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Insects have evolved remarkably complex social systems. Social wasps are particularly noteworthy because
they display gradations in social behaviors. Here, we sequence the genomes of two highly diverged Vespula
wasps, V. squamosa and V. maculifrons Buysson (Hymenoptera: Vespidae), to gain greater insight into the
evolution of sociality. Both V. squamosa and V. maculifrons are social wasps that live in large colonies char-
acterized by distinct queen and worker castes. However, V. squamosa is a facultative social parasite, and V.
maculifrons is its frequent host. We found that the genomes of both species were ~200 Mbp in size, similar
to the genome sizes of congeneric species. Analyses of gene expression from members of different castes
and developmental stages revealed similarities in expression patterns among immature life stages. We also
found evidence of DNA methylation within the genome of both species by directly analyzing DNA sequence
reads. Moreover, genes that were highly and uniformly expressed were also relatively highly methylated. We
further uncovered evidence of differences in patterns of molecular evolution in the two taxa, consistent with
V. squamosa exhibiting alterations in evolutionary pressures associated with its facultatively parasitic or poly-
gyne life history. Finally, rates of gene evolution were correlated with variation in gene expression between
castes and developmental stages, as expected if more highly expressed genes were subject to stronger levels
of selection. Overall, this study expands our understanding of how social behavior relates to genome evolution
in insects.
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Introduction (Hunt and Toth 2017, Taylor et al. 2018, Wyatt et al. 2023). Vespid

. A . wasps in the genus Vespula form populous colonies and are wide-
Highly social insects are remarkable because society members be- P 8 r pop

long to phenotypically distinct castes. Members of each caste take
on different tasks within the colony and often differ widely in shape,
size, physiology, and behavior. For example, in hymenopteran social

spread across the northern hemisphere (Akre and MacDonald 1986,
Greene 1991). Further, some Vespula species are highly invasive and
have been introduced to a variety of locations around the world
(Lester and Beggs 2019, Wilson-Rankin 2021).

insects, the queen and male castes mate and reproduce while the > . o .
New Vespula colonies are typically initiated by a single queen,

worker caste undertakes activities related to foraging, nest buildin; . . . .
e, & which founds a colony independently after emerging from hiberna-

ing, and col function (Ost d Wil 1978, Wil d
nursing, and colony function (Oster an son feon an tion (Greene 1991). The queen establishes the nest and rears the first

Holldobler 2005). The integration among castes maximizes the suc-

. - set of workers, who then take over all functions of maintaining the
cess of insect societies. ) i
. . . . . . nest and rearing the developing young. The colony grows throughout
Social wasps in the family Vespidae represent important subjects

. . . . the year and produces new queens and males at the end of the re-
for understanding the ecology, evolution, and behavior of social in- . . o
. S - productive season. However, some Vespula species show variation
sects, because vespid wasps show great variation in levels of sociality
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in their life cycle and do not found their own nest independently.
Instead, some Vespula species engage in socially parasitic behaviors
(Rabeling 2020).

Social parasites are species that take advantage of existing soci-
eties for their own end; this lifestyle has evolved independently at
least 88 times and is found in ants, social bees, and social wasps
(Buschinger 2009, Rabeling 2020). In hymenopteran social insects,
social parasitism may take several forms (Lenoir et al. 2001, Brandt
et al. 2005, Cervo 2006). In some of the most extreme cases, foreign
queens enter an established colony of another species and dispatch
the resident queen. The invading queen effectively takes over the
colony and ultimately replaces the remaining resident workers with
her own offspring.

The social wasp Vespula squamosa, commonly known as the
southern yellowjacket, is known to be a facultative social parasite
(Taylor 1939, MacDonald and Matthews 1975, 1984). Vespula
squamosa (Figure 1A-C) is found throughout the eastern part of the
United States, extending south to Honduras (Akre et al. 1980, Hunt
etal. 2001). Vespula squamosa queens can found colonies independ-
ently under some circumstances. However, V. squamosa also acts as
a social parasite in much of its range (Matthews 1982).

Vespula squamosa queens take over the active nests of other spe-
cies (Taylor 1939, MacDonald and Matthews 1975, 1984, Greene
1991) and are known to parasitize other Vespula or Vespa taxa
(Greene 1991). Typically, V. squamosa queens invade established
nests and kill the resident queen. Then, the unknowing host workers
help the V. squamosa queen rear new V. squamosa offspring. When
the remaining host workers die, the entire colony comes to be in-
habited by V. squamosa wasps.

In the southeastern part of the United States, a main host of V.
squamosa is the eastern yellowjacket, V. maculifrons (Figure 1D-F;

MacDonald and Matthews 1975, 1984). Previous studies have found
that, in some locations, up to 40% of V. maculifrons colonies may
be taken over by V. squamosa (MacDonald and Matthews 1981).
Moreover, analysis of nest structure indicates that at least 80% of
V. squamosa colonies originate by parasitism of V. maculifrons col-
onies in this region (MacDonald and Matthews 1975; Figure 1G).
The remarkable intra- and interspecific social activities displayed by
V. squamosa and V. maculifrons have made these taxa useful models
for understanding advanced social behavior and evolution.
Investigations of genetic variation within and between species
hold great promise in helping understand behavioral and social dif-
ferences. Prior genetic studies in V. squamosa and V. maculifrons
have determined that both taxa, like all Vespula species, are mod-
erately polyandrous (Goodisman et al. 2007a, 2007b, Johnson et
al. 2009, Loope et al. 2014, 2017). Investigations of long-lived V.
squamosa nests have also uncovered changes in social and repro-
ductive patterns associated with facultative recruitment of multiple
queens (Wilson et al. 2009, Scarparo et al. 2021, Snyder and Loope
2021, Dyson et al. 2022, Sankovitz et al. 2023). Population genetic
studies reveal that Vespula wasps show high gene flow within their
native ranges (Hoffman et al. 2008, Dyson et al. 2021), suggesting
that perennial polygyny may be an environmentally responsive trait
(Scarparo et al. 2021, Dyson et al. 2022, Sankovitz et al. 2023).
Genomic studies are increasingly being used to understand the
evolution of social behavior (Harpur et al. 2014, Rubin and Moreau
2016, Toth and Rehan 2017, Rubenstein et al. 2019, Imrit et al.
2020, Barkdull and Moreau 2023, Orr and Goodisman 2023, Wyatt
et al. 2023, Mikhailova et al. 2024). Genomic investigations can
provide insight into how life histories and behaviors evolve, as well
as how social variation influences genome evolution, both within
and between species (Rubenstein et al. 2019, Warners et al. 2019).

