidia under identical experi
mental conditions, variation in feeding behavior may have resulted in 
differences in the effective inoculum acquired by each hornet. Conse
quently, the oral assay should be interpreted as evaluating the patho
genic potential of Beauveria following oral exposure rather than defining 
a precise dose-response relationship. Transmission experiments further 
showed that both fungi can induce mortality in untreated cage mates, 
indicating potential for horizontal transfer through contact, as reported 
for V. velutina (Poidatz et al., 2018). The delayed mortality and lack of 
overt tissue colonization in recipient hornets are consistent with indirect 
fungal exposure through contact with contaminated individuals, 
although the amount of conidia transferred was not quantified in the 
present study. Importantly, histological analyses were performed on 
individuals that survived until the end of the experimental period, 
allowing the evaluation of tissue alterations occurring from fungal 
infection rather than post-mortem autolytic mechanisms. Moreover, the 
absence of extensive fungal colonization in these survivors suggests that 
infection remained localized or was effectively controlled, although we 
cannot exclude that some individuals experienced lower levels of 
exposure. This is in line with the evolutionary history of Beauveria 
species, which are considered generalist opportunistic pathogens whose 
interactions with the host are comparable to predators that cull the 
weakest prey (Boomsma et al., 2014). The presence of melanized de
posits enveloping yeast-like fungal cells in surviving individuals further 
supports immune recognition and control rather than active systemic 
mycosis. Our histological analyses provided important unprecedented 
insights into the interaction between Beauveria spp. and the hornet 
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immune system. Following contact or ingestion, both B. bassiana and 
B. varroae successfully invaded host tissues, with extensive degeneration 
of fat body, midgut, and Malpighian tubules. The massive presence of 
hyphal bodies and septate hyphae in these tissues indicates active pro
liferation within the hemocoel and is consistent with the canonical 
infection cycle of entomopathogenic fungi. Particularly, degeneration of 
the fat bodies observed in both administration modalities suggests a 
possible targeted action of fungal enzymes towards the fat body. The fat 
body in insects plays a role similar to the liver and the adipose tissue in 
mammals: it is involved in nutrient storage, it regulates hormonal and 
nutritional signals (Arrese and Soulages, 2010), and participates in im
mune response by secreting several effectors, including antimicrobial 
peptides (Hoffmann, 1995; Wrońska et al., 2023). Therefore, targeting 
the fat body could on one hand release nutrients required for the 
development of the fungi, while on the other it could impair the immune 
response able to fight the infection, representing an efficient strategy for 
a successful parasitization. In contrast, transmission treatments revealed 
a markedly different pattern. Recipient hornets generally lacked visible 
tissue invasion, and Grocott staining highlighted the presence of yeast- 
like fungal cells (blastospores) surrounded by diffuse melanin de
posits. This melanization response suggests that the hornet immune 
system recognized the pathogen activating a response. The formation of 
melanized clots in the hemocoel is a hallmark of insect innate immunity 
(Hoffmann, 1995) and likely contributed to the delayed and reduced 
pathogenic effects observed in transmission assays. Possibly, a lower- 
infective dose resulting from a “dilution-effect” from the carrier indi
vidual to the recipient ones could trigger immune response and effec
tively fight the fungi. Nevertheless, because histological analyses were 
restricted to individuals that survived until the end of the experimental 
period, our observations likely underestimate the extent of tissue dam
age associated with progressive or lethal infections. Consequently, the 
absence of widespread fungal colonization in these specimens should 
not be interpreted as evidence that systemic infection did not occur in 
individuals that succumbed earlier during the experiment.

Also, to date it is not clear if hornets hold immune priming, which 
could reduce susceptibility to the fungus, delay infection and increase 
survival rate of individuals primed with a low amount of inoculum 
(Cooper and Eleftherianos, 2017). Immune priming involves an 
enhanced immune response following a “first contact” with a sublethal 
dosage of a pathogen (or pathogen derivatives), resulting in a higher 
resistance to a “second encounter” with the pathogen (Lanz-Mendoza 
and Contreras-Garduño, 2022). Immune priming can be within- 
generation, trans-stadial and trans-generational immune priming, 
particularly developed in social insects showing high parental care and 
can be life-stage related (Lanz-Mendoza and Contreras-Garduño, 2022). 
Previous studies using entomopathogens have shown contrasting data 
underlining the existence of species-specific responses. Particularly, 
when challenging Formica selysi with B. bassiana no evidence for im
mune priming was observed (Reber and Chapuisat, 2012); on the con
trary Sadd and Schmid-Hempel (Sadd and Schmid-Hempel, 2006) 
proved that Bombus terrestris presented increased survival rates when 
challenged with homologous secondary infections by Paenibacillus alvei 
and P. larvae. Although our experimental design did not allow us to 
directly assess immune priming, the melanized deposits surrounding 
yeast-like fungal cells observed in recipient hornets indicate activation 
of cellular immune defenses and fungal encapsulation. Nevertheless, 
because neither circulating hemocyte abundance nor antimicrobial 
peptide expression was quantified, the contribution of immune priming 
to the reduced susceptibility observed after indirect exposure remains 
speculative and warrants further investigation. Immune priming and 
more in general immune response in Vespidae remain poorly charac
terized, with only a few recent studies providing initial insights (Cappa 
et al., 2022; Meriggi et al., 2019), representing interesting topics for 
future studies.

