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Chromosome-level genome assembly of Rhynchium brunneum (Fabricius, 1787)
(Hymenoptera: Vespidae)

Jing Wang" 2, Shulin He' 2, Bin Chen! & Tingjing Li'®

The wasps of Rhynchium exemplify solitary vespid predators controlling Lepidopteran pests
through venom-mediated paralysis, with their venom possessing significant medicinal
potential. As dominant models within the species-rich subfamily Eumeninae representing 70%
of Vespidae diversity, they provide critical insights into sociality evolution and biocontrol
mechanisms. To boost research on Vespidae, we used PacBio long-read, short-read RNA-seq
(Illumina) and Hi-C scaffolding technologies to create a high-quality chromosome-level
genome assembly for Rhynchium brunneum, an important solitary insect. We obtained a
328.90 Mb assembly with a Scaffold N50 size of 15.98 Mb. We detected 96.2% Benchmarking
Universal Single-Copy Orthologues (BUSCO) in the genome assembly, which contains 51.77%
repetitive sequences and has 12,999 protein-coding genes annotated. In R. brunneum, we
identified 173 gene expansions and 274 genes that underwent contraction or loss. The high-
quality genome of R. brunneum provides a valuable genetic resource for future research in
evolution, molecular biology, and applied studies.

Background & Summary

The Rhynchium are fierce predators that primarily prey on Lepidopteran pests to feed their young.
After mating, solitary females construct nests, capture prey, and store them in the nests as food for
their larvae, paralyzing but not killing the prey with their venom. Furthermore, their venom also
harbors significant medicinal potential, positioning it as a novel source of bioactive compounds
with promise for pharmacological, therapeutic, and agricultural applications'. Due to their large
populations, rapid flight, aggressive nature, and substantial predation rates, the species of
Rhynchium play a direct and important role in naturally controlling Lepidopteran pests in
agricultural, forest, and orchard environments>>. As such, they represent a significant category of
beneficial insect resources in ecological systems related to agriculture and forestry.

The genus Rhynchium Spinola, 1806 belongs to Insecta, Hymenoptera, Vespidae. The family
Vespidae is widely distributed across the six major zoogeographic regions and encompasses over
5,300 known species globally. As the most species-rich subfamily within Vespidae, Eumeninae
(potter wasps) comprises approximately 204 genera and 3,800 known species*”. It is characterized
by diverse nesting strategies and lifestyles ranging from predominantly solitary to primitively
social in a few species®’. Approximately 70% of the family Vespidae is constituted by subfamily
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Eumeninae, featuring a wide range of body sizes and vibrant colorations, predominantly yellow,
brownish-red, and black, often adorned with various colorful patterns. Given the rich diversity in
morphology, adaptive growth habits, and social-behavioral spectrum within Eumeninae, they are
becoming ideal models for studying genetic diversity and the evolution of sociality in insects'®.
However, the scarcity of high-quality chromosome-level genome resources has limited our
understanding of their adaptive evolution. To date, ten chromosome-level Vespidae genome
assemblies have been published, with eight of these assemblies relying on high-throughput
chromosome conformation capture (Hi-C) technology, among which only one Eumeninae species,
Ancistrocerus nigricornis, has been sequenced. Given the species-rich diversity within this
subfamily and compared to other social vespids, the scarcity of chromosome-level genome
assemblies for solitary Eumeninae species is notable.

To enhance our knowledge of the evolution and ecology of Eumeninae, we sequenced and
assembled chromosome-level genome of Rhynchium brunneum (Fabricius, 1787) as a reference
genome of the subfamily. The species R. brunneum of Eumeninae is widely distributed and exhibits
a wide range of color variations in China and some oriental countries!; its adults feed on floral
nectar while larvae consume lepidopteran and coleopteran larvae provisioned by parental females
in nest cells, playing crucial roles in plant pollination and biological pest control within both
agricultural and natural ecosystems®!2. We obtained a chromosome-level genome of R. brunneum
through the combination of PacBio long reads, short-read RNA-seq (Illumina), and Hi-C data. We
annotated repeats and protein-coding genes (PCGs), and conducted gene family evolution analysis.
The high-quality genome of R. brunneum provide valuable genetic resources for exploring genome
evolution of both the family Vespidae and solitary insects and contributing to the evolution and
ecology research of solitary insects.