Figure 1. Southern and eastern yellowjacket wasps. (A) Vespula squamosa and (D) Vespula maculifrons queen, male, and worker castes displayed left to right.
V. squamosa (B) worker comb and (C) queen comb. V. maculifrons (E) worker comb and (F) queen comb. (G) ‘Hybrid" V. squamosa-V. maculifrons worker comb.
Note the right sector of the hybrid comb, indicated by the arrow, was constructed by V. maculifrons workers whereas the remainder of the comb was constructed
by V. squamosa workers after the nest had been parasitized by a V. squamosa queen.
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For example, recent studies have investigated related Polistes and
Vespula wasps and uncovered important insights related to mo-
lecular evolution, epigenetic inheritance, and behavior (Patalano et
al. 2015, Standage et al. 2016, Bluher et al. 2020, Harrop et al. 2020,
Miller et al. 2020, 2022, Shell et al. 2021, Crowley 2022, Miller and
Sheehan 2023). Moreover, genomic analyses have recently been used
to detect patterns of molecular evolution that correlate with social
complexity (Dogantzis et al. 2018). Such genome-level investigations
contribute to our understanding of the development of sociality in
insects and provide evolutionary context for these social behaviors.

In this study, we sequenced the genomes of the facultative social
parasite V. squamosa and its host V. maculifrons to further under-
stand molecular and social evolution in social insects. We were spe-
cifically interested in determining if the genome of the social parasite
V. squamosa provided clues to the ultimate and proximate mechan-
isms governing socially parasitic behaviors. We expected that a so-
cial parasite such as V. squamosa, which engages in both dependent
and independent colony founding, would show stability in genome
size, in contrast to other parasites which show genome reduction. We
also expected V. squamosa to show molecular evolutionary changes
associated with signal detection and production. Overall, our aim
was to gain further insight into the structure, function, and evolution
of social insect genomes in the context of evolutionary variation in
social life histories.

Materials and Methods

Biological Samples

We collected live, mature V. squamosa and V. maculifrons colonies
in and around Atlanta, Georgia, USA in November of 2021. Wasp
colonies were stored in a 4°C walk-in refrigerator for several days to
prevent flying and aggressive behavior. Then, we sorted live individ-
uals into sterile microcentrifuge tubes before submerging them into
liquid nitrogen to flash freeze and euthanize each wasp. RNA extrac-
tions were performed immediately following flash freezing. Samples
were stored at -80 °C for subsequent genomic analysis.

We extracted genomic DNA from the head and thorax of a single,
representative haploid male from each species. We used the Zymo
Quick DNA HMW MagBead Kit to extract genomic DNA following
the manufacturer’s suggested protocol but adding 50 pl magbeads
to increase DNA yield. We also included the optional RNase treat-
ment steps. We performed all pipetting with wide-bore pipette tips to
avoid shredding DNA. To verify our genomic DNA extractions were
successful, we measured 260/280 and 260/230 ratios of each sample
on a NanaDrop OneC (Thermo Fisher Scientific). All purified DNA
was kept in a =80 °C freezer and transported on dry ice.

We extracted total RNA from six different samples from each
of both species to study patterns of gene expression across life
stages and castes, and aid in gene annotation. Specifically, we ex-
tracted RNA from pooled eggs, whole larvae, whole pupae, adult
worker thoraces, adult male thoraces, and adult gyne thoraces in V.
squamosa and V. maculifrons. We used the Zymo Quick RNA Kit
to extract RNA according to the manufacturer’s suggested protocol
including the optional DNAse treatment. To confirm RNA extrac-
tion success, we measured the concentration and purity by estimating
the 260/280 and 260/230 ratios on a Nanodrop OneC. All purified
RNA was kept in a =80 °C freezer and transported on dry ice.

Genome and transcriptome sequencing

The University of Georgia Genomics and Bioinformatics Core
(GGBC) first confirmed the DNA quality and created high-fidelity li-
braries. Next, the GGBC sequenced the genomic DNA using PacBio

Sequel II Single Molecule Real-Time (SMRT) technology. The gen-
omic DNA from each species was sequenced on an individual SMRT
cell. PacBio HiFi reads were marked for duplicates using SMRT-Link
v10.2 pbmarkdup.

RNA sample quality was confirmed using Qubit 4 Fluorometer
analysis, and poly(A) enriched stranded RNA-seq libraries were
prepared by the GGBC. The 12 samples were then sequenced by
the GGBC on one NextSeq2000 P2 PE100 run with ~500 million
read pairs, which provided approximately 40 million read pairs per
sample. This deep sequencing provided ample data for gene models
and predictions during bioinformatics analysis.

We produced genome assemblies using Flye v2.9 (Lin et al. 2016,
Kolmogorov etal.2019), with the parameters set to run two iterations
and an expected size of 200 Mb for each genome. Benchmarking
Universal Single Copy Orthologs (BUSCO) v4.0.6 was then used
to determine the presence of highly conserved genes using Insecta
0db10 and Hymenoptera odb10 databases (Simao et al. 2015). The
Quality Assessment Tool for Genome Assemblies (QUAST) v5.0.2
(Gurevich et al. 2013) was used to determine the overall assembly
statistics. MultiQC v1.11 (Ewels et al. 2016) was then employed to
visualize assembly statistics from BUSCO and QUAST.

