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Abstract

Entomopathogenic fungi of the genus Beauveria are widely used biological control agents that infect diverse insect hosts
and can also associate with plants as rhizosphere colonizers and endophytes. Within this genus, Beauveria bassiana is a
cosmopolitan generalist, whereas Beauveria brongniartii exhibits a narrower host range, primarily targeting soil-dwelling
coleopteran larvae with limited evidence of plant colonization. To explore genomic differentiation associated with this
ecological divergence, the commercially exploited B. brongniartii strain BIPESCO2 and B. bassiana ATHUM 4946 were
sequenced using Oxford Nanopore technology, followed by comparative genomic analyses across multiple strains. Orthol-
ogy identified species-specific gene families, although overall genome architecture and core gene content were highly
conserved. The CAZyme repertoires were nearly identical, indicating retention of a versatile enzymatic toolkit supporting
plant association, saprotrophy, and insect pathogenicity. In contrast, biosynthetic gene clusters displayed substantial varia-
tion, including structural remodeling of Beauveria-specific virulence-associated clusters and expansion of type I polyketide
synthase clusters in B. brongniartii. Effector prediction revealed a conserved core of largely uncharacterized proteins
alongside species-specific orthogroups enriched in adhesion-, immunity-, and cuticle-interaction domains. Together, these
findings indicate that host-range divergence in Beauveria is associated with compartmentalized genomic differentiation,
particularly in secondary metabolism and a limited subset of lineage-specific virulence factors, rather than in the conserved
core infection machinery.

Keywords Beauveria - Entomopathogenic fungi - Comparative genomics - Effectors - Biosynthetic gene clusters
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Introduction

Entomopathogenic fungi (EPF) are soilborne pathogens of
a wide range of insects and agricultural pests and are effec-
tively used as biocontrol agents (BCAs) in integrated pest
management strategies (Faria and Wraight 2007; Butt et al.
2016; Sharma and Sharma 2021). Among EPF, the genus
Communicated by Willis Li Beauveria (Bals.) Vuill. (Hypocreales: Cordycipitaceae)
encompasses both generalist and specialist species, which
differ in host range and ecological adaptability. In addi-
tion to their entomopathogenic lifestyle, several Beauveria
strains are also associated with plants as saprotrophs, endo-
phytes, or epiphytes, contributing to plant growth promo-
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across diverse climatic regions, from Arctic to tropical
regions (Ghikas et al. 2010) and infects numerous economi-
cally important insect pests across multiple orders, such
as thrips, whiteflies, spider mites, and aphids (Boomsma
et al. 2014; Ayilara et al. 2023). Beyond its entomopatho-
genic activity, many B. bassiana strains have been isolated
as endophytes or epiphytes in plant tissues of a variety of
crops, where they have been associated with plant growth
promotion and enhanced resistance to pests and diseases
(Posada and Vega 2005; Klieber and Reineke 2016; Jaber
and Ownley 2018).

In contrast, Beauveria brongniartii is generally regarded
as a specialist species with a narrower host range, being pri-
marily associated with coleopteran hosts (Piatti et al. 1998;
Imoulan et al. 2019). It is considered the principal fungal
pathogen of the European cockchafer Melolontha melolon-
tha L. (Coleoptera: Scarabacidae) (Keller et al. 1999; Clif-
ton et al. 2023), a widespread pest in central Europe causing
significant agricultural damage (Laengle et al. 2005; Wagen-
hoff et al. 2014; Sukovata et al. 2015). Since its recogni-
tion as a pathogen of this insect, B. brongniartii has been
established as the main antagonist of both larvae and adults
(Biichi et al. 1986; Keller et al. 2003; Dolci et al. 2006;
Pedrazzini et al. 2025). Recent experimental work further
supports its host-focused virulence strategy, demonstrating
that infectivity against Melolontha melolontha depends on
spore type, infection route, and oosporein production (Graf
et al. 2025). Nevertheless, it has demonstrated pathogenic-
ity to other insect species, including Holotrichia serrata,
Hypopholis sommeri, Exomala orientalis, and Spodoptera
litura (Choo et al. 2002; Enkerli et al. 2004; Laengle et al.
2005; Hadapad and Zebitz 2006; Goble et al. 2012; May-
erhofer et al. 2015; Vivekanandhan et al. 2025), and it has
also been detected in soils where its typical hosts are absent
(Keller et al. 2003). While endophytic colonization has been
extensively documented in B. bassiana, evidence for such
interactions in B. brongniartii remains limited (Jaber and
Enkerli 2017).

Despite differences in ecology and host range, Beauve-
ria species share conserved infection strategies common to
Hypocrealean EPF. Infection typically involves adhesion
to the insect cuticle, germination of conidia, appressorium
formation, penetration of the host integument, proliferation
within the hemocoel, and secretion of virulence factors that
suppress host immune responses and facilitate colonization
(Ortiz-Urquiza and Keyhani 2013; Pedrini 2018). These
processes are mediated by diverse molecular mechanisms,
including the production of hydrolytic enzymes such as chi-
tinases and proteases (Fan et al. 2007; Meyling et al. 2009;
Sanchez-Pérez et al. 2014; Wu et al. 2019), as well as sec-
ondary metabolites and other effectors that modulate host
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physiology and immunity (Fan et al. 2013; Wu et al. 2019,
2020).

Comparative genomic studies in entomopathogenic fungi
have highlighted the importance of genes associated with
host interaction and virulence, including secreted proteins
and effectors that mediate host immune suppression and
facilitate tissue colonization (Xiao et al. 2012; Rovenich et
al. 2014; Staats et al. 2014), carbohydrate-active enzymes
(CAZymes), which aid in substrate degradation and nutrient
acquisition (Gao et al. 2011; Xiao et al. 2012; Zhao et al.
2013; Fan et al. 2017), and secondary metabolite biosyn-
thetic gene clusters (BGCs) that have multiple roles during
infection (Xu et al. 2009; Meng et al. 2021; Pedrini 2022).
Omics-based approaches have further advanced our under-
standing of these pathogenicity determinants, particularly in
B. bassiana (Harith-Fadzilah et al. 2021). Variation in these
functional categories has been linked to differences in viru-
lence, ecological specialization, and host range, suggesting
that they represent key determinants of host adaptation.

Genomic resources are abundant for B. bassiana (Xiao
et al. 2012; Valero-Jiménez et al. 2016a, b; Castro-Vasquez
et al. 2022; Lee et al. 2024), whereas available data for B.
brongniartii remain limited, and comprehensive compara-
tive analyses of virulence-related gene repertoires across
strains are still lacking. To address this gap and investi-
gate the genomic basis of host-range divergence within the
genus, we generated high-quality genome assemblies for
B. brongniartii strain BIPESCO2 and B. bassiana strain
ATHUMA4946. The B. brongniartii assembly provides an
improved genomic reference for the species, as most previ-
ously available assemblies are fragmented. For comparative
purposes, the newly sequenced B. bassiana genome was
analysed alongside existing genomic resources.

In this study, we specifically aimed to: (i) generate a
high-quality genomic reference for B. brongniartii; (ii)
perform a genome-wide comparison between a special-
ist (B. brongniartii) and a generalist (B. bassiana) across
multiple strains; and (iii) assess whether differences in
orthogroup composition, carbohydrate-active enzymes, sec-
ondary metabolite biosynthetic gene clusters, and effector
repertoires are associated with host-range divergence. By
integrating these analyses across 20 genomes representing
diverse ecological and geographic origins, we sought to
identify lineage-specific genetic features that may contrib-
ute to the contrasting ecological strategies of the cosmopoli-
tan generalist B. bassiana and the more host-restricted B.
brongniartii.
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Materials and methods
Fungal species

B. brongniartii strain BIPESCO2 was isolated in Austria
from M. melolontha (Strasser et al. 2003). B. bassiana
ATHUM4946 was isolated from air samples in Athens,
Greece and was acquired by Mycetotheca ATHUM, the
Dried Specimen and Culture Collection of Fungi at the
National and Kapodistrian University of Athens (NKUA,
Athens, Greece). Strains were cultivated in Potato-Dextrose-
Agar (PDA) medium for 7 days in the dark, at 25+1 °C.
DNA extraction was performed using the HigherPurity
Plant DNA Purification Kit (Canvax Biotech, Spain) using
100 mg of fungal material, according to the manufacturer's
protocol. DNA quality and quantity were assessed by elec-
trophoresis (0.8% agarose gel), as well as Nanodrop and
Qubit measurements.