Methods
Sample collection and genome sequencing
The R. brunneum were collected from Nanshan Forestry Center in Jiyuan City, Henan Province,
China (35.11°N, 112.60°E) in June 2023. Adult individuals were collected by an insect net,
washed with phosphate-buffered saline, and then snap-frozen in liquid nitrogen.
High-molecular-weight genomic DNA was extracted from an adult male R. brunneum using
a modified CTAB protocol (50°C pre-heated CTAB buffer, 2% B-mercaptoethanol) followed by
chloroform/isoamyl alcohol (24:1) extraction and isopropanol precipitation. DNA was
resuspended in EB buffer, treated with RNase A (1% v/v, 37°C, 30 min), and further purified with
AMPure PB magnetic beads. DNA integrity was verified on 1% agarose gels, and concentration
was quantified using a Qubit® 4.0 Fluorometer (Invitrogen, USA) with the 1x dsDNA HS kit. For
PacBio Revio long-read sequencing, libraries were generated with the SMRTbell Prep Kit 3.0
(PacBio, USA). Briefly, 5 ng DNA was sheared to ~20 kb with a Megaruptor 3 system (Diagenode),
end-repaired, A-tailed, and ligated to SMRTbell adapters. After exonuclease cleanup and size
selection (>5 kb) with AMPure PB beads, libraries were bound to Sequel II Revio SPRQ
polymerase and sequenced on a Revio platform (PacBio, USA).
For PacBio ISO-seq, total RNA was isolated using TRIzol reagent and poly-A enriched with



the Dynabeads mRNA Purification Kit (Thermo Fisher). First-strand cDNA was synthesized using
the SMARTer PCR cDNA Synthesis Kit (Takara), followed by PCR amplification with
PrimeSTAR GXL polymerase. Libraries were constructed with the SMRTbell Express Template
Prep Kit 2.0 (PacBio), quantified on an Agilent 2100 Bioanalyzer, and sequenced on a Sequel II
platform (PacBio). In parallel, short-read RNA-seq was performed using the same poly-A enriched
RNA samples. Libraries were prepared with the NEBNext Ultra II RNA Library Prep Kit (Illumina)
following poly-A selection, and 150-bp paired-end sequencing was performed on an Illumina
NovaSeq 6000 platform.

Using fresh tissue dissected from a single male specimen of R. brunneum (excluding the
abdomen), we performed chromosome conformation capture (Hi-C) sequencing. The tissue was
vacuum-infiltrated with nuclei-isolation buffer containing 2% formaldehyde for cross-linking,
quenched with glycine, snap-frozen in liquid nitrogen and ground to powder. Nuclei were released
by resuspending the powder in isolation buffer. Chromatin was digested with a restriction
endonuclease, end-repaired with biotin-labelled nucleotides, and ligated to cyclize interacting
fragments. After de-crosslinking, DNA was sheared to 300-700 bp; biotinylated junctions were
captured with streptavidin magnetic beads and converted into Illumina-compatible libraries.
Library concentration and insert size were verified with Qubit 2.0 and Agilent 2100; effective
concentration was quantified by qPCR. Qualified libraries were sequenced on the Illumina
platform. The total data generated from the long-read sequencing was 17.63Gb, while the total
data generated from the short-read sequencing was 197.70Gb.