We used Trimmomatic v0.39 (Bolger et al. 2014) to re-
move adapter contamination with the following parameters:
ILLUMINACLIP: TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:36. FastQC v 0.11.9 was per-
formed on raw and trimmed reads. Reports were visualized using
the MultiQC tool (Ewels et al. 2016). HiSat2 v2.4.5 (Kim et al.
2019) was used to map the trimmed reads to each respective genome
assembly (Supplementary Table S1). The bam files were sorted by
SAMtools v1.16.1 (Li et al. 2009, Danecek et al. 2021) and assem-
bled into transcriptome assemblies using Trinity v2.10.0 (Grabherr
etal.2011).

Feature annotation

We used BBMap v38.93 (Bushnell 2014) to split the genome as-
sembly into manageable chunks for computational considerations.
MAKER v3.01.03 (Campbell et al. 2014) was run for four iterations
with the alternative splicing parameter set to zero (alt_splice = 0).
Expressed sequence tag (EST) evidence was provided from the ref-
erence guided transcriptome assembly for the species of interest.
Alternate EST evidence was obtained from the reference guided
transcriptome assembly of the alternate species. Additionally, we
included protein information from V. germanica, V. pensylvanica,
and V. vulgaris (Harrop et al. 2020) to MAKER. In between each
MAKER iteration, training sets were generated using SNAP v2013-
11-29 (Li et al. 2007) and AUGUSTUS v3.4.0 (Stanke et al. 2006,
2008). We used BUSCO v4.0.6 to help determine the completeness of
the gene models against the Insecta 0odb10 and Hymenoptera odb10
(Simao et al. 20135). The final round of gene models was filtered using
an annotation edit distance (AED) cutoff of < 0.75. Functional anno-
tation was carried out using the OmicsBox pipeline, which includes
Blast2GO (Gotz et al. 2008) and InterProScan (Paysan-Lafosse et al.
2023; Supplementary Tables S2 to SS5).

Intronic regions were identified using the tool ‘Extract-intron-
from-gff3’. Promoter sequences were defined by using the tool
‘extract-promoter-sequences’ with upstream (-u) set to 1.5 kb and
the downstream (-d) set to 0. BEDtools v2.30.0 (Quinlan and Hall
2010) was used to sort the genomic feature format 3 (gff3) files
prior to using Another GFF Analysis Toolkit v0.8.1 to extract se-
quence data. All additional genomic features were appended to
the gff3 file by using BEDtools and BEDOPS v2.4.39 (Neph et al.
2012).
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We identified transposable elements (TEs) within the genomes
of 24 arthropod species including V. squamosa and V. maculifrons
using the Extensive de novo TE Annotator (EDTA) v2.1.0 tool (Su
et al. 2021). TEs can be broken down into the categories of frag-
mented and structurally intact and may also be nested within other
TEs (Bourgeois and Boissinot 2019). The resulting TE content was
categorized by all annotated TEs (anno), only intact TEs (intact), and
reconstructed non-redundant TEs (TElib).

Full genome alignments

The online tool D-Genies v1.4.0 (Cabanettes and Klopp 2018) was
used for pairwise comparisons of multiple genomes. The alignment
for each pairwise comparison was performed using the Minimap2
v2.24 (Li 2018), which is integrated into D-Genies. The D-Genies
repeatedness parameter was set to ‘some repeats’, which corres-
ponds to average precision (-f 0.002) from Minimap2. The pafr tool
(https://github.com/dwinter/pafr) was used to visualize the genome
alignments.

DNA methylation
We investigated patterns of DNA methylation throughout the V.
squamosa and V. maculifrons genomes. We used two approaches to
understanding patterns of DNA methylation. First, we analyzed the
prevalence of CpG dinucleotides in genomic features (Simola et al.
2013, Thomas et al. 2020). The CpG observed/expected ratio (CpG
o/e) was calculated using Notos (Bulla et al. 2018) with a minimum
length (-m) set to 200bp. The GpC o/e values were calculated as a
control metric using a modified version of CpG.pl from cpg_tools
(https://github.com/swebb1/cpg_tools). Genes less than 200 bp were
excluded from downstream analysis. Evidence of past DNA methy-
lation in genetic elements is inferred from CpG o/e values below the
expected value of 1.0 for those elements (Yi and Goodisman 2009).
We also obtained evidence of DNA methylation by analyzing the
PacBio genomic DNA reads themselves. Information on the methy-
lation status of cytosine bases is derived from the kinetics of DNA
polymerase as it adds bases to the extending sequencing strand
during HiFi runs (Li et al. 2020). DNA 5-methylcytosine (5SmCpG)
calls were determined by PacBio primrose tool, which is a compo-
nent of SMRT-Link v11.1.0 (https://github.com/mattoslmp/prim-
rose). The pbmm?2 tool was used to align reads to the reference and
the pb-CpG-tool was run with the count pileup mode to determine
per-site methylation statistics. The presence of SmCpG was then
determined via the PacBio primrose tool, which has an 85% read-
level accuracy (Ni et al. 2023) and a >90% correlation with bisulfite
sequencing data (Tse et al. 2021). Visualization of the methylation
coverage was performed using SeqMonk v1.48.0 with a probe size
of 200 bp (Supplementary Tables S6 and S7).