Whole genome sequencing, genome assembly and
annotation

Nanopore sequencing was performed using the Min-
ION Mkl1b (Oxford Nanopore, UK) device. The R10.4.1
(FLO-MIN114) and R9.4.1 (FLO-MINI110) flow cells
were used for B. brongniartii BIPESCO?2 and B. bassiana
ATHUMA4946 strains, respectively. The sequencing librar-
ies were prepared using the ligation sequencing kits SQK-
LSK114 (Q20+chemistry) and SQK-LSK109 (Oxford
Nanopore Technologies), following the manufacturer’s
protocol. Sequencing was carried out using MinKNOW
(v4.2.5) software. Basecalling was performed locally with
Guppy Software (v6.4.6) (Oxford Nanopore Technologies),
using the super accurate (SUP) model.

Following basecalling of BIPESCO2, the quality of the
obtained reads was verified using Nanoplot (De Coster and
Rademakers 2023). Based on the results, raw reads were
quality filtered using NanoFilt v2.8.0 (De Coster and Rade-
makers 2023), retaining reads with a minimum average
quality score of Q>10 and a minimum length of 1000 bp.
Filtered reads were used for de novo assembly with Flye
(v2.9.5) (Kolmogorov et al. 2019). The respective assem-
bly was further polished using four rounds of polishing with
Racon (v1.5.0) (Vaser et al. 2017) and one final round of
polishing with Medaka (v2.1.0) (Oxford Nanopore Tech-
nologies Ltd). For strain ATHUM 4946, basecalling and
adapter removal were performed as described previously.
Reads were corrected and trimmed using Canu (v2.0) (Koren
et al. 2017), and the final assembly was performed using
Flye (Kolmogorov et al. 2019). Genome annotations were
conducted using the GenSAS v6.0 pipeline (Humann et al.
2019), unless otherwise indicated. Low-complexity regions

and repetitive elements were identified and masked using
RepeatModeler (v2.0.1) (Flynn et al. 2020) and Repeat-
Masker (v4.1.1) (Smit et al. 2013), with the DNA source
set to fungi and the speed/sensitivity parameter configured
to slow. A masked consensus sequence was generated and
utilized for ab initio gene prediction. Transcript alignments
were performed with the BLAST nucleotide (blastn) tool
(v2.12.0) (Camacho et al. 2009) and BLAT tool (v2.5) (Kent
2002), against the NCBI RefSeq Fungi transcript database.
Protein alignments were performed using DIAMOND
(v2.0.11) (Buchfink et al. 2021) against the NCBI RefSeq
fungi protein database. Gene predictions were performed
using Augustus (v3.4.0) (Stanke and Morgenstern 2005),
along with ab initio prediction using GeneMark-ES (v4.48)
with default parameters (Ter-Hovhannisyan et al. 2008),
reporting genes on both strands, allowing incomplete gene
predictions at sequence boundaries. A consensus gene set
was generated by integrating ab initio gene predictions with
protein and nucleotide alignments using EvidenceMod-
eler (Haas et al. 2008). Gene set completeness was evalu-
ated using BUSCO (Manni et al. 2021), and based on this
assessment, the GeneMark-ES predictions were selected as
the official gene set (OGS) (Ter-Hovhannisyan et al. 2008).
Functional analysis of the OGS was performed using (1)
BLAST protein vs. protein (blastp) against Protein Data Set:
NCBI refseq fungi (Camacho et al. 2009), (2) DIAMOND
Functional version 2.0.11 against Protein Data Set: NCBI
refseq fungi (mode: sensitive, Buchfink et al. 2021), and (3)
InterProScan version 5.53-87.0 (Jones et al. 2014). Ribo-
somal RNA (rRNA) genes were identified using RNAmmer
(v1.2) (Lagesen et al. 2007), and tRNA genes were anno-
tated using tRNAscan-SE (v2.0.7) (Chan and Lowe 2019).
The official protein set was annotated against the nonredun-
dant (NR) protein sequence (Sayers et al. 2022) database, as
well as SwissProt and TTEMBL using Blast2GO suite (G6tz
et al. 2008). In addition, COG and Pfam annotations were
obtained using EggNOG-mapper implemented in Galaxy, to
assign functional annotations to the predicted proteins (Can-
talapiedra et al 2021). Metabolic pathway enrichment analy-
sis was performed using the Clusters of Orthologous Genes
(COG) and KEGG database. KEGG annotations were
obtained using GhostKOALA (Kanehisa et al. 2016). Gene
Ontology (GO) function enrichment analysis predicted the
biological function of the protein sequence encoded by the
gene (Harris et al. 2004).

EffectorP (v3.0) was used to detect effector proteins
(Sperschneider and Dodds 2022). SignalP (v6.0) was used
to find proteins with signal peptides (Petersen et al. 2011)
and TMHMM (v2.0) to predict transmembrane helices in
proteins (Krogh et al. 2001). Only proteins with a signal
peptide and no transmembrane domain prediction, unless
they were within the first 35 amino acids, were retained and
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were used as input for EffectorP. Antismash v.8.0 was used
for the detection of putative biosynthetic gene clusters (Blin
et al. 2025). Sequence assemblies as well as gene GFF files
were used as inputs with default parameters. An additional
similarity network analysis was employed to investigate the
similarity of BGCs among all strains, using the program
BiG-SCAPE (v2.0.0) (Navarro-Muiioz et al. 2020). All ref-
erence BGCs found in the MIBiG database were included
to identify similarities with known products (Terlouw et al.
2023). Search for CAZymes was performed using dbCAN3
server (Zheng et al. 2023), which performs automatic
CAZyme annotation using Diamond-CAZy, HMMER-
dbCAN-substrate and HMMER dbCAN tools. Results sup-
ported by at least two tools were considered valid and were
used for further analyses.

Assembly metrics and completeness checks

To evaluate assembly quality, a combination of structural,
gene content-based, and k-mer-based validation approaches
was applied. Assembly statistics were computed using segkit
(v2.3.1) (Shen et al. 2016). Filtered reads were aligned to
the assembly using Minimap2 (v2.26) (Li 2018), and map-
ping statistics along with per-base coverage depth were
calculated using Samtools (v1.17) (Danecek et al. 2021) to
evaluate coverage uniformity and identify regions of low or
excessive depth. Assembly structural accuracy was evalu-
ated with Inspector (v1.3) (Chen et al. 2021), which detects
structural inconsistencies such as misassemblies, inver-
sions, and haplotype switches based on alignment features.
BUSCO v6.0.0 (Manni et al. 2021) was used to assess gene
content completeness by quantifying the recovery of con-
served single-copy orthologs from a Hypocreales odbl12
fungal lineage dataset. To independently estimate genome
size, repeat content, and read error rates, k-mer frequency
distributions were generated using Jellyfish (v2.3.0) (Mar-
cais and Kingsford 2011) and modeled using GenomeScope
2.0 (Ranallo-Benavidez et al. 2020). Contigs identified as
low-coverage, high-coverage, or otherwise anomalous were
compared to the full assembly using BLAST+to assess
redundancy or uniqueness.

Comparative analysis dataset

Comparative analysis was conducted by incorporating pub-
licly available genome assemblies of B. brongniartii and
B. bassiana from the NCBI database, including assemblies
generated in previous genomic studies (Xiao et al. 2012;
Valero-Jiménez et al. 2016a, b; Lee et al. 2017, 2024; Kim
et al. 2016, 2022; Toopaang et al. 2017; Shang et al. 2016;
Castro-Vasquez et al. 2022; Liu et al. 2025; Oberti et al.
2024). From a total of 206 available B. bassiana assemblies,
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only 18 with fewer than 100 contigs were retained for
downstream analysis to ensure high-quality comparative
results. Similarly, one additional B. brongniartii genome
assembly (with <900 contigs) was included, resulting in a
dataset of 20 strains in total (Fig. 1). To ensure consistency
across datasets, all genomes were re-annotated using the
same pipeline applied to the newly sequenced B. brongniar-
tii strain BIPESCO2 and B. bassiana strain ATHUM 4946.

Orthology inference

Orthology inference and phylogenomic reconstruction were
performed using OrthoFinder (v2.5.5) (Emms and Kelly
2019) with default parameters, enabling the identification
of orthologous groups from the whole proteomes. The
construction of a phylogenetic species tree was performed
using IQ-TREE 2 (Minh et al. 2020) and was based on
single-copy orthologs, as implemented in OrthoFinder. 1Q-
TREE 2 automatically evaluated alternative models using
ModelFinder and identified LG+I+G4 as the best-fitting
model for the dataset. Two Cordyceps species were used as
outgroups.