Genome size estimation

Genome size of R. brunneum was estimated by flow cytometry. Fresh heads were finely chopped
and incubated in nuclear isolation buffer for 10 min. The homogenate was filtered to obtain a
nuclear suspension, which was stained with propidium iodide (PI) plus RNase A on ice in the dark
for 0.5-1 h'*'* Samples were mixed with chicken erythrocyte as internal reference at matched
concentrations and analyzed using a BD FACSCalibur flow cytometer with 488 nm excitation.
Genome size was calculated from the fluorescence intensity ratio between sample and reference
peaks using ModFit 3.0 software, revealing a genome size of 0.67 Gb for R. brunneum (Table S1,
Fig. 1a,b,c). Subsequent genome survey analysis via k-mer frequency distribution was performed
using Smudgeplot'® on FASTQ files obtained from third-generation sequencing to infer ploidy.
The analysis predicted diploidy based on the characteristic ‘smudge’ pattern, where each smudge
represents a haplotype structure. Heat intensity within the smudges corresponds to the frequency
of haplotype combinations across the genome. The diploid configuration (AB) exhibited the
highest frequency, corroborating the diploid prediction (Fig. 1d). In Hymenoptera, males typically
develop as haploids from unfertilized eggs, while females arise as diploids from fertilized eggs.
However, in this study, the R. brunneum male was found to be diploid. Two biological mechanisms
can explain this observation. Firstly, diploid males are known to occur in several hymenopteran
lineages, particularly under inbreeding conditions. In the subfamily Eumeninae to which R.
brunneum belongs, diploid males have been documented in FEuodynerus foraminatus and
Ancistrocerus antilope. In E. foraminatus, sibling mating is common, with approximately 40% of



females mating with their brothers before dispersal'. In 4. antilope, 90% of matings occur
between siblings, and 25% of field-collected males are diploid, consistent with high inbreeding
levels!’. Thus, diploid males can occur across species and conditions. Secondly, tissue-specific
endoreduplication is widespread in Hymenoptera. Even in genetically haploid males, key somatic
tissues such as flight muscles can restore diploid DNA content via endoreduplication, a
phenomenon observed across nearly all hymenopteran families except the most basal Xyelidae'®.
Therefore, even if the individual were haploid, DNA extracted from whole body would contain
diploid nuclei from such tissues, yielding a heterozygous pattern in Smudgeplot. Both mechanisms
are biologically plausible, suggesting that our R. brunneum sample may indeed represent a diploid
male or contain diploid somatic tissues.

Figure 1 goes here.

Genome assembly

The initial assembly was generated with PacBio Hifi sequencing data by using Hifiasm (v0.15.1)"
with default parameters. The potential bacterial and human contaminant sequences were removed
by using the NCBI Foreign Contamination Screen (FCS)?°. Haplotypic duplicates were then
purged using purge dups?!, yielding the final R. brunneum genome assembly of 97 contigs with
328.90 Mb with a contig N50 of 9.96 Mb. The clean Hi-C reads were aligned to the draft genome
assembly using BWA (0.7.10)*> with default parameters. We anchored the contigs onto
chromosome level scaffolds using YaHS?*. The final assembly was manually corrected in Juicebox
(v1.11.08)**. The use of a HiC approach, which enabled us to organize the scaffolds at the
chromosome level, was successful as it resulted in a final genome of 328.90 Mb composed of 17
scaffolds and an N50 of 15.98 Mb (Figs. le, 2, Table 1).

We evaluated the genome assembly completeness using BUSCO (v4.1.4)* with the
hymenoptera odb10 orthologue data set. The analysis identified 96.3% (single-copied genes:
96.2%, duplicated genes: 0.1%), 0.7%, and 3.0% of the 5991 predicted genes in this genome as
complete, fragmented, and missing sequences, respectively. These results suggested the assembled
genome is highly complete.

According to published genome sequencing projects, more than 80% of sequenced
Hymenoptera species have genomes ranging from 180 to 340 Mb?®. Thus, the assembled genome
size of R. brunneum of 328.90 Mb falls well within the typical range for the order. However, our
flow cytometry based estimate of 0.67 Gb is larger than the assembly. Such discrepancies between
flow cytometry and sequencing based assemblies are commonly observed across insects>’%%. For
instance, in the coleopteran species Bembidion transversale, flow cytometry estimated a genome
size of 2,118.1 Mb, whereas the assembled genome size was only 661.39 Mb?’.