Gene expression

Trimmed short reads from the samples used in the reference guided
transcriptome assemblies were mapped to the respective genomes
using RNA-Seq by Expectation-Maximization (RSEM) v1.3.3 (Li
and Dewey 2011) with Spliced Transcripts Aligned to Reference
(STAR) v2.7.10 (Dobin et al. 2012; Supplementary Table S8).
Distance matrices and a metric of specificity of expression among
sample types, tau (Yanai et al. 2005; Supplementary Tables S9 and
$10), were computed using the normalized transcript per kilobase
million (TPM) gene counts (Supplementary Tables S11 and $12). We
examined differential gene expression between samples based on the
TPM ratios. For the purposes of heatmap visualization using com-
plex heatmap tool (Gu et al. 2016), the TPM reports (Supplementary

Tables S11 and S12) were filtered to exclude occurrences in which all
samples had zero counts for a given gene.

Ortholog determination and tests of selection
Orthovenn3 (Sun et al. 2023) was used to determine the gene
orthologs across the five Vespula species with the e-value cutoff
of 1e (Supplementary Table S13). Additional ortholog determin-
ation was conducted using OrthoFinder2 v2.5.2 (Emms and Kelly
2019) across all Arthropoda, Polistes, Vespa, and Vespula species
(Supplementary Tables S14 and S15). The phylogenetic tree was
run through multiple iterations using IQ-TREE v2.2.2 (Minh et al.
2020) and visualized using FigTree v1.4.4 (Rambaut 2010). The
tree was pruned for downstream visualization using Analysis of
Phylogenetics and Evolution (APE; Popescu et al. 2012). We then
used Orthologr v0.4.2 (Drost et al. 2015), which runs a Double
Index Alignment Of Next-generation sequencing Data (DIAMOND;
Buchfink et al. 2021) reciprocal best hit (RBH), amino acid align-
ment using Needleman-Wunsch, pal2nal (Suyama et al. 2006) for
codon alignments.

We used Comeron’s method for dN/dS inference for the pair-
wise comparison of V. squamosa and V. maculifrons (Supplementary
Table S16). Evidence of positive selection was sought using (i) the
five Vespula species single copy orthogroups and (ii) Polistes, Vespa,
and V. squamosa and V. maculifrons single copy orthogroups deter-
mined from OrthoFinder2. The nucleotide sequences of the single
copy orthogroups were aligned with multiple alignment using
fast Fourier transformation (MAFFT) v7.487 (Katoh et al. 2002).
Alignment scores were checked with the AliStat tool (https:/github.
com/thomaskf/AliStat) in both cases (Supplementary Tables S17 and
$18). We used the HyPhy v2.5.15 (Pond et al. 2020) aBSREL tool
to test for branch specific positive selection of the aligned sequences
(Supplementary Table $19). HyPhy RELAX (Wertheim et al. 2015)
was then used to test for relaxed and intensified selection; tests
were applied to the gene trees of single copy orthologs of the five
Vespula species, with each Vespula species terminal branch desig-
nated the ‘test’ branch when compared to the other four Vespula
set as ‘reference’ branches (Supplementary Table S20). Additional
HyPhy aBSREL and RELAX tests were run on V. squamosa and V.
maculifrons ‘test’ branches against ‘reference’ branches of Polistes
and Vespa without other Vespula taxa included (Supplementary
Tables S21 and S22). Gene ontology (GO) term enrichment of genes
subject to distinct lineage-specific selective pressures was calculated
using rrvgo for tests including only Vespula species; results were
visualized using the Revigo online tool, with single copy orthologs
used as the background set of genes (Supek et al. 2011, Sayols 2023).

Results

Genome structure

We sequenced the genomes of the social wasps V. squamosa and
V. maculifrons. We found that the genome sizes were 196.0 and
193.3 Mb, respectively. The N50 metric, which serves as a guide
for assessing contiguity of genome assembly, was 6.2 Mbp for V.
squamosa and 4.9 Mbp for V. maculifrons. We note that the genome
assembly sizes of V. squamosa and V. maculifrons were marginally
larger than those of related Vespula species (Figure 2). These differ-
ences in assembly sizes may be partially attributed to the different
sequencing technologies employed. For instance, integration of Hi-C
data, as utilized by Harrop et al. (2020), can enhance the scaffolding
of genome assemblies, providing chromosome-level resolution and
further mitigating ambiguities caused by repetitive regions.
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Figure 2. Phylogenetic placement of V. squamosa and V. maculifrons wasps. Phylogenetic tree of 11 Vespids, 3 outgroup hymenopterans, and a dipteran

showing genome size, N50, and Arthropoda BUSCO scores.

BUSCO scores (Simao et al. 2015) describe the completeness and
duplication of orthologous genes (Supplementary Table S23). Both
V. squamosa and V. maculifrons exhibited high completeness scores
with 933 and 938 complete and single-copy BUSCOs, respectively.
Moreover, V. squamosa had 17 complete and duplicated BUSCOs,
while V. maculifrons had 22. We also characterized TEs for each
species (Supplementary Figures S1, Supplementary Tables S24, and
S25). The V. squamosa genome consisted of 8.00% interspersed
repeats while the V. maculifrons genome contained 7.70% inter-
spersed repeats (Supplementary Table S25). Similar proportions of
TEs were found to overlap coding sequences in the genome of each
species (Supplementary Figure S1).

Phylogenetics and comparative genomics

We constructed a phylogenetic tree including V. squamosa, V.
maculifrons, and related social wasps and outgroup insects (Figure
2). The tree was constructed based on sets of single copy orthogroups

across 16 Insecta species. The phylogenetic tree recovers the
monophyly of Vespula, specifically, and the Vespidae, in general.
Analysis of genomic synteny (collinearity) within the Vespula genus
revealed that V. squamosa and V. maculifrons largely parallel the gen-
omic organization of V. vulgaris, V. germanica, and V. pensylvanica
(Supplementary Figure S2A). Further, global alignment of the V.
squamosa and V. maculifrons genome assemblies showed that a few
regions of the Vespula genomes may have been subject to inversions
or translocations following speciation (Supplementary Figure S2B). In
particular, we identified 49 inversions out of the 104 collinear regions
between V. maculifrons and V. squamosa, 32 inversions out of the 86
conserved regions within V. maculifrons, and 29 inversions out of the
65 conserved regions within V. squamosa (Supplementary Table $26).

