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SUMMARY

The evolution of eusociality has allowed ants to become one of the most conspicuous and ecologically domi-
nant groups of organisms in the world. A large majority of the current ~14,000 ant species belong to the for-
micoids, a clade of nine subfamilies that exhibit the most extreme forms of reproductive division of labor,
large colony size,? worker polymorphism,® and extended queen longevity.* The eight remaining non-formi-
coid subfamilies are less well studied, with few genomes having been sequenced so far and unclear phylo-
genetic relationships.® By sequencing 65 genomes, we provide a robust phylogeny of the 17 ant subfamilies,
retrieving high support to the controversial leptanillomorph clade (Leptanillinae and Martialinae) as the sister
group to all other extant ants. Moreover, our genomic analyses revealed that the emergence of the formicoids
was accompanied by an elevated number of positive selection events. Importantly, the top three gene func-
tions under selection are linked to key features of complex eusociality, with histone acetylation being impli-
cated in caste differentiation, gene silencing by RNA in worker sterility, and autophagy in longevity. These
results show that the key pathways associated with eusociality have been under strong selection during
the Cretaceous, suggesting that the molecular foundations of complex eusociality may have evolved rapidly
in less than 20 Ma.

RESULTS AND DISCUSSION maximally supported by both the supermatrix and supertree
approaches.

A reference tree of ant subfamilies Our results confirm that the so-called poneroid subfamilies

To build a comprehensive phylogenetic tree including represen-
tatives of all extant ant subfamilies, we conducted two main
types of analyses on the 4,300,911 amino acids from 4,151 sin-
gle-copy protein-coding genes that we generated from 83 spe-
cies (including 9 hymenopteran outgroups and 65 newly
sequenced genomes; STAR Methods). First, we performed
supermatrix approaches, where all the genes were concate-
nated for estimating a single species tree. Second, we per-
formed supertree approaches, where the species trees were
estimated from all gene trees. The two best resulting trees
from each approach are summarized in Figure 1. Each node of
the tree is supported with maximal support by the supermatrix
analyses, and nearly all nodes (78/82) are congruently supported
by both the supermatrix and supertree approaches. Importantly,
the deepest and most important nodes of the ant phylogeny,
including every relationship among the 17 ant subfamilies are
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(Ponerinae, Paraponerinae, Agroecomyrmecinae, Proceratinae,
Apomyrminae, and Amblyoponinae) are monophyletic,®° rather
than paraphyletic.'®~'? Both the supermatrix and supertree pro-
vide maximum support for the poneroid monophyly. The rela-
tionships among poneroid subfamilies are also all congruently
supported by both approaches (Figure 1), including for the Para-
ponerinae (one living species) and Agroecomyrmecinae (two
living species), which are inherently difficult to relate with other
subfamilies as their deep phylogenetic divergence result in
long branches. An analysis of ultraconserved elements (UCE)
markers for an increased dataset of 166 taxa (STAR Methods)
retrieved the same subfamily relationships (Figure S1), further
supporting the view that our phylogeny (Figure 1) is robust.
These analyses are important because the rooting of the ant
phylogeny has been a controversial issue since the discovery of
Martialis heureka, an extremely rare and morphologically
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Figure 1. Phylogeny and timeline of ant evolution based on whole-genome data

The topology is inferred according to the main supermatrix analysis (1,692,052 amino acid sites after cleaning; maximum likelihood; IQ-TREE PMSF C20 profile
mixture model; Figure S1D); ultrafast bootstrap support is displayed first when node support is not maximal. Node support of the main supertree analyses (from
gene trees of the 1,552 alignments of more than 500 amino acid sites; gene trees inferred with model search in IQ-TREE, and species tree with ASTRAL; Fig-
ure S1E) is displayed second when not maximal (dash when node shows incongruence with the supermatrix analysis). Time divergence has been estimated using
chronos with 12 calibration nodes (Table S2). Ant images from Alex Wild; used with permission. See also Figure S1 and Tables S1 and S2.

divergent ant species that was initially inferred as the sister group
of all other ants.'® Some studies suggested that Leptanillinae is
the subfamily sister to all other ants,'"'® whereas a recent study
suggested that Leptanillinae and Martialinae may form a mono-
phyletic group.® Our analyses support this last hypothesis, with
Leptanillinae + Martialinae forming a clade (hereafter referred to
as the leptanillomorph clade) that is the sister group to all other

ants (Figure 1). This conclusion was also supported by two further
analyses controlling for outgroup composition, which has been
suggested to affect the rooting of the ant tree.” First, we built an
alternative supermatrix of 2,343 genes (983,951 amino acids) con-
taining many outgroups, with 115 non-ant aculeate species bor-
rowed from published transcriptomes.’* These analyses revealed
that the rooting of the ant phylogeny and subfamily relationships
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Figure 2. Branch subtending socially diverse formicoid ants shows increased rates of positive selection