Our observations suggest that infection outcome in V. orientalis de
pends strongly on the route of exposure. While direct inoculation 

overwhelms host defenses, low-dose exposure acquired through social 
contact may trigger immune containment rather than lethal infection. 
This distinction is critical when extrapolating laboratory results to more 
complex ecological contexts. Consequently, the development of effective 
biocontrol strategies requires a detailed understanding of dose–response 
relationships under different exposure scenarios, as well as of the 
mechanisms governing conidial transfer from donor to recipient hor
nets. In this regard, inoculum acquisition and transmission may be 
enhanced by incorporating conidia into sugar- or protein-based baits to 
increase attractiveness (de la Hera et al., 2024; El-Gohary et al., 2026; 
Rojas-Nossa et al., 2024). Although nestmates were not avoided after 
topical treatment with fungal biopesticides in other vespid species (De 
Souza et al., 2023), information on the behavioral effects of bio
pesticides in V. orientalis is still scarce. Within this framework, troph
allaxis (Hunt et al., 1982) and grooming (Pusceddu et al., 2022) 
represent key traits that warrant further investigation for the develop
ment of novel and effective delivery strategies.

A limitation of this study is that entomopathogenic strains were 
evaluated exclusively under laboratory conditions and only on adult 
hornets. Future research should therefore focus on identifying the 
mechanisms and bottlenecks governing conidial transfer from foraging 
adults to the nest, with the aim of developing delivery systems that 
exploit social interactions to disseminate the pathogen within the col
ony. Future studies should, for example, quantify the efficiency of 
conidial transfer under different social contexts, including varying 
donor-to-recipient ratios, group sizes, and contact frequencies, to iden
tify the conditions that maximize pathogen dissemination within col
onies. Likewise, behavioral investigations examining interactions 
between contaminated and uncontaminated nestmates, including 
grooming, trophallaxis, avoidance, and other social behaviours, would 
clarify how these processes influence fungal transmission and ultimately 
determine the success of “Trojan-horse” delivery strategies. Such stra
tegies at the nest level would require formulations that maximize hornet 
acquisition and ingestion while minimizing access by non-target or
ganisms, for example through species-specific sugar- or protein-based 
baits (Lester, 2025; Rojas-Nossa et al., 2018; Turchi and Derijard, 
2018). Moreover, the effectiveness and environmental safety of these 
approaches will depend on optimizing bait station design and deploy
ment timing to coincide with periods of intense hornet foraging activity 
while limiting exposure of non-target insects. Comprehensive field 
evaluations will therefore be essential before operational implementa
tion of this strategy. Recent advances in the rearing of hornets under 
controlled conditions provide new opportunities to assess the efficacy of 
entomopathogenic fungi in more realistic experimental frameworks that 
incorporate social behavior, nest dynamics, and multiple life stages (Van 
Itterbeeck et al., 2021).

Taken together, our results support the potential of Beauveria spp. as 
candidate biocontrol agents against V. orientalis, particularly in light of 
their high virulence across different inoculation routes. Notably, 
B. varroae, isolated directly from V. orientalis larvae, represents a 
promising alternative to commercial B. bassiana strains, as it may be 
better adapted to the hornet host and nest environment. Histological 
analyses revealed extensive tissue invasion and host immune responses, 
highlighting route-dependent infection dynamics. Transmission experi
ments further indicated that indirect exposure can induce mortality 
while eliciting immune containment in surviving individuals. Together, 
these findings support the feasibility of exploiting entomopathogenic 
fungi for the control of V. orientalis. Importantly, the isolation of a nest- 
associated Beauveria species suggests opportunities for more specific and 
ecologically informed biocontrol strategies. Overall, our results provide 
a foundation for the development of targeted, sustainable fungal-based 
approaches to mitigate the impact of this emerging beekeeping pest.
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