In our case, the high BUSCO completeness of 96.3% indicates that the gene set is essentially
complete, suggesting the disparity likely arises from technical and biological factors rather than
missing genes. Firstly, highly repetitive genomic regions such as centromeres and telomeres
remain challenging to assemble accurately even with long-read technologies and may be
underrepresented in assemblies. Secondly, somatic polyploidy in head tissues may also lead to an



overestimate by flow cytometry. Studies have shown that in Drosophila, polyploid cells
accumulate in the adult brain, particularly in the optic lobes where over 20% of cells can exceed
4C DNA content®. Polyploidy is also widespread in other insects*’. For example, in the honey bee
Apis mellifera, the malpighian tubules are highly polyploid secretory cells, and the brain, stinger,
leg, thoracic muscle, and flight muscle also generate polyploid cells!. It is therefore likely that R.
brunneum heads contain such polyploid somatic cells, and flow cytometry would indiscriminately
measure their DNA, leading to a flow cytometry estimate that is nearly double the assembled
genome size. Together, these factors help explain why the flow cytometry estimate exceeds the
assembly size.

Figure 2 goes here.

Elements Current Version
Assembly size (MDb) 328.90
Number of scaffolds 147
Longest scaffold (Mb) 22.36
N50 scaffold length (Mb) 15.98

Genome assembly
GC (%) 36.61

BUSCO completeness (%) 96.30

Chromosome-level scaffolds | 17

Anchoring rate (%) 81.40
Protein-coding genes 12,999
BUSCO completeness (%) 96.40
Gene annotation Transcripts 15,215
Exon 83,385
Intron 69,751

Table 1.
Genome assembly and annotation statistics of R. brunneum.

Genome annotation

The repeat sequences of transposable elements (TE) were annotated by using a combination of
homology-based and de novo approaches. To predict repeats ab initio, we constructed a de novo
repeat library of the genome by using RepeatModeler (v2.0.2)*2. We used RepeatModeler to
identify non-long terminal repeat (LTR) retrotransposons and the remaining unclassified TEs.
RepeatMasker (v4.1.2, http://www.repeatmasker.org) was then used to search for known and novel
TEs by mapping sequences against the de novo TE library and Repbase library (www.girinst.org).
Long terminal repeat retrotransposons were searched de novo by using LTR_FINDER parallel®®,
LTR _HARVEST parallel*, and LTR_retriever (v2.8)*. The results of all the above analyses were
integrated to generate a high quality nonredundant TE library for whole-genome TE annotation.
In total, 170.29 Mb of repetitive sequences were annotated, occupying 51.77% of the entire



genome. Among these, DNA transposons accounted for 2.41%, retroelements for 44.40%, LTR
elements for 43.96%, LINEs for 0.44%, unclassified elements for 4.92%, and Rolling-circles and

simple repeats for very little (Table 2, Table S2).

Repeat type Length occupied (bp) | Proportion in Genome
Retroelements 146,042,958 44.40%

DNA transposon 7,921,154 2.41%

LINE 1,456,255 0.44%

LTR 144,586,703 43.96%

Rolling-circles 109,824 0.03%

Simple repeat 45,093 0.01%

Unknown 16,168,802 4.92%

Total 170,287,831 51.77%

Table 2. Statistics of repetitive elements in the genome R. brunneum.