DNA methylation
Putative patterns of DNA methylation were analyzed using CpG
of/e (observed/expected CpG ratio) metrics in 24 Arthropoda species
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(Yi and Goodisman 2009). The distribution of CpG o/e values for
genetic elements indicated variation in DNA methylation within
and between species (Walsh et al. 2010; Supplementary Figure S3).
V. squamosa and V. maculifrons exons, in particular, showed broad
distributions, consistent with DNA methylation. These patterns were
similar to distributions of CpG o/e in other Vespula species. Thus,
computational analysis of nucleotide content suggested that DNA
methylation had been present historically in the Vespula lineage.

Actual DNA methylation patterns of V. squamosa and V.
maculifrons were determined by analyzing the output of the PacBio
sequencing reads (Figure 3, Supplementary Figure S4). A putative
baseline level of methylation of ~15% throughout the genome of
both taxa was observed (Supplementary Figure S4A). Given known
patterns and levels of DNA methylation in other insect taxa, this
baseline likely represents false positive methylation calls, whereas
values above this baseline likely represent actually methylated DNA.
DNA methylation patterns in V. squamosa and V. maculifrons across
coding sequences (Figure 3A) showed low levels of methylation up-
stream of the translation start site (TSS) and downstream of the
translation termination site (TTS). However, methylation was sub-
stantially higher within the coding sequences themselves. Given the
baseline levels of methylation observed in the two taxa, methyla-
tion in V. squamosa may be slightly higher than in V. maculifrons.
Moreover, exons showed substantially higher levels of DNA methy-
lation than introns. Methylation levels were substantially higher in
the more central exons and introns of the gene (Figure 3B).

We also found a strong, but nonlinear, relationship between gene
expression variability among sample types (tau) and the level of
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DNA methylation of genes in both V. squamosa and V. maculifrons
(Figure 4A and B). We uncovered the inverse pattern when com-
paring the relationship between gene expression levels among sample
types (TPM median) and levels of DNA methylation (Figure 4C and
D). In particular, approximately 2/3 of the genes displayed relatively
low methylation, low gene expression, and high variance in gene
expression among castes and developmental stages. The other 1/3 of
the genes displayed relatively high levels of methylation, high gene
expression, and low variance in expression among castes and devel-
opmental stages.

Gene expression

We sequenced the transcriptomes of V. squamosa and V. maculifrons
adult gyne, worker, and male thoraces, whole larvae and pupae,
and pooled whole eggs. The transcriptomes aided in developing
gene models to interpret the sequenced genomes and provided ini-
tial information about the patterns of gene expression in these taxa.
Notably, our gene expression results were limited by sample size
and should be interpreted as preliminary data for robust RNA-seq
studies in the future.

Samples generally grouped by developmental stage. In both spe-
cies, the adult gyne, male, and worker transcriptomes were more
similar to each other than to the other immature developmental
stages (Figure SA and B). In V. squamosa, the egg, larva, and pupa
grouped closely, while in V. maculifrons the larval sample was
slightly more like the grade of adult samples. Notably, however, the
patterns of gene expression of adult workers were more similar to

those in adult males than they were to adult gynes.
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Figure 3. DNA methylation level subdivided by genic features. Average DNA methylation levels (normalized to transcript length) are plotted across (A) coding
sequences (translation start site, TSS; translation termination site; TTS) and for (B) exons and introns of genes in V. squamosa and V. maculifrons wasps.

Gz0z Aeyy L€ uo Jasn ABojouyoa | 1o sinsu| eib10ss) Aq Z8GEZ8//982/9//L 1 L/ojonie/esee/woo dno-olwspese//:sdny wolj papeojumoq


http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saae023#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saae023#supplementary-data
http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saae023#supplementary-data

292 Annals of the Entomological Society of America, 2024, Vol. 117, No. 6

Vespula squamosa

Rank Gene Expression Variability 3»

i s
6000 8000 10000
Rank Methylation Level

LA
4000

(@}

Rank Gene Expression Level

- U T Sl U e Ty T .
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Rank Methylation Level

Vespula maculifrons

7, e

8000

6000

4000

Rank Gene Expression Variability ©a
S
8

. & i ‘2ﬁﬁ P
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Rank Methylation Level

o

12000
10000 -}

8000

Rank Gene Expression Level

e S T T+ T i T T ~
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Rank Methylation Level

Figure 4. Relationships between DNA methylation and gene expression in V. squamosa and V. maculifrons wasps. Rank gene expression variability vs rank DNA
methylation level in (A) V. squamosa genes and (B) V. maculifrons genes. Rank gene expression level vs rank methylation level in (C) V. squamosa genes and (D)
V. maculifrons genes. Smoothing curves are displayed to demonstrate the bimodal relationships between methylation and gene expression.

F T

T

=

Log,o(TPM)

=
|
()

D ©
[o2] Q.
o 35

o

larva
male
worker
gyne

Log;o(TPM)

iG

4

2
LN

Figure 5. Caste and stage-specific gene expression. Gene expression levels, transcripts per kilobase million (TPM), within each caste of (A) V. squamosa

(n=9546 genes) and (B) V. maculifrons (n = 9880 genes) wasps.