Results
Genome assemblies and annotation

De novo assembly of B. brongniartii strain BIPESCO?2 pro-
duced a high-quality genome of 40.13 Mb distributed across
73 contigs (66> 10 kb). The assembly had strong contiguity,
with an N50 of 1.95 Mb and a maximum contig length of
3.69 Mb, values comparable to other reference-grade Beau-
veria genomes. Quality assessment using Inspector con-
firmed the assembly’s completeness, with 99.96% of reads
mapping back and no detected structural errors (expansions,
collapses, inversions, or misjoins=0). The estimated base-
level quality value (QV) of 40.6 corresponded to ~99.99%
consensus accuracy (Table S1). Minor small-scale discrep-
ancies (=84 per Mb, mostly short indels typical of long-
read data) were detected but did not affect overall assembly
integrity. The mean sequencing depth of 124x ensured com-
prehensive coverage across the genome. BUSCO assess-
ment using Hypocreales odbl2 database on the official
protein set showed 98% complete BUSCOs (Fig. 1). Alto-
gether, these results demonstrated that the B. brongniartii
BIPESCO2 assembly is highly contiguous, accurate, and
nearly complete, providing a reliable genomic reference for
downstream comparative analyses. De novo assembly of B.
bassiana strain ATHUM 4946 resulted in a 34.7 Mb genome
assembly of 11 contigs, with N50=4 Mb and 40x cover-
age (Table S1). The BUSCO completeness score was 95.7%
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(A) (B) Ge(r:q.:;ze Contigs Proteins rRNAs tRNAs Bl:;():o NCBI Acc. Number
B.brongniartiiRCEF3172 | 4555 541+ 9777 19 147 975 GCA 001636735.1
B. brongniartii BIPESCO2 40 73 9893 30 139 98
B. bassiana ARSEF6444 38.3 28 9903 40 142 944 GCA_030849485.1
B. bassiana ATHUM4946 34.8 11 10271 29 128 957
B. bassiana ECA_31 33 68 9824 29 144  97.9 GCA_022684695.1
Orthogroups B. bassiana ERL836 35.4 15 10336 44 196 97.5 GCA_010099065.1
B. bassiana JEF-350 35.7 8 10183 30 143 98.2 GCA 021365345.1
B. bassiana KNU-101 35.6 13 9992 34 128  98.1 GCA_025380265.1
B. bassiana ARSEF8028 35 12 10307 27 126 98.1 GCA_001682635.1
B. bassiana KW1 383 7 10192 30 130 98  GCA 041222345.1
B. bassiana HN6 37.1 12 10257 40 127  98.2 GCA_014607475.1
B. bassiana BCC 2660 34.6 35 9882 36 126 97.9 GCA_002224115.1
B. bassiana KW2 36.6 7 9875 28 127  98.2 GCA_042477315.1
B. bassiana QB0O28 36.7 33 9833 28 130  98.2 GCA_015266365.1
B. bassiana BV062 34.8 26 10377 33 127  97.7 GCA 003337105.1
B. bassiana ECA26 32.2 75 9882 50 130 98  GCA_022684745.1
B. bassianaILB205 32.7 22 9765 27 141  98.3 GCA_046622555.1
= B. bassiana1LB299 32.7 35 10575 27 152 97.7 GCA_046622555.1
B. bassiana 331R 36.6 25 10234 27 148  98.2 GCA 042247495.1
199, B. bassiana JEF-007 36.5 39 9907 25 144  97.8 GCA 002871155.1
Cordyceps javanicalJ1G
AL Cordyceps militaris CM01
(c) 0.03 (D)
1% 19 1% 0% % of proteins in KEGG functional categories
= Protein families: genetic information processing . .
= Genetic information processing Functional annotation results
= Protein families: signaling and cellular processes
= Carbohydrate metabolism
= Cellular processes KEGG _
. Env_lronm_ental mforr_nanon processing TrEMBL —
= Amino acid metabolism
= Protein f-a'milies: metapolism Swissprot _
= Unclassified: metabolism
= Lo metabalem pram |
= Glycan biosynthesis and metabolism
e s R
= Metabolism of cofactors and vitamins
= Organsmal systems KOG
= Nucleotide metabolism
= Human diseases 0 2000 4000 6000 8000 10000

= Metabolism of other aminoacids

= Metabolism of other terpenoids and polyketides
= Unclassified: Signalling and cellular processing
= Xenobiotics degradation and metabolism

= Unclassified: genetic information processing

= Unclassified

= ATHUM4946 mBIPESCO2

Fig. 1 Comparative genomic overview of Beauveria brongniartii and
Beauveria bassiana strains used in this work. A Orthogroup clustering
of 20 Beauveria genomes showing shared and species-specific gene
families. A total of 8,032 orthogroups were conserved across all strains
(of which 7,425 were single-copy), while 244 were unique to all B.
brongniartii strains and 201 were unique to all B. bassiana strains. The
phylogenetic tree was constructed with IQ-TREE using the LG+I+G4
model and a concatenated matrix of single-copy orthologous proteins.
B Assembly statistics for the newly sequenced genomes (B. brongniar-
tii BIPESCO2 and B. bassiana ATHUM4946) and 18 publicly avail-
able strains, which were re-annotated in this work, including genome

(Fig. 1), while the respective quality metrics are presented in
Table S1. The assemblies have been deposited in the Euro-
pean Nucleotide Archive at EMBL-EBI under accession
numbers GCA 978021795 for B. brongniartii BIPESCO2
and GCA_981691435 for B. bassiana ATHUM4946.
KEGG classification of 10,575 proteins of BIPESCO2
and 10,271 proteins of ATHUM 4946 annotated 4,180
(39.5%) and 4,109 (40.3%) entries, respectively, with most
of the proteins of both strains belonging to genetic infor-
mation processing (41%), signalling and cellular processes
(7%), and carbohydrate metabolism (6%). Annotation

size, contig number, predicted protein count, rRNA/tRNA copy num-
ber, BUSCO proteome completeness (Hypocreales odb12 dataset),
MAT genes, and NCBI accession number. The asterisk (*) indicates
that this assembly is at the scaffold level. C Distribution of predicted
proteins of BIPESCO2 and ATHUM 4946 into KEGG functional cat-
egories, illustrating broadly similar metabolic capacities across the two
strains, dominated by protein families involved in genetic informa-
tion processing, signalling and cellular processes, and metabolism. D
Functional annotation summary for the two newly sequenced genomes
against KOG, NR, Pfam, SwissProt, TTEMBL, and KEGG databases.

results against COG, Pfam, and SwissProt resulted in a large
proportion of annotated proteins per strain (Fig. 1; Table
S2).

Orthology inference and phylogenetic relationships

Phylogenetic analysis based on single-copy orthologue pro-
teins of all Beauveria strains, using two Cordyceps spp. as
outgroups, separated the Beauveria strains into two distinct
clades, which is consistent with their current taxonomic
species classification (Shen et al. 2020; Kumar et al. 2022).
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All B. bassiana strains formed a tightly clustered group,
reflecting their high genomic similarity and conserved gene
content (Fig. 1). The two B. brongniartii strains formed a
monophyletic clade with slightly longer branch lengths and
deeper divergence relative to B. bassiana strains, consis-
tent with their distinct evolutionary trajectory. The mating
type locus of B. brongniartii BIPESCO2 was confirmed to
contain the MAT1-1-1 gene, using the RCEF 3172 gene
(BBO06976) as a reference. No additional MAT genes were
identified, in agreement with previous findings for this spe-
cies (Pedrazzini et al. 2024).

Orthology analysis using only Beauveria strains assigned
200,848 genes (99.4% of total) to 11,642 orthogroups. Half
of all genes were in orthogroups with 20 or more genes (G50
was 20) and were contained in the largest 4834 orthogroups
(050 was 4,834). A total of 8,032 orthogroups contained
representatives from every strain, indicating a large, shared
core genome. Notably, 7,425 of these consisted entirely of
single-copy genes. Using a strict species specificity crite-
rion (present in all strains of one species and absent from
all strains of the other), we identified 201 B. bassiana-spe-
cific and 244 B. brongniartii-specific orthogroups (Fig. 1).
These included both single-copy and multi-copy expanded
families, with specificity arising either from the complete
absence in the opposite species or from sequence diver-
gence sufficient to place them into distinct orthogroups.
All species-specific proteins belonged to broad functional
categories implicated in host surface interaction, proteoly-
sis, transport, secondary metabolism, regulation, and stress
response (Fig. 2; Table S3), but conserved domains varied
between the two species (Fig. 2). To further characterize
the functional landscape of species-specific orthogroups,
InterPro2GO molecular function annotations were exam-
ined. B. bassiana-specific proteins were enriched in broad
metabolic and stress-tolerance functions, including protein
binding, transmembrane transporter activity, monooxygen-
ase/oxidoreductase activity, protein kinase activity, and sev-
eral serine- and metallopeptidases (Fig. 2; Table S3). These
GO categories reflect the heterogeneous mix of detoxifica-
tion enzymes, transporters, and signalling proteins identi-
fied in the domain-level orthogroup analysis. In contrast,
B. brongniartii-specific proteins showed a narrower, but
more specialised GO profile enriched for FAD-dependent
oxidoreductases, monooxygenases, O-methyltransferases,
RNA polymerase II-specific transcription factors, GTPases,
chitin- or carbohydrate-binding activities and polyketide
synthase (PKS)-associated cluster genes. Both species
contained a large proportion of proteins lacking GO terms,
reflecting the high divergence typical of species-restricted
gene families (Fig. 2; Table S3).