We annotated the high-quality protein-coding genes used a combination of homology-based,
de novo, and transcriptome-based approaches. Prior to genome annotation, the repeat annotation
results were used to soft mask the genomes of R. brunneum. We used the BRAKER3¢ pipeline
that built on GeneMark-ETP?” and AUGUSTUS?® and further improved accuracy using the
TSEBRA? combiner, which integrates extrinsic evidence from long-read RNA-seq (PacBio ccs),
short-read RNA-seq (Illumina) and a large database of protein sequences into a single prediction.
The protein sequences of Polistinae and Vespinae were downloaded from the NCBI database as
references for homology-based prediction. Transcript sequences were assembled with StringTie
(v2.1.6)* from the short RNA-seq reads aligned to the genome by HISAT2 (v2.2.1)*. The
GeneMark-ETP module trained its model and generated predictions using assembled transcripts
and homologous protein databases as input data, followed by the AUGUSTUS (v3.3.3), which
incorporated the predictions from the previous step to train its parameters and performed iterative
refinement of gene structures. Then the transcripts was mapped from the assembled subread
libraries of long-read RNA-seq to the genome sequence and used with GeneMarkS-T*? to identify
protein-coding regions. The GeneMarkS-T coordinates and the long-read transcripts were used to
create a gene set in GTF format. In the final step, the long-read version of TSEBRA was used to
combine three predicted gene sets using all extrinsic evidence. A total of 12,999 protein-coding
genes and 15,215 transcripts of R. brunneum have been annotated by combining transcriptomic
data, nine known protein sets of both Polistinae and Vespinae, and ab initio predictions (Table 1).

InterProScan 5.52-86.0* was used to analysis protein domains with the available different
databases in InterProScan. Both Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were annotated using eggNOGmapper (v2.0.1)* against the eggNOG database
(v5.0.1)*. Gene functional annotation results derived from multiple databases revealed that 12,157
genes (93.52% of the total predicted gene set) were successfully annotated to functional databases.



Figure 3 goes here.

Phylogeny and gene family evolution

We downloaded the genomes of ten hymenopteran species from NCBI for phylogenetic analyses,
including six species of Vespidae: Ancistrocerus nigricornis (Curtis, 1826), Odynerus spinipes
(Linnaeus, 1758), Polistes fuscatus (Fabricius, 1793), Vespa crabro Linnaeus, 1758, Vespa
mandarinia Smith, 1852, and Vespula vulgaris (Linnaeus, 1758), and Apis mellifera Linnaeus,
1758, Nasonia vitripennis (Walker, 1836), Neodiprion lecontei (Fitch, 1858), and Solenopsis
invicta Buren, 1972 (Table 3; Fig. 3). We used OrthoFinder (v2.5.4)* to infer orthogroups with
sequence alignment with the Diamond ultra-sensitive mode. A total of 121,833 genes (96.1% of
the total gene set) were clustered into 11,767 orthogroups, with over 80% of genes successfully
assigned to orthogroups and each orthogroup containing an average of 11 genes. There were 1,001
species-specific orthogroups, which included genes from only a single species, possibly due to
species-specific gene duplication. In R. brunneum, 1,215 species-specific genes were found (Fig.
4c).

Figure 4 goes here.

Species Family Subfamily Source

A. nigricornis | Vespidae Eumeninae Ensembl (GCA_916049575.1)
A. mellifera Apidae Apinae NCBI (GCF_003254395.2)
N. vitripennis | Pteromalidae Pteromalinae NCBI (GCF_009193385.2)
N. lecontei Diprionidae Diprioninae NCBI (GCF_021901455.1)
O. spinipes Vespidae Eumeninae NCBI (GCA_032403825.1)
P fuscatus Vespidae Polistinae NCBI (GCF_010416935.1)
R. brunneum | Vespidae Eumeninae This study

S. invicta Formicidae Myrmicinae NCBI (GCF_016802725.1)
V. crabro Vespidae Vespinae NCBI (GCF_910589235.1)
V. mandarinia | Vespidae Vespinae NCBI (GCF_014083535.2)
V. vulgaris Vespidae Vespinae NCBI (GCF_905475345.1)

Table 3. Species taxonomic information and accession code of all samples used in this study.