We also examined highly differentially expressed genes between
our samples in V. squamosa (Supplementary Table S27) and V.
maculifrons (Supplementary Table S28). First, we calculated the mean
gene expression level (TPM) for immature life stages (egg, pupa, and
larva) and adult life stages (worker, gyne, and male). We found that
immature life stages in V. squamosa highly expressed genes like Siwi,
an endoribonuclease. Further, V. squamosa adults had high levels

of chitin deacetylase expression compared to immature life stages.
We also found that V. squamosa workers exhibited higher expres-
sion of defensin, an antimicrobial protein, compared to males. In V.
maculifrons, immature life stages expressed high levels of fatty acid
synthase compared to adults. We also observed an overexpression of
cytochrome P450 4C1, an enzyme which plays a role in energy sub-
strate mobilization, in V. maculifrons gynes compared to workers.
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Table 1. Signatures of selection on terminal gene tree branches
among 4,031 Vespula single copy orthologs, demonstrating high
selection ratio in V. squamosa

Positive Relax- Intensifi- Selection
Test branch selection * ation cation * ratio T
V. squamosa 561 572 280 2.04
V. maculifrons 369 216 260 0.83
V. pensylvanica 313 329 325 1.01
V. germanica 491 295 403 0.73
V. vulgaris 473 159 316 0.50

“aBSREL (Branches Under Positive Selection, P < 0.05).
TRELAX (K results, P < 0.05, Relaxation).

fRELAX (K results, P < 0.05, Intensification).
TRelaxation/Intensification.

Molecular evolution and selection

We identified genes under positive selection, relaxed selection,
and selection intensification in the terminal V. squamosa and V.
maculifrons gene tree branches, relative to four other Vespula species
(Table 1). Our analysis revealed that V. squamosa is experiencing
more than twice as much relaxation of selection relative to intensi-
fication when compared to any other Vespula taxon. However, we
note that V. squamosa is an outgroup to the other Vespula species
and thus its terminal gene tree branches are generally longer than for
the other taxa, encompassing a greater swath of evolutionary history
(Table 1, Figure 2).

In order to provide an alternative view of lineage-specific selec-
tion with an equal branch length for V. squamosa and V. maculifrons,
we again assessed lineage-specific selection for V. squamosa and V.
maculifrons in gene trees constructed from single copy orthologs
among only these two Vespula, three species of Vespa, and three spe-
cies of Polistes (Supplementary Figure S5). Among this reduced set
of single copy orthologs, we detected 19% more instances of lineage-
specific relaxation in V. squamosa as compared to V. maculifrons
(157 and 132 genes, respectively) and 12% fewer instances of
lineage-specific intensification of selection in V. squamosa relative
to V. maculifrons (200 and 227 genes, respectively; Supplementary
Table S29). Thus, this more conservative approach still detected
an increase in relaxation of selection in V. squamosa relative to V.
maculifrons. We further found that the V. squamosa genes experi-
encing relaxed selection were enriched for functions associated with
catabolism, autophagy, and intracellular transport (Figure 6C).

The ratio of non-synonymous to synonymous substitution rates
(dN/dS) provides information about the strength and mode of se-
lection pressures in genomes (Jeffares et al. 2015). We found that
in both V. squamosa and V. maculifrons, dN/dS was negatively
correlated with overall magnitude of gene expression across castes
(TPMmedian; Table 2). In addition, dN/dS was positively correlated
with the specificity of gene expression (tau) across castes and devel-
opmental stages in both taxa. Notably, the correlations were roughly
similar in magnitude in V. squamosa and V. maculifrons.

Discussion

We sequenced and analyzed the genomes of two important social
wasps, V. squamosa and V. maculifrons (Jandt and Toth 2015,
Sumner et al. 2023). These species are of particular interest be-
cause V. squamosa is a facultative social parasite of V. maculifrons
(MacDonald and Matthews 1975, 1984). We were interested in

understanding if aspects of the genomes of these two taxa might
provide insight into the structure of their societies and into their
social behaviors.

Genome structure of V. squamosa and V.
maculifrons
The genome sizes of V. squamosa and V. maculifrons were similar
to the genome sizes of other Vespula species (Figure 2), which range
from 175 to 200 Mbp. More generally, the genome sizes of Vespula
and Polistes wasps fall roughly within this range. These genera ap-
pear to have undergone a genome size reduction relative to more
distantly related taxa in the Apidae and Formicidae (Patalano et
al. 20135, Standage et al. 2016, Harrop et al. 2020, Crowley 2022,
Miller et al. 2022).

We found that the phylogenetic placement of V. squamosa and
V. maculifrons conformed to expectations based on prior studies
(Lopez-Osorio et al. 2014). That is, V. squamosa and V. maculifrons
are relatively distantly related within the Vespula. Although the two
species share superficial morphological similarities, such as the char-
acteristic yellow and black coloration of individuals in this genus,
they are quite distinct in phenotype otherwise (Figure 1).

Tranposable elements (TEs) accumulate in the genomes of organ-
isms and influence genetic diversity and adaptation (Friedli and Trono
2015, Harrison et al. 2018, Schrader and Schmitz 2019, Gilbert et al.
2021, Berger et al. 2022). TEs are thought to be fixed predominantly
by genetic drift rather than natural selection (Charlesworth and
Langley 2021). Consequently, if V. squamosa, the social parasite, has
a smaller effective population size than V. maculifrons, then the gen-
omes of the two taxa might display different levels of TEs. However,
V. squamosa was found to have 8.00% of its sequence comprised of
interspersed repeats while V. maculifrons displayed only a margin-
ally lower value of 7.70% (Supplementary Table S25). Thus, these
data do not support the hypothesis that the effective population
sizes of these two taxa differ dramatically. These low levels of TEs
also stand in contrast to the high TE load observed in insects with
larger genome sizes, including termites, which have approximately
half of their genomes comprised of interspersed repetitive elements
(Harrison et al. 2018).

DNA methylation

This study is one of the first to use direct sequencing to analyze pat-
terns of DNA methylation in an invertebrate. PacBio HiFi DNA
sequencing reads can be used to identify patterns of DNA methyla-
tion because the kinetics of DNA polymerase differs if a methylated
or an unmethylated cytosine is incorporated in the sequencing pro-
cess (Tse etal. 2021, Ni et al. 2023, Nanda et al. 2024, Sigurpalsdottir
et al. 2024). Our results show that methylation is present in both V.
squamosa and V. maculifrons. Notably, however, we detected high
levels of inferred false-positive DNA methylation (~15%) within
the Vespula genomes. Therefore, analysis of PacBio HiFi sequencing
reads does not detect precise levels of DNA methylation. However,
PacBio HiFi sequencing reads are still informative for gaining gen-
eral information about patterns of DNA methylation across dif-
ferent genetic elements in the genome.