In B. bassiana, species-specific  orthogroups
included multiple adhesion-related proteins (Fasciclin,
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a triple Hydrophobin 2-domain protein, HsbA, LamG,
CLECI16A _C, SciB-like), along with a heterogeneous mix
of hydrolases and proteases (M35 deuterolysins, M60 metal-
loproteases, specialized to break down peritrophic insect gut
membrane, abhydrolases, amidases) (Fig. 2; Table S3). In
addition, orthogroups with expanded transporter families of
multidrug-efflux-associated MFS subfamilies (MFS_MdtG,
MFS Tpol/MDR-like) and detoxification-related systems
(MRP-associated proteins, KefB, AmpC B-lactamase-like
enzymes) were found. A notable B. bassiana single-copy
orthologue encoded a Delta-endotoxin CytB-like protein,
homologous to the pore-forming toxins of Bacillus thuring-
iensis, also detected in several other fungal species, such
as Apiospora kogelbergensis and Gloeophyllum trabeum
(Fig. 2; Table S3).

In B. brongniartii, species-specific orthogroups had sev-
eral adhesion and surface host-interaction domains, such as
chitin- and carbohydrate-binding modules (LysM, CFEM, a
GH18 protein with a CBM1 domain), an Egh16-like domain
that is an appressorium-specific virulence factor, a peptidase
_s8 s53 with a kuma domain, Tryp SPc serine proteases,
and other cuticle-associated hydrolases, which formed sep-
arate orthogroups, indicating interspecies sequence diver-
gence (Fig. 2; Table S3). Transporter profiles also differed:
B. brongniartii encoded a wider range of nutrient, ion, and
efflux transport systems (AA permease 2, MFS MCT
SLC16 (monocarboxylate permease), MDR, MATE-like,
CorA (truncated), MelB, CzcO redox-regulated heavy-
metal efflux, mitochondrial carrier proteins as well as regu-
latory proteins such as the AflR (aflatoxin/sterigmatocystin
pathway activator), bZIP_YAP (oxidative-stress response),
GALA4-like Zn:Cyss factors, BTB/POZ-domain proteins,
RCC1 (Ran-GEF), the KEOPS/EKC complex components
Bud32 and KTI12 (tRNA modification and telomere homeo-
stasis), LepA (ribosomal back-translocase). Additional spe-
cies-specific proteins included: (i) Emrl (Pfam17237), an
ERMES-associated regulatory component of the Endoplas-
matic Reticulum (ER)-mitochondria encounter structure,
involved in phospholipid exchange and mitochondrial-ER
stress responses in yeasts (Kakimoto-Takeda et al. 2022),
conserved in Metarhizium, Purpureocillium, and Emericel-
lopsis; (i1) a double-stranded RNA-binding motif (DSRM
SF, ¢d00048) protein, with homologs in Cordyceps and
plant-associated fungi; (iii) an Rhs-associated core mod-
ule protein (PF05593), a polymorphic, multidomain toxin
originally described in bacteria (especially Gram-negative)
that was only found in Akanthomyces muscarius and several
other bacteria (iv) an Enterotoxin_a-like protein also pres-
ent in Cordyceps militaris and Metarhizium sp., and (v) a
PKS, that is only found in Cordyceps militaris CMO1 strain
with 100% coverage and 87% similarity, while other fungi
such as Colletotrichum sp., Podospora sp. and Sodiomyces
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Fig. 2 Species-specific orthogroups of B. brongniartii and B. bassi-
ana and functional classification based on conserved protein domains.
A Major functional categories of protein domains in species-specific
orthogroups. Species-specific orthogroups were present in all strains
of one species and absent from all strains of the other. B InterProScan
GO enrichment (molecular function) annotations of species-specific

alcalophilus showed lower % similarity (58%) than the C.
militaris strain. These proteins collectively represent a set
of lineage-specific loci absent from all B. bassiana genomes
(Fig. 2; Table S3).

Moreover, analysis of the number of selected proteins
known to be associated with fungus- host interactions, based
on Pfam annotation, showed highly similar repertoires of
proteins involved in host penetration, adhesion, and detoxi-
fication, indicating a conserved entomopathogenic core
(Table 1).

proteins. B. bassiana shows enrichment in protein binding, transporter
activity, monooxygenases, and proteases, while B. brongniartii is
enriched in oxidoreductases, FAD-dependent enzymes, transcription
factors, and carbohydrate-binding functions. Large fractions of pro-
teins in both species lacked GO terms, reflecting divergence of lin-
eage-specific genes.

CAZ enzymes

Carbohydrate-active enzyme (CAZyme) analysis revealed
a largely conserved enzymatic repertoire across all Beau-
veria strains, dominated by glycoside hydrolases (GHs)
and glycosyltransferases (GTs) (Figs. 3 and 4). A total of
150 different CAZyme families were conserved among all
strains, and the number of representatives in each family
showed minimal differences (Fig. 3; Table S4). Despite the
overall conservation, comparisons uncovered meaning-
ful inter-strain variation, suggesting differential adaptation
strategies or functional specialization (Fig. 3; Table S4).
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Fig.3 Comparative distribution of

Top 50 CAZyme Families Clustered by Strain and Family Similarity

the top 50 CAZyme families across i il

20 Beauveria strains. Hierarchical
clustering of 50 of the total 150
families based on family abun-
dance, groups strains (columns)
and CAZyme families (rows)
according to similarity in copy
number profiles. The colour scale
indicates the number of enzyme
copies per family, with darker
blue representing higher copy
numbers. Strains are annotated by
species, with B. bassiana shown
in magenta and B. brongniartii in
orange colouring. The heatmap
illustrates the strong conservation
of CAZyme repertoires across
Beauveria strains, with only a lim-
ited number of families—including
GH27 a-galactosidases, GH16_1
glucanases, AA7 oxidases, and
PL20 polysaccharide lyases—
showing consistent interspecific
variation.
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Despite the overall conservation of CAZyme repertoires,
the most notable patterns of variation involved GH27
a-galactosidases, GH16 1 glucanases, AA7 oxidoreduc-
tases, PL20 polysaccharide lyases, and the distribution of
multidomain chitin-binding proteins. Both species encoded
two GH27 a-galactosidases fused to a CBM13 carbohy-
drate-binding domain. However, B. brongniartii contained
an additional GH27 a-galactosidase that lacked an associ-
ated CBM13 domain. GH27 enzymes are o-galactosidases
that act on terminal a-galactose or N-acetylgalactosamine
residues of glycoproteins and galactomannans. The CBM13

@ Springer
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domain binds galactose residues, so the fused enzymes are
probably optimized for insoluble substrates, while the plain
GH27 targets soluble galacto-oligosaccharides, indicating a
species-specific diversification of a-galactosidase function.

All Beauveria strains encoded a rich repertoire of chitin-
active enzymes essential for the degradation of insect cuti-
cle. Among them, the GH18 chitinase family was the most
expanded (271 proteins across 20 genomes), with 14 pro-
teins found in each B. brongniartii strain and 13 in B. bassi-
ana strains. Notably, GH18 enzymes also appear expanded
in Metarhizium species (Gao et al. 2011). Additional
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Fig. 4 Distribution of the top 50 GH16 4
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chitin-associated families are the copper-dependent AA11
lytic polysaccharide monooxygenases (LPMOs) and GH20
B-acetylhexosaminidases (Fig. 3). Many of these enzymes
were coupled with carbohydrate-binding modules, such as
CBM18 (chitin-binding), CBM1 (cellulose/chitin-binding),
and CBMS50/LysM (peptidoglycan/chitin-binding), that
enhance chitin recognition and affinity, contributing to host
immune evasion. Notably, a multidomain protein combining
CBM18+CBM50+GH18 was identified in several isolates
— including B. brongniartii BIPESCO2 and B. bassiana
ERL836, JEF-007, JEF350, and KNU-101 — suggesting an
expanded chitin-binding and immune-shielding capacity in
these strains (Fig. 3; Table S4). Chitin deacetylases (CE4),

100 150 200 250 300 350 400

which convert chitin to chitosan and reduce immune recog-
nition, were also universally present across strains.
Enzymes associated with cell wall remodelling, hyphal
growth, and adhesion — including GH16, GH55, GH128,
GH132, GH17, and GH72 and composite GH72+CBM43
families — were among the most abundant CAZymes
(Figs. 3 and 4). These B-1,3/B-1,6-glucanases and glucano-
syltransferases maintain cell wall integrity, promote hyphal
flexibility, and assist in surface adhesion and penetration
during infection. Members of the GH16 family, in particu-
lar, were highly represented, with 20-25 copies per genome.
The virulence-associated subfamily GH16 1 (GH16_fun-
gal Lam16A glucanase) was slightly more abundant in
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B. bassiana (7-8 or even 12 copies in some strains) than
in B. brongniartii (6 copies). This subfamily includes the
experimentally characterized host immune evasion gluca-
nase BbEngl (Wang et al. 2023). The remaining subfami-
lies (GH16 3, GH16 4, GH16 18, GH16 22, GH16 23)
showed no consistent species-specific pattern (Fig. 3, Table
S4).