To reveal the phylogenetic relationships between R. brunneum and 10 other hymenopteran
species, we constructed a phylogenetic tree based on single-copy orthologues, with N. lecontei
from the suborder Symphyta designated as the outgroup relative to the apocritan taxa. Universal
single-copy orthologs (USCOs) were extracted with BUSCO against Hymenoptera reference gene
sets (n=5991). The USCO amino acid and nucleotide sequences were then utilized for subsequent
analyses. The USCO amino acid and nucleotide sequences of each locus were aligned using the L-
INS-I strategy in MAFFT*’. Subsequently, they were trimmed using trimAl (v1.4.1)*
gaps and ambiguous sites. The trimmed alignments were concatenated by FASConCAT-g (v1.05
generating matrix USCO100 with 100% completeness. Phylogenetic analyses were performed
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based on USCO amino acid matrix of 100% completeness (USCO100_faa). The phylogenetic tree
was constructed by IQ-TREE (v2.0.5)°°. We used the MODELFINDER®' to select the most
appropriate substitution model by employing the relaxed hierarchical clustering algorithm ‘-
rcluster 10” in IQ-TREE. The best protein substitution model for the USCO matrices was ‘LG + [
+G’. The support for the resulting maximum likelihood (ML) tree was evaluated using UFBoot2>?
and SH-aLRT>, with 1000 replicates for each. As expected, the ML phylogenetic analysis showed
that the three Eumeninae species (R. brunneum, A. nigricornis, and O. spinipes) cluster together,
with three species from Vespinae and one from Polistinae (V. vulgaris, V. crabro, V. mandarinia
and P, fuscatus) forming a sister group, and R. brunneum has a closer relationship to A. nigricornis
than to O. spinipes within the subfamily Eumeninae (Fig. 4a).

We used MCMCTree in PAML v4.9j°* to estimate the divergence times of the species by
performing approximate likelihood calculations to estimate the divergence times of the species.
The results were calibrated using two standard divergence time points. Two points were obtained
from the TimeTree database (http://timetree.org/): (a) P._fuscatus-V. crabro, 63.3-76.6 million years
ago (Mya) and (b) N. vitripennis-A. mellifera, 162.4-219.3 Mya. To reduce the computational
burden, approximate likelihood calculation and ML estimation of branch lengths was performed
by using ‘usedata = 2 and 3°. We used the independent rates clock model (clock = 2) and the GTR
substitution model (model = 7) to calculate the Hessian matrices. We set the parameters of the
mean substitution rate and the rate drift as ‘rgene gamma =2 20 1’ and ‘sigma2 gamma =1 10
1’. The estimation was run for 1 billion MCMC generations sampled every 1,000,000 generations,
with the first 0.2 million as burnin®. Estimated divergence times of R. brunneum and other species
suggested that R. brunneum diverged from the common ancestor of A. nigricornis in the subfamily
Eumeninae approximately 36.37 Mya. R. brunneum and A. nigricornis are reciprocally
monophyletic sister taxa within Eumeninae. Their divergence from O. spinipes occurred at
approximately 62.11 Mya (Fig. 4a).

We used CAFE (v4.2.1)°° to analyze gene family expansion and contraction during the
evolution of R. brunneum and related species. We identified 173 expanded and 274 contracted
gene families in R. brunneum (Fig. 4b). We performed functional enrichment analysis (GO and
KEGG) on protein-coding genes (PCGs) from significantly expanded families by using
ClusterProfiler (v3.10.1)°7 with default parameters. GO and KEGG enrichment analyses revealed
that the expanded gene families of R. brunneum are enriched in olfactory receptor activity (GO:
0004984), odorant binding (GO: 0005549), dendrite membrane (GO: 0032590), neuron projection
membrane (GO: 0032589), and detection of chemical stimuli involved in sensory perception of
smell (GO: 0050911). These findings suggest a potential evolutionary link between gene family
expansion and the chemosensory system in R. brunneum (Tables. S3, S4, Fig. 5a,b). However, as
these inferences are based on comparative genomic data, further experimental investigations will
be necessary to validate the functional implications of these expansions. Additionally, we
acknowledge that the current taxonomic sampling may influence these results, and that including
more representative species in the future could refine the inferred patterns of gene family evolution.

Figure 5 goes here.



Chromosome synteny

To reveal the syntenic relationships between 4. mellifera, V. crabro and R. brunneum, MCScanX>®
was used to analyze the protein-coding genes from the genome homology alignments. R. brunneum
showed a low level of synteny with the more distantly related hymenopteran 4. mellifera (Fig. 5c).