Analysis of patterns of DNA methylation within V. squamosa
and V. maculifrons demonstrated that coding regions of the genomes
are enriched for methylated cytosines (Figure 3). DNA methylation
levels were relatively low in the most 5 and 3’ exons and introns, but
methylation reached substantial levels in the middle exons and in-
trons. Moreover, our study found minimal methylation in TEs, as is
typical for holometabolous insects (Lewis et al. 2020; Supplementary
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Figure S4). Overall, these distributions of DNA methylation have
been identified previously in insect genomes and seem fundamental
to DNA methylation patterns of the Holometabola (Glastad et al.
2013, 2014a, 2015, 2016, Hunt et al. 2013¢, 2013b, Rehan et al.
2016, Rahman and Lozier 2023).

Our analysis of DNA methylation from the PacBio HiFi
sequencing reads uncovered relationships between DNA methy-
lation and gene expression. Interestingly, the relationship between
gene expression and DNA methylation is not linear or, apparently,
even continuous (Figure 4). Instead, genes seem to belong to two
distinct classes. The first class of genes shows low methylation, low
overall gene expression, high variation in gene expression among
phenotypes, and low constraint on gene evolution. The second class
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Figure 6. Ontology (GO) term enrichment tree map based on biological processes for genes under (A and B) positive selection, (C and D) relaxation, and (E and
F) intensification in V. squamosa and V. maculifrons within Vespula, respectively. Tree map clusters are comprised of connected GO terms to form superclusters.
The size of a cluster reflects the log,; transformed p-values from GO term enrichment. Boxes of a larger size represent GO terms with higher significance levels.

of genes shows high methylation, high overall gene expression, low
variation in gene expression among phenotypes, and high constraint
on gene evolution. This two-class relationship among genes has been
found across many insect taxa (Hunt et al. 2013c, Glastad et al.
2014a, 2014b, 20135, Jeong et al. 2018). In general, DNA methyla-
tion within genes is found in conserved, housekeeping genes and is
correlated with high gene expression and uniform expression across
tissues and phenotypes. Thus, the bimodal distribution of gene func-
tion in insects seems to be a core aspect of insect genomes.

It is notable that Vespula species apparently possess a func-
tional DNA methylation system (Harrop et al. 2020) whereas re-
lated Polistes species, which have lost DNA Methyltransferase
3 (DNMT3), do not (Weiner et al. 2013, Patalano et al. 2015,
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Table 2. Spearman'’s rank correlation (p) for metrics of DNA methylation, gene expression, and molecular evolution for Vespula single copy

orthologs

V. squamosa p (n) V. maculifrons p (n)

Methylation level Expression specificity

Methylation level Expression level

dN/ds: Expression specificity
dN/dS® Expression level
dN/dS® Methylation level

-0.26"** (3985) -0.40%** (4015)
0.23%*** (3985) 0.26%** (4015)
0.20%*** (3986) 0.10%*** (4017)

-0.10*** (3986) -0.04* (4017)

-0.24%** (4030) -0.10%*** (4029)

*dN/dS values are for terminal species branch in gene trees as calculated by HyPhy RELAX.

*P<0.01, ***P < 0.0001.

Standage et al. 2016, Miller et al. 2022). Indeed, the distribution
of DNA methylation across insects is highly variable (Bewick et al.
2017, Glastad et al. 2017, Thomas et al. 2020). Holometabolous
insects tend to show lower levels of DNA methylation compared to
hemimetabolous insects and other basal arthropods (Glastad et al.
2016). Evidence that DNA methylation causes changes in gene ex-
pression in insects is controversial and the function of DNA methy-
lation in insects continues to be highly debated.

Patterns of gene expression

We examined patterns of gene expression among different castes and
development stages in both V. squamosa and V. maculifrons (Orr
and Goodisman 2023). We note that our ability to assess differen-
tial gene expression was limited due to sequencing single replicates.
Thus, these findings should be viewed as preliminary and inspire
more robust RNA-seq studies exploring gene expression differences
between social wasp life stages, castes, and species in the future.

We found that adult male and adult worker gene expression pat-
terns were relatively similar in both V. squamosa and V. maculifrons
(Figure 5). Notably, our results differ from previous findings that
V. squamosa adult workers and gynes have more similar gene ex-
pression patterns than males and workers (Hoffman and Goodisman
2007). However, the age and tissues sampled of individual wasps
differed between these studies and such variation is expected to im-
pact patterns of gene expression (Ferreira et al. 2013, Toth et al.
2014, Berens et al. 20135, Jones et al. 2017, Favreau et al. 2023a, b,
Taylor et al. 2023). Our study revealed that developmental stage had
a strong effect on differential gene expression among samples, as ob-
served previously (Hoffman and Goodisman 2007, Morandin et al.
2015, Ingram et al. 2016, Lucas et al. 2017). Indeed, many important
growth and development pathways are required for successful onto-
genetic transitions between egg, larva, pupa, and adult stages in in-
sects (Nijhout and McKenna 2018).

We also examined specific differentially expressed genes be-
tween immature life stages (egg, pupa, and larva) and adult life
stages (worker, gyne, and male thoraces). Generally, we found that
immature life stages had elevated expression of genes involved in
developmental pathways. For example, the genes Siwi and fatty acid
synthase were elevated in immature life stages in V. squamosa and
V. maculifrons, respectively. Siwi proteins play an essential role in
the piRNA pathways of insects and have been associated with RNA
transport (Santos et al. 2023). Further, fatty acid synthase has been
shown to be essential in metamorphosis of insects (Song et al. 2022).
Likewise, a previous study revealed metabolism gene pathways were
upregulated in V. squamosa larvae (Hoffman and Goodisman 2007).
Thus, we generally find that many genes in developmental pathways
are highly expressed in egg, pupa, and larva of both Vespula species
studied.