Auxiliary activity (AA) enzymes, which perform oxida-
tive reactions critical for redox homeostasis and virulence,
formed another highly expanded group. AA7 (flavin-
dependent oxidases) enzymes had considerably more cop-
ies in B. brongniartii (18-22 compared to 16-17 in B.
bassiana strains), while AA3 2 (glucose-methanol-choline
(GMC) oxidoreductases), and AA1 (multicopper laccases/
ferroxidases) were particularly enriched in both species,
consistent with roles in redox regulation, reactive oxygen
species (ROS) detoxification, and melanin biosynthesis dur-
ing conidial and hyphal body development. A B. bassiana
laccase gene has been experimentally found to detoxify
insect-generated ROS and interfere with host immune phe-
noloxidase (PO) activation (Lu et al. 2021). Less represented
oxidative families, such as AAS5 1 (glyoxal oxidases),
AAS5 2 (copper radical oxidases), and AA6 (1,4-benzoqui-
none reductases) are known to contribute to oxidative stress
defense, detoxification and extracellular electron transfer.
Several glyoxal oxidases (AAS5 1) have been character-
ized in both phytopathogenic and entomopathogenic fungi,
contributing to their virulence against plant or insect hosts
(Leuthner et al. 2005; Liu et al. 2024). Additionally, benzo-
quinone reductases (AA6) produced by B. bassiana were
found to detoxify quinones produced by beetles as antimi-
crobial compounds, constituting a host-specific virulence
factor against the tenebrionid beetle Tribolium castaneum
(Pedrini et al. 2015). Collectively, these enzymes mediate
protection against host-derived ROS and support immune
suppression and tissue colonization.

A broad set of glycosyltransferases (GTs) was also
detected, spanning GT1, GT2, GT4, GTS8, GT15, GT17,
GT20, GT22, GT23, GT25, GT31, GT32, GT34, GT39,
GT62, GT64, GT69, and GT90 families (Table S4). These
enzymes participate in the biosynthesis of chitin, glucans,
and complex wall glycans, as well as in protein and second-
ary-metabolite glycosylation — processes crucial for cell
wall assembly, secretion of glycoproteins, and modification
of metabolites that enhance adhesion and immune evasion.

Several CAZy families typically associated with plant-
associated fungal lifestyles were also present across the
Beauveria genomes. These included enzymes targeting (pri-
marily) hemicellulose and cellulose (GH5, GH10, GH12,
GH43, AA9, and CE1-CE3, CES) and pectin (PL1, PL3).
Interestingly, a polysaccharide lyase family PL20, encod-
ing alginate/uronate lyases, was detected exclusively in B.
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brongniartii. Such enzymes, which cleave uronic-acid-con-
taining polysaccharides via B-elimination, have also been
reported in Fusarium virguliforme (Chang et al. 2016) and
BLAST protein similarity searches also detected similar-
ity in Metarhizium, Pochonia and Akanthomyces species
(65-85% identity). Other pectin lyases and cutinases are
known to be virulence factors for plant pathogens (Hugou-
vieux-Cotte-Pattat et al. 1996). The absence of PL20 in
B. bassiana genomes and its consistent presence in all B.
brongniartii strains available in the NCBI database were
confirmed by BLAST sequence comparison.

Among the most populated families were those act-
ing on mannan- or galactan-rich substrates. While GH2,
GH27, GH35, GH92, and GH31 families contribute to the
breakdown of plant hemicellulosic side-chains and stor-
age polysaccharides, the highly represented GH47, GH76,
and GH125 encode a-mannosidases that primarily remodel
fungal cell-wall mannoproteins and process insect N-linked
glycoproteins, reflecting conserved roles in fungal develop-
ment and host immune evasion rather than direct plant colo-
nisation. These proteins were uniformly distributed across
all Beauveria strains.

Biosynthetic gene clusters (BGCs)

All 20 Beauveria genomes encode on average 46 BGCs each
(Fig. 5A). Hierarchical clustering of BGC class composition
per strain showed a substantial variation among strains and
between species (Fig. 5B). B. brongniartii strains have an
expanded set of type I polyketide synthase (T1PKS) BGCs
(69 T1PKS in B. bassiana versus 11 in B. brongniartii)
(Fig. 5B). Cluster network comparative analysis identified
a total of 922 BGCs grouped into 105 gene cluster families
(GCFs) with various backbone types (Fig. 5C). 28 BGCs
were classified as singletons, and they mainly belonged to
fungal-RiPP, fungal RiPP-like or NRPS types (Table S5).
These 105 GCFs form both common and species-specific
families. Out of the 105 GCFs, 25 were present in all 20
Beauveria strains, representing the core biosynthetic rep-
ertoire of the genus (Fig. 5D). NRPS and NRPS.T1PKS
clusters comprised half of these, while only 8 out of the
25 core genus clusters matched the known MiBIG clusters
with high or medium similarity, including the insecticidal
compounds of oosporein, bassianolide, beauverolide, sev-
eral siderophores such as e-poly-lysine, and metachelin, as
well as the terpenoids choline and clavaric acid (Fig. 5D).
Beauverolides are known to be involved in killing the host
during infection, while oosporein is mainly an antimicro-
bial compound, also promoting infection (de Bekker et al.
2013; Avila-Hernandez et al. 2020; Pedrini 2022). B. bassi-
ana is also known to produce bassianin (diketomorpholine),
enniatin, and tenellin (2-pyridone) (Eley et al. 2007; Kim et
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Fig. 5 Comparative overview of biosynthetic gene clusters (BGCs)
across 20 Beauveria genomes. A Total number of predicted BGCs
identified per strain using antiSMASH. Although BGC counts varied
moderately among strains (41-51 clusters), both B. bassiana and B.
brongniartii displayed broadly similar overall BGC loads. B Heatmap
showing the distribution of BGC classes across strains (log-scaled
counts). NRPS, T1PKS, hybrid NRPS-PKS, terpene, and RiPP clus-
ters represent the dominant biosynthetic classes, while siderophores,
indoles, and isocyanides occur less frequently. Distinct enrichment
patterns are visible across strains, with several species- or strain-spe-
cific expansions, particularly within T1PKS-related clusters. C Global

al. 2024). The remaining core Beauveria clusters belong to
various types, including 1 isocyanide and a hybrid isocy-
anide-nrp cluster (Fig. 5D). Both are similar to respective
clusters in Metarhizium, Akanthomyces, and other entomo-
pathogens, indicating a potential conserved role in insect
virulence.

Network analysis also aided in the identification of 6 spe-
cies-specific clusters in B. brongniartii that were conserved
in both strains and absent in all B. bassiana strains. These

= NRP-metallophore.NRPS

BGC counts per strain (log scale)

Biosynthetic class of the 25 core Beauveria BGCs
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distribution of the 105 GCF types across the 20 genomes. NRPS clus-
ters constitute the largest proportion of the biosynthetic repertoire, fol-
lowed by T1PKS and terpene clusters. Hybrid architectures (NRPS-
T1PKS, T1PKS-terpene, NRPS-like, and RiPP-like) form a smaller
but functionally diverse subset of the pan-genome. D Biosynthetic
classes of the 25 core BGCs conserved in all Beauveria genomes (and
according to the MiBIG repository). These include clusters respon-
sible for major entomopathogenic and ecological metabolites such
as oosporein, bassianolide, beauverolide, dimethylbassianin, e-poly-
lysine, clavaric acid, metachelin

BGCs belong to TIPKS (4), terpene (1), or TIPKS-NRPS-
like (1) classes, but none of them matched known com-
pounds (Table S5). The four T1PKS clusters have extensive
oxidative tailoring suites (multiple P450s, FMOs, aldo-keto
reductases), predicting novel, heavily modified reduced
polyketides. One terpene cluster encodes a squalene/ses-
quiterpene synthase (SQS/PSY), together with several
oxidative tailoring enzymes, including an amine oxidase,
a short-chain dehydrogenase, a flavin monooxygenase
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(FMO), and a cytochrome P450. The presence of both an
ICMT (Integral Membrane Methyltransferase) methyltrans-
ferase and an MFS transporter further supported the produc-
tion and secretion of an oxygenated terpenoid metabolite.
The sixth BGC encodes a hybrid PKS-NRPS system con-
sisting of a PKS module (KS-AT-DH-KR) followed by an
NRPS A-T module and multiple tailoring enzymes, sug-
gesting synthesis of a polyketide-peptide hybrid metabolite.
The respective BGC of BIPESCO2 matches the compound
6-methylsalicylic acid (BGC0001276) of Aspergillus ter-
reus, due to a similarity with the PKS synthase (100% cov-
erage-46% identity), which has been experimentally verified
in this fungus. The role of 6-MSA and related compounds is
variable (Bejenari et al. 2023). However, the second NRPS
synthase domain shows similarity to fungi belonging to
Xylariales, like Hypoxylon fragiforme and Apiospora marii
and not with any Hypocrealean fungi, suggesting a horizon-
tal gene transfer event.