Data Records

The raw sequencing data of Rhynchium brunneum has been deposited at the National Center for
Biotechnology Information (NCBI). The PacBio, Illumina, Hi-C, and transcriptome data can be
found under identification numbers SRR35603922-SRR35603931%%8, The assembled genome
has been deposited in the NCBI assembly with the accession number GCA 055773155.1%°. The
genome annotation information has been deposited in the Figshare database’.

Technical Validation

Two methods were used to evaluate the quality of the genome assembly. Firstly, the clean reads
acquired from Illumina sequencing were aligned against the genome assembly using BWA. The
results revealed that 96.24% of Illumina reads were aligned to the genome assembly. Secondly, we
assessed assembly completeness using BUSCO with the insecta odb10 ortholog data set (n =
1,367). The final genome assembly showed a BUSCO completeness of 99.0%, consisting of 1,347
(98.5%) single-copy BUSCOs, 7 (0.5%) duplicated BUSCOs, 4 (0.3%) fragmented BUSCOs, and
9 (0.7%) missing BUSCOs. These evaluations collectively reflect the high quality of the genome
assembly produced in this study.

Data Availability

The raw sequencing data of Rhynchium brunneum has been deposited at the National Center for
Biotechnology Information (NCBI). The PacBio, Illumina, Hi-C, and transcriptome data are
available under accession numbers SRR35603922-SRR35603931%7-%8, The assembled genome has
been deposited in the NCBI assembly with the accession number GCA 055773155.1%. The
genome annotation information has been deposited in the Figshare database’.

Code availability
No custom scripts or code were generated in this study. All data analyses were performed according
to the manual and protocols of the published bioinformatic tools.
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Figure legends

Fig. 1 (a) 2D density plot of R. brunneum. The x-axis (FSC) separates particles by size, and the y-axis (SSC)
separates them by granularity and complexity. Particles with the same size and density cluster together, and
areas with more clustered particles appear lighter in color; (b) 2D dot plot of R. brunneum. The y-axis uses
SSC to separate particles by granularity and complexity. The x-axis (FL2) separates particles by
fluorescence intensity. Fluorescence intensity correlates positively with sample DNA content; (c)
Histogram of R. brunneum. The first peak is the R. brunneum sample peak; the others are internal reference
peaks; (d) Smudgeplot heatmap of R. brunneum. The x-axis represents relative coverage (CovB / (CovA +
CovB)), the y-axis represents total coverage (CovA + CovB), and the color indicates the frequency of k-
mer pairs; (e) Genome-wide interaction heatmap of R. brunneum, with chromosome-level scaffolds and
contig framed in blue and green, respectively.

Fig. 2 Genome landscape of R. brunneum. From outer to inner circles: I, seventeen chromosome-level
scaffolds at the Mb scale; II, gene density across the genome; III, GC contents across the genome; [V, GC-
skew. The photo in the centre is of R. brunneum.

Fig. 3 BUSCO completeness: complete (C) and single-copy (S, Light blue), complete (C) and duplicated
(D, Black), fragmented (F, Yellow), and missing (M, Red).

Fig. 4 Phylogenetic and evolutionary analyses of the R. brunneum genome. The results of each row in (b)
and (c¢) correspond to the species name in the same row in (a). (a) Phylogenetic relationships and divergence
times are shown for R. brunneum with other hymenopterans; (b) Expansions and contractions of gene
families. Blue and yellow indicate the expanded and contracted gene families, respectively; (¢) Distribution
of genes in different hymenopteran species. The colored histogram indicates that genes of each species were
categorized into five groups: Universal single-copy genes (single copy orthologous genes in common gene
families); Multi-copy genes (multiple copy orthologous genes in common gene families); Species-specific
(genes from unique gene families from each species); Others (genes that do not belong to any of the above
ortholog categories); Unassigned (genes which are not clustered into any family).



Fig. 5 (a) GO enrichment analyses of R. brunneum expanded gene families; (b) KEGG enrichment analyses
of R. brunneum expanded gene families; (¢) Chromosomal synteny between V. crabro, R. brunneum and A.
mellifera genomes.
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