Previous studies have investigated caste-specific gene expression
in social wasps in order to better understand how gene function cor-
relates with caste differences (Hunt and Goodisman 2010, Toth and
Robinson 2010, Jandt and Toth 20135). For example, an early analysis
of patterns of gene expression in V. squamosa and V. maculifrons re-
vealed caste-specific expression in many genes including vitellogenin,
an important egg yolk protein highly expressed in the queen caste
(Hunt and Goodisman 2010). Moreover, metabolism-related genes
were upregulated in queen-destined V. squamosa larvae (Hoffman
and Goodisman 2007). Wyatt et al. (2023) examined caste-biased
expression in a diversity of social wasps, including Vespa and
Vespula species, and found some evidence for conserved caste-biased
expression patterns across species. More recent studies in Vespa have
also uncovered differentially expressed genes between queen and
worker castes (Favreau et al. 2023). Several studies in the Polistinae,
which tend to have simpler societies than the Vespinae, have pro-
vided further insight into the nature of caste-biased expression in so-
cial wasps. For example, strong expression differences of immunity
and metabolism-related genes were uncovered between worker and
gyne castes in Polistes dominula (Geffre et al. 2017). Other studies
in Polistes have identified highly variable proportions of genes dif-
ferentially expressed between behavioral groups or castes (Toth et
al. 2010, Ferreira et al. 2013, Patalano et al. 2015). Moreover, ana-
lyses of expression in different tissues demonstrated important sea-
sonal and physiological effects on gene expression patterns (Toth
et al. 2014, Patalano et al. 2022). Future studies should examine
gene expression differences in social wasp castes and life stages more
robustly to better understand how gene function varies within and
between social wasp species (Berens et al. 2015).

Molecular evolution in Vespula

We investigated the strength of natural selection operating on V.
squamosa and V. maculifrons genes, by measuring the ratio of non-
synonymous to synonymous substitutions, dN/dS. Our analyses re-
vealed that dN/dS was positively correlated with tau, the measure
of variation across gene expression libraries, and negatively correl-
ated with TPMmedian, a metric of overall gene expression level, in
both species (Table 2). These correlations demonstrate that highly
expressed genes are generally under stronger selective constraint
than genes expressed at lower levels. This relationship arises because
more highly and uniformly expressed genes are subject to stronger
levels of natural selection than genes expressed at lower and variable
levels. These correlations have been identified previously and repre-
sent near universal relationships between patterns of gene expression
and gene evolution (Duret and Mouchiroud 2000, Pal et al. 2001,
Gout et al. 2010, Hunt et al. 2013a, Zhang and Yang 2015, Kapheim
et al. 2020, Bertorelle et al. 2022, Tosto et al. 2023, Mikhailova et
al. 2024).
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We also investigated if patterns of genome evolution differed be-
tween V. squamosa and V. maculifrons. Rates of molecular evolution
have been found to correlate with social complexity in social insect
taxa (Toth and Rehan 2017, Dogantzis et al. 2018, Imrit et al. 2020,
Rubin 2022, Mikhailova et al. 2024). Thus, we predicted that the
genome of V. squamosa might show the evolutionary signature of
its unusual social behavior (Kilner and Langmore 2011, Arthur and
Romiguier 2021, Schrader et al. 2021, Bousjein et al. 2022).

We found that V. squamosa, the facultative social parasite, had
the highest number of genes under relaxed selection among the spe-
cies analyzed. V. squamosa also displayed a strikingly higher ratio
of genes under relaxed selection relative to genes under intensified
selection (Table 1). This genome-wide pattern has been observed in
other social parasites previously (Schrader et al. 2021). Relaxed se-
lection could be related to decreased selective pressure operating on
processes crucial for free-living ancestors and relatives. Additionally,
social parasites often have smaller effective population sizes, which
could limit the efficacy of selection (Papkou et al. 2016, Schrader et
al. 2017, Weyna and Romiguier 2021). However, we note that we do
not have evidence of differences in effective population sizes between
V. squamosa and V. maculifrons.

The genes identified as experiencing relaxed selection in V.
squamosa were enriched for biological processes related to catab-
olism and autophagy (Figure 6C, Supplementary Table S30), which
could be indicative of relaxed selection pressure during independent
colony founding. In several ant species, queen fat reserve content
has been associated with colony founding strategy, such that larger
queens with greater fat reserves are more likely to participate in in-
dependent colony founding, whereas smaller queens with fewer fat
reserves tend to participate in dependent colony founding (Keller
and Passera 1989, Howard 2006). Therefore, relaxed selection on
catabolism and autophagy genes in V. squamosa could be partially
influenced by facultative social parasitism and facultative polygyny.
Thus, V. squamosa life history could shape its genome and have im-
portant evolutionary consequences.

Genes under intensified selection in V. squamosa were enriched
for reproductive processes such as gamete generation. This may in-
dicate a higher selective emphasis on reproduction rather than more
basic processes, which are experiencing intensified selective pressure
in V. maculifrons (Figure 6E and E, Supplementary Table S30). The
results could also arise from the alternative life-history strategies of
social parasitism and polygyny, both exploited by V. squamosa. The
possibility that selection is targeting reproduction in V. squamosa
could signal the evolution of even more extreme parasitic behaviors
(Lhomme and Hines 2018, Rabeling 2020). Overall, this work sug-
gests that the facultative social parasite V. squamosa is experiencing
different selective pressures than its frequent host, V. maculifrons.
This research thus deepens our knowledge of host-parasite evolu-
tionary dynamics and expands our understanding of social evolution.
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