Two B. bassiana-specific cluster families were present
in all 18 B. bassiana strains and completely absent in the
two B. brongniartii strains. The first corresponds to the
beauvericin compound, a well-known NRPS implicated in
insecticidal activity and virulence, which was not detected
by AntiSMASH in B. brongniartii strains. However, closer
inspection did detect the nucleotide sequence of the cluster,
with striking similarity to the B. bassiana cluster, but the
synthase is truncated (Table S5). The second B. bassiana-
specific cluster did not match any known MIBIG clusters
and the core synthase gene encodes a three-module NRPS
with the architecture (C-A-PCP-E/C-A-PCP/C-A-PCP-
TD), suggesting the biosynthesis of a cyclic tripeptide con-
taining one D-configured residue and a terminal alanine.
The synthase is flanked by multiple tailoring and transport
enzymes, including a methyltransferase, a sulfotransferase,
an amino oxidase and multiple ABC and MFS transporters,
all likely involved in the modification and transfer of the
produced compound. Protein BLAST search of the synthase
showed results in Aspergillus mulundensis (93% coverage
and 52% identity), as well as Trichophyton sp. and Arthro-
derma sp. (94% coverage and 42% identity), while phylo-
genetic analysis using the NaPDoS2 database, classified the
synthase close to HC-toxin, iturin and fengycylin synthe-
tases, confirming the biosynthesis of a modified cyclic tri-
peptidic compound.

Besides species-specific clusters, structural divergence of
core insecticidal clusters was evident. The hybrid T1PKS-
NRPS beauverolide cluster (BGC0002203.2), present in
both species, exhibits distinct structural differences in the
core biosynthetic NRPS gene that is predicted to alter the
chemical outcome of the cluster (Table S5). In both spe-
cies, the PKS retains a complete reductive module (KS-
AT-DH-cMT-ER-KR-ACP), suggesting that the same
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methyl-branched polyketide starter unit is synthesized.
However, in B. bassiana, the NRPS protein contains adenyl-
ation domains predicted to incorporate an undefined residue
(M2), phenylalanine (M3), and D-isoleucine (M4), consis-
tent with the canonical beauverolide cluster. In contrast, B.
brongniartii lacks the phenylalanine-specific A domain and
the terminal D-isoleucine module, instead incorporating two
“X” amino acids and a non-aromatic D-X residue (Table S5).
Moreover, the synteny is slightly different, since B. brong-
niartii lacks the canonical 2-oxoglutarate-dependent oxy-
genase found in B. bassiana. This Fe(I)-dependent enzyme
performs precise hydroxylations that add polar functional
groups to the beauverolide scaffold. Instead, all B. brong-
niartii strains possess an N-monooxygenase (NMO) gene
at the syntenic locus adjacent to the PKS-NRPS core. The
NMO catalyzes flavin- and NADPH-dependent oxidations
targeting heteroatoms rather than carbon centers, a shift pre-
dicted to yield less hydroxylated, more hydrophobic beau-
verolide analogues. This consistent substitution in both B.
brongniartii strains suggests a conserved functional shift
in oxidation strategy, likely influencing the ring hydroxyl-
ation and polarity of the resulting compounds. AntiSMASH
core-scaffold predictions align with these enzymatic dif-
ferences: B. bassiana is predicted to synthesize a canoni-
cal beauverolide-like structure containing aromatic and
hydroxylated residues, whereas B. brongniartii is predicted
to produce a more hydrophobic, aliphatic analogue lacking
both the aromatic ring and D-Ile hydroxylation. Notably, the
FR47-like gene (PF08445), commonly found in beauvero-
lide clusters, is also absent from B. brongniartii, but it is
unknown whether it contributes to compound production.
This coordinated shift in NRPS module composition and
oxidative tailoring suggests that the two species generate
distinct cyclodepsipeptide profiles despite sharing the same
ancestral cluster (Table S5).

Another notable example of divergence is the bassiano-
lide cluster, a cyclic depsipeptide associated with virulence
and cytotoxic activity (Xu et al. 2009; Pedrini 2022). Despite
the shared NRPS architecture, the two clusters have exten-
sive gene-order rearrangement in tailoring enzymes, indi-
cating that each lineage likely produces distinct structural
analogues of the same core scaffold. In B. brongniartii, the
cluster appears truncated, with several biosynthetic genes
missing compared to B. bassiana. In B. bassiana, the clus-
ter includes two additional oxidoreductases (a cytochrome
P450 and an acyl-CoA dehydrogenase), an o/B-hydrolase,
and an AMP-dependent ligase, forming an oxidation-rich
modification environment consistent with the generation
of more hydroxylated or acylated dipeptide derivatives. In
contrast, B. brongniartii retains only a cytochrome P450
and an o/B-hydrolase, while acyl-CoA dehydrogenase and
AMP-dependent ligase are missing. Moreover, it uniquely



Molecular Genetics and Genomics (2026) 301:192

Page 150f 25 192

encodes an aminotransferase. These differences suggest
that, although both species likely synthesize the same core
dipeptide backbone, the downstream modifications may not
be identical. The presence of additional oxidoreductases in
B. bassiana could enable more oxidative tailoring steps,
whereas the aminotransferase unique to B. brongniartii may
support alternative modifications, but the precise biochemi-
cal consequences cannot be inferred solely from gene con-
tent. Overall, the conservation of the NRPS core combined
with variation in associated tailoring enzymes indicates
that the two species may generate related but not necessar-
ily identical compounds, although experimental confirma-
tion would be required to determine the exact structural
outcomes.

A total of 328 singleton BGCs were identified across the
dataset of both species, indicating strain-specific secondary
metabolism and potentially unique bioactivities or ecologi-
cal functions (Table S5).

Effector proteins

Proteins with a predicted N-terminal signal peptide and
lacking transmembrane helices (in positions after the first
35 amino acids), were considered as putative effectors and
were further analysed with EffectorP (v3.0). Approximately
one-third of them were classified as candidate effectors, with
an average of 336 effectors per strain (Fig. 6). The major-
ity of the predicted effectors were apoplastic, with no sig-
nificant differences in apoplastic/cytoplasmic proportions
between B. bassiana and B. brongniartii (Fig. 6). ATHUM

4946 consistently exhibited an atypical apoplastic/cytoplas-
mic effector distribution following initial analysis as well as
reanalysis, which may reflect either a strain-specific biologi-
cal feature or limitations of computational localization pre-
diction. Similarly to other fungi (Kubicek et al. 2011; Martin
et al. 2008), conserved-domain and PHI-base searches
(e<107®) in B. brongniartii BIPESCO2 strain returned
matches for only 50% and 33% of effectors, respectively
(Table S6). Interestingly, many of the PHI-base homologs
recovered corresponded to proteins previously character-
ized in phytopathogenic fungi, again suggesting conver-
gence or repurposing of conserved virulence mechanisms.
Several apoplastic effectors of B. brongniartii BIPESCO2
showed strong similarity to experimentally validated pro-
teins from diverse plant pathogens, including Exserohilum
turcicum (with a fungal RNase; 58% identity; e=7 x 107%),
Trichoderma virens (a Cerato-platanin-like protein; 64%
identity; e=2x10"%), Colletotrichum gloeosporioides (a
RhoA-like small GTPase; 77% identity; e=4x107123),
Magnaporthe oryzae MoMAS4 effector (Eghl6-like; 57%
identity; e=2x107%%), a protein implicated in appressorial
penetration, as well as to the GH75 chitosanase of Fusar-
ium solani (66% identity, e=4 % 107'°), a negative regulator
of pathogenicity through chitosan-mediated host defense
signalling (Hadwiger and Beckman 1980; Prapagdee et
al. 2007). In addition to these phytopathogenic signatures,
several BIPESCO2 proteins also aligned with known vir-
ulence-associated proteins from entomopathogenic fungi
such as Beauveria bassiana and Metarhizium robertsii

Fig.6 Total predicted cytoplasmic
and apoplastic effectors across
Beauveria strains. Bar plot show-
ing the number of predicted effec-
tor proteins per strain, along with
the subset predicted to be apoplas-
tic and cytoplasmic. Each bar rep-
resents a different Beauveria strain,
with apoplastic and cytoplasmic
effectors highlighted as a subset of
the total predicted secreted effector
repertoire. Variability in effector
content reflects both species-level
and strain-specific differences in
effector gene composition
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Fig.7 Conserved domain composition of the 130 core Beauveria effec-
tor orthogroups and species-specific effector orthogroups. Domains
were identified using the Conserved Domain Database (CDD). The
horizontal bar plot shows the number of core effector orthogroups con-
taining each conserved domain type. Pie charts summarize the con-

(Table S6), highlighting the mixed ecological ancestry of
these effectors.

Orthology inference assigned 6,038 out of 6,330 effec-
tor proteins (95.4%) to 455 orthogroups, leaving 292
genes (4.6%) unassigned. Half of all assigned genes were
contained within the largest 141 orthogroups (050=141),
whereas half of all genes in the entire dataset were con-
tained within 149 orthogroups. Across the dataset, a total
of 130 Beauveria core effector orthogroups were identified
(Fig. 7). Within these, 17 were strictly conserved and pres-
ent in all strains, comprising 10 single-copy orthogroups
and 7 with expanded protein families (Table S6). Only
10 out of the 17 orthogroups encoded proteins with con-
served domains (e<107°), including proteases (Tryp_SPc),
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adhesion-related factors that resemble pathogenicity deter-
minants in plant pathogens (CFEM domain) (Kulkarni et al.
2003), and immune-evasion proteins such as the GH16_1
GH16 fungal Lam16A glucanase. The remaining seven
orthogroups, despite being deeply conserved and in some
cases expanded, lacked detectable domains and may rep-
resent novel, lineage-specific effector families. The expan-
sion of Beauveria core orthogroups to those present in 19 of
the 20 genomes (excluding ATHUM 4946, which exhibited
unusually low effector numbers) recovered an extended core
of 113 additional single-copy effector orthogroups (total to
130). Around half of these (58/113) also lacked identifi-
able conserved domains. The rest were dominated by LysM
domains reflecting conserved roles in chitin binding and
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immune evasion (Fig. 7; Table S6). Frequent occurrences of
proteolytic domains—particularly Peptidase A4 and Pepti-
dases S8/ProteinaseK-like—indicate shared strategies for
host tissue and cuticle degradation. Moderate representation
of hydrolases, including GH18 chitinase-like and GH25 CH-
type families, further supports conserved enzymatic roles.
Less frequent but notable were adhesion- and stress-related
proteins, such as hydrophobins, CAP/GAPRI1-like proteins,
Hsp70, cyclophilins, and ER_PDI enzymes. Overall, the
distribution indicates that the Beauveria core effector reper-
toire is dominated by domain-less SSPs, complemented by
a conserved subset of chitin-binding, proteolytic, and stress-
response factors. A small number of effector predictions
mapped to proteins with well-established intracellular roles
(e.g., protein folding, redox homeostasis, or general metab-
olism). These could be involved in central developmental
pathways, in order to control transitions from penetrating
germ tubes to hyphal bodies or hyphal bodies to mycelia
during the first and later stages of infection. Several such
genes have been implicated in virulence mechanisms (Lin et
al. 2019). Alternatively, they could be false-positive predic-
tions, retained solely due to secretion signals, and should be
interpreted cautiously.

Moreover, we identified 13 B. bassiana- and 22 strictly
B. brongniartii-specific effector orthogroups (Fig. 7; Table
S6). Annotated members of B. bassiana included antifun-
gal protein-like effectors (c112933), two HsbA hydrophobic
surface-binding proteins—supporting roles in adhesion and
host interface interactions—and a cupredoxin fold (cl119115)
associated with extracellular redox activity such as protec-
tion against host-derived ROS. Additional families included
PsbQ-like B-sandwich domains (c123783) and a SelO ade-
nylyltransferase-like protein (c119499), both representing
conserved but poorly characterized folds in filamentous
fungi (Balsera et al. 2003). Similarly, B. brongniartii-
specific orthogroups included a domain of Peptidase A4
(c103371), a hydrophobin_2 (cl6022), a CE4/CICDA-like
deacetylase and others (Fig. 7; Table S6). These findings
highlight a small but potentially impactful set of species-
specific effectors in B. brongniartii that may play a direct
role in host cuticle degradation and pathogenesis.

Discussion

This study provides genomic insight into Beauveria brong-
niartii, a comparatively understudied member of the Beau-
veria lineage with a narrow host range. Using long-read
sequencing, we generated a high-quality genome assembly
of strain BIPESCO2, which currently represents one of the
most contiguous assemblies available for the species, with
BUSCO completeness and structural integrity comparable

to well-annotated B. bassiana genomes. This improved
reference enabled robust comparative genomic analyses
across 20 strains of both species, spanning diverse ecologi-
cal backgrounds.

Previous genomic studies of B. bassiana have revealed
a conserved core repertoire of entomopathogenicity-related
genes alongside substantial intraspecific diversity (Li et al.
2023; Obertietal. 2024; Rosanaetal. 2021; Solano-Gonzalez
et al. 2023). Our analyses confirm that the two species share
a highly conserved core genome consistent with common
entomopathogenic strategies. The lack of major differences
in core entomopathogenicity-related proteins suggests that
specialization in B. brongniartii is unlikely to result from
large-scale changes in these fundamental gene families.
Moreover, unlike what has been observed in Metarhizium,
where the specialist M. acridum encodes fewer proteins than
generalist species such as M. anisopliae and M. brunneum
(Gao et al. 2011), we did not detect significant differences in
total protein number between B. bassiana and B. brongniar-
tii. Despite this overall similarity, divergence is clearly evi-
dent in specific gene families, secondary metabolism, and
effector repertoires, offering insight into how two closely
related fungi have adopted contrasting ecological roles. This
pattern suggests that differences in host range are unlikely
to arise from gains or losses of the core infection machinery
itself. Instead, ecological specialization appears to be asso-
ciated with divergence in specific genomic compartments,
including secondary metabolism, lineage-specific ortho-
groups, and a limited subset of lineage-specific effectors,
which may fine-tune host interactions while preserving the
ancestral entomopathogenic toolkit.

Orthology analysis revealed strong genomic coherence
between species but also identified a distinct set of species-
specific orthogroups. B. brongniartii encodes several gene
clusters absent from all examined B. bassiana strains, and
tBLASTn validation supported their identification as spe-
cies-specific features rather than assembly or annotation
artifacts. Many of these proteins are associated with immune
evasion or cuticle interaction—LysM and GH18+CBM1
domains, enterotoxin a, Eghl6-like proteins, cuticle-
degrading proteases, and CFEM domains linked to iron
acquisition. Additional domains related to RNA-binding,
ER-mitochondria signalling, and soil-associated toxin sys-
tems (e.g., Rhs-like proteins) suggest retention or acquisi-
tion of traits favouring soil persistence and interaction with
coleopteran larvae. Some domains show the highest similar-
ity to homologues in Metarhizium and Cordyceps, whereas
others resemble bacterial or saprophytic proteins, reflecting
a mosaic pattern of lineage-specific retention, possible hori-
zontal gene transfer, or accelerated divergence under eco-
logical selection (Fitzpatrick 2012).
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In contrast to B. brongniartii, B. bassiana shows greater
representation in broad-spectrum adhesion factors (HsbA),
detoxification enzymes, mucins, and toxin-like proteins.
These traits likely support attachment to diverse hosts, sur-
vival through the insect gut, and environmental adaptability.
The broad functional repertoire retained by B. bassiana may
also reflect adaptation to ecologically complex environ-
ments involving simultaneous interactions with insect hosts,
plant-associated niches, microbial competitors, and host-
associated microbiota. Recent studies suggest that ento-
mopathogens encounter multifactorial selective pressures
within natural systems, including microbiota-mediated
resistance and environmental stressors (Zhang et al. 2024;
Zhu and Xu 2025), which may favor retention of versatile
metabolic and host-interaction capabilities in generalist spe-
cies. Bacterial-like toxin genes are present in both species,
but expansion and variable expression in B. bassiana have
been reported previously (Xiao et al. 2012). Furthermore,
engineered B. bassiana strains carrying insecticidal genes
from Bacillus thuringiensis exhibit enhanced oral toxicity
(Qin et al. 2010). Overall, divergence in orthogroup content
suggests that B. brongniartii is more ecologically restricted,
whereas B. bassiana has retained or expanded traits associ-
ated with ecological breadth. This interpretation is consis-
tent with ecological observations regarding host preference
in both species (Rohrlich et al. 2018; Zhang et al. 2025).

In contrast to orthogroups, CAZyme repertoires were
nearly identical between species. The core enzymatic
machinery for substrate degradation does not appear to be
a primary target of divergent evolution within Beauveria.
These CAZymes are largely conserved, consistent with
strong functional constrain, reflecting their essential role
across multiple lifestyles (Gao et al. 2011; Xiao et al. 2012).
The widespread presence of plant-associated CAZ fami-
lies—cellulases, hemicellulases, pectinases—is consistent
with the documented rhizospheric and endophytic behavior
of both species (Lefort et al. 2016; Jaber and Enkerli 2017,
Matek et al. 2019; Canassa et al. 2020). This enzymatic
toolkit likely represents an ancestral saprophytic reper-
toire retained for its versatility. Several CAZ families serve
dual functions: CES cutinases target both plant cuticles and
insect epicuticular lipids; AA9 LPMOs cleave crystalline
cellulose as well as chitin; GH76, GH43, and GH47 fami-
lies act on fungal and insect glycoproteins. Such multifunc-
tionality provides a clear evolutionary rationale for their
conservation. Although subtle copy-number differences
were observed—such as increased AA7 and AA3_2 oxido-
reductases in B. brongniartii and more GH16 1 enzymes
in B. bassiana—these differences are modest and unlikely
to drive host specialization alone. The strong conservation
of CAZyme repertoires despite the ecological divergence
between the two species further suggests that host-range
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specialization in Beauveria may not primarily involve large-
scale loss of core enzymatic functions. Instead, ecological
differentiation may arise through regulatory divergence,
including differences in transcriptional activation, promoter
architecture, host-induced expression dynamics, or epigen-
etic regulation (Mierziak and Wojtasik 2024; Armbruster et
al. 2026; Gonzalez Ramos et al. 2026).

A contrasting pattern emerges in secondary metabolism.
While core insect-associated metabolites such as oosporein,
bassianin, beauverolide, and bassianolide are conserved,
numerous BGCs show structural remodeling, loss, or
expansion. This suggests directional evolution within the
secondary metabolite compartment. Notably, B. brongniar-
tii encodes nearly more T1PKS clusters as B. bassiana.
In fungi, TIPKS-derived and hybrid metabolites, such as
oosporein, T-toxin, cytochalasins, and aflatoxins function
as toxins, oxidative stress modulators, antimicrobial com-
pounds and mediators of various environmental interactions
(Brakhage 2013; Keller 2019; Mannino et al. 2021; Wang
et al. 2021; Pedrini 2022). In Beauveria, PKS synthases
have also been linked to development, UV tolerance and
cell wall integrity (Meng et al. 2021; Udompaisarn et al.
2020). The unusually rich oxidative tailoring suites identi-
fied in several B. brongniartii-specific TIPKS clusters sug-
gest an increased potential for diversification of secondary
metabolites. This expanded T1PKS repertoire observed
in B. brongniartii may therefore reflect diversification of
chemical interaction strategies associated with persistence
in soil environments, adaptation to coleopteran hosts, or
modulation of host-derived stress responses, although most
predicted clusters remain functionally uncharacterized. In
Metarhizium, the opposite pattern is observed: generalists
encode more NRPS and TI1PKS clusters than specialists
(Gao et al. 2011). Most predicted BGCs lack characterized
products, consistent with previous findings that the majority
of secondary metabolite genes in entomopathogenic fungi
remain uncharacterized (Pedrini 2022).

Striking divergence is observed in major insecticidal
clusters. The bassianolide NRPS cluster in B. brongniar-
tii is extensively reorganized. The beauverolide hybrid
T1PKS-NRPS cluster shows replacement of the canonical
Fe(Il)/a-ketoglutarate oxygenase with a flavin-dependent
N-monooxygenase and structural differences in the NRPS
synthase. The beauvericin NRPS synthase is truncated to
the extent that antiSMASH failed to annotate the cluster,
and only manual inspection confirmed that most accessory
genes remain intact. These changes likely influence metab-
olite profiles, although functional consequences require
experimental validation. Given that beauvericin, bassiano-
lide, benzoquinone, and oosporein contribute to virulence in
B. bassiana (Xu et al. 2008; 2009; Feng et al. 2015), struc-
tural variation may have implications for strain-specific
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virulence and host range. Consistent with this, Yin et al.
(2020) demonstrated production of distinct beauveriolide
analogues despite conserved cluster architecture. Prelimi-
nary metabolomic observations of our group further suggest
variation in bassianolide-like compounds in B. brongniartii.

Effector repertoires were largely conserved between spe-
cies, with similar apoplastic/cytoplasmic distributions and a
shared core set across strains. This conserved core includes
domains central to host interaction—LysM, hydrophobins,
cerato-platanin, and subtilisin-like proteases. Many effec-
tors resemble experimentally characterized proteins from
phytopathogens, indicating potential functional conserva-
tion beyond insect infection. LysM proteins were consis-
tently present and likely play conserved roles in masking
chitin fragments and suppressing host immunity (Bolton et
al. 2008; de Jonge et al. 2010; Cen et al. 2017; Zeng et al.
2020). A substantial proportion of predicted effectors lacked
recognizable domains, which is common for rapidly evolv-
ing secreted proteins under host-driven selection (Todd et
al. 2022). Many may therefore represent small, secreted
proteins with uncharacterised functions; others may corre-
spond to RNA-based effectors, as small RNAs have been
shown to mediate host immune suppression in fungi (Wang
et al. 2017; Cui et al. 2019). Together, these findings indi-
cate a conserved but adaptable effector landscape in Beau-
veria. One exception was B. bassiana ATHUM4946, which
consistently exhibited an atypical effector profile following
reanalysis, although whether this reflects genuine strain-
specific biology or limitations of computational prediction
remains unclear.

Taken together, the data suggest that divergence between
B. bassiana and B. brongniartii is not genome-wide but
compartmentalized. Core metabolic capacity and infec-
tion machinery remain highly conserved, whereas second-
ary metabolism and certain lineage-specific gene families
exhibit structural and compositional remodeling. The split
between the two species is relatively recent (~1.7-2.1 MYA;
Shen et al. 2020; Kumar et al. 2022), which likely explains
the strong conservation of CAZymes and core orthologues.
This conserved toolkit supports saprotrophy, rhizosphere
competence, and fundamental stages of entomopathogenic
infection, as seen in other Hypocrealean EPF (Xiao et al.
2012; Hu et al. 2014; Wang et al. 2023). It likely reflects a
broad ancestral lifestyle rather than narrow host specificity.
In natural environments, such ancestral ecological versatility
may involve adaptation not only to diverse hosts but also to
complex multitrophic interactions involving plants, micro-
bial competitors, and host-associated microbiota (Zhang et
al. 2024; Zhu and Xu 2025). Together, these observations
support the view that the contrasting ecological strategies of
the two species have evolved primarily through remodeling

of specialized genomic compartments rather than through
large-scale changes to the conserved core genome.

By contrast, secondary metabolism appears to be a prin-
cipal axis of divergence. Structural remodeling of BGCs,
variation in PKS cluster composition, and modification
of canonical insecticidal clusters suggest that chemical
ecology may have played a central role in niche differen-
tiation. Importantly, specialization in B. brongniartii does
not coincide with genome reduction. Instead, the pattern is
more consistent with partial remodeling of broad-spectrum
virulence chemistry combined with diversification of other
metabolite systems. This resembles patterns described in
Metarhizium, where host specificity aligns more strongly
with toxin gain or loss than with CAZyme content (Wang et
al. 2012; Hu et al. 2014).

Specialist Metarhizium species often show accelerated
evolution alongside smaller gene repertoires (Brancini et al.
2018; Moonjely and Bidochka 2019). Our data only partially
match this model. While B. brongniartii exhibits divergence
in BGCs and virulence-associated loci and forms numerous
species-specific orthogroups, total gene number remains
comparable to B. bassiana. This suggests that ecological
specialization within Beauveria may not follow a simple
trajectory of progressive reduction. Instead, specialization
may involve targeted remodeling of interaction-related
genomic compartments while retaining a broadly competent
ancestral framework.

Ultimately, determining whether B. brongniartii repre-
sents a highly specialized lineage or a lineage with retained
ecological flexibility will require broader sampling across
the genus and functional validation linking genotype to
phenotype. Nevertheless, ecological observations of long-
term co-occurrence between European B. brongniartii
strains and Melolontha populations, including partial host
resistance to native isolates (Keller et al. 1999; Enkerli et
al. 2004; Pedrazzini et al. 2024), are consistent with pro-
longed host-pathogen interaction in soil environments. This
ecological context aligns with the genomic signal observed
here: strong conservation of the core infection toolkit, but
pronounced divergence in secondary metabolism and niche-
associated loci.
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