Colors indicate the percentage of genes significantly under positive selection (aBSREL analysis) on each branch. Colony size and polymorphism data represent
the maximum observed value in the genus, and they have been extracted from the literature.?® Significantly enriched functional categories (biological process)
under positive selection are represented as a word cloud for the formicoid branch. The size of the font is proportional to the p value (Fisher’s exact test; larger font
indicating the most significant ones, from 0.011 to 0.047). Darker colors indicate the three functions, with the highest numbers of significant annotated genes

under positive selection. See also Data S1.

are not affected by the inclusion of all these outgroups (Fig-
ure S1B). Second, using random combinations of outgroups
(see STAR Methods for details), we always found the same root-
ing, with strong support for the leptanillomorph clade being sister
to all other ants (bootstrap values: 100 for 109 trees and 99 for the
remaining 6 trees). Because all species of the leptanillomorph
clade are pale, blind, and have a similar hypogeic ecology, this
suggests that some early ants may have escaped extinction by
retreating to these stable subterranean habitats before other line-
ages diversified by developing novel morphological and behav-
ioral adaptations.'® According to our divergence date estimates,
the common ancestor of the leptanillomorphs lived around the
Jurassic-Cretaceous boundary (~145 Ma) shortly after the com-
mon ancestor of all extant ants (~150 Ma). This suggests the pos-
sibility that subterranean lifestyles existed in the ancestors of
extant ants or, more likely, that a hypogeic lifestyle originated at
an early stage in the history of leptanillomorphs. This result con-
trasts with the fossil evidence because the earliest-known fossil-
ized crown ants were not specialized to subterranean habitats,
and they come from Burmese amber deposits that are ~99 Ma
old."™® Set against our divergence date estimates, this indicates
a gap in the ant fossil record of ~50 Ma, further emphasizing an
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existing discrepancy between fossils and molecular data when it
comes to the question of ant origins.'” This is reminiscent of the
debate on the origin of placental mammals, which are estimated
be in the middle Cretaceous by molecular data, whereas there
is no fossil record before the K-T crisis.'® It has been suggested
that the lack of fossils may stem from the occurrence of only a
few lineages of placental mammals and perhaps small popula-
tions sizes during the Cretaceous.'® Similarly, it is possible that
the abundance of crown ants was low at first and only sufficiently
increased with the rise of angiosperm® to be represented in the
fossil record. Alternatively, there may be methodological biases
leading to overestimation of divergence dates®®?" or incorrect
phylogenetic placement of early ant fossils.'®

The pervasive positive selection is associated with the
origin of the socially diverse formicoid clade

To investigate the molecular changes associated with the evolu-
tion of complex eusociality, we conducted positive selection an-
alyses on the 4,151 ortholog genes of the 75 ant genomes (STAR
Methods). The percentage of genes under positive selection var-
ied greatly among the 38 branches ranging from 0% t02.6% in a
single branch (Figure 2). Strikingly, the branch leading to the
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formicoid clade stood out as a clear outlier with a 30-fold higher
rate of positive selection compared with the average of other tree
branches. There were 110 positively selected genes on the
branch subtending the formicoid clade, whereas the average
number of genes with positive selections was only 3.1 in other
branches (maximum value, 20 genes). This finding is particularly
remarkable, given that the genes considered in our analysis are
highly conserved universal orthologs across Hymenoptera.??
This indicates that extensive molecular changes in well-
conserved core genes occurred along the branch giving rise to
the formicoids. By contrast, there was no evidence of a further
burst of positive selection later in the evolutionary history of the
formicoids, including in the multiple branches leading to the
most complex eusocial species (Figure 2). This suggests that
most of the genetic innovations that are specific to complex eu-
sociality in formicoids occurred in less than ~20 Ma during the
early Cretaceous (Figures 1 and 2).

Functional enrichment analyses for the formicoid branch re-
vealed that histone acetylation was the most significantly over-
represented function among the 110 positively selected genes.
Histone acetylation is well known for controlling transcriptional
activity,”* reprograming the foraging behavior of the major
worker caste into the minor worker caste,”® colony activity
rhythms,?® and the longevity/fecundity trade-off in workers.?’
Histone acetylation is also involved in the caste determination
of honeybees through the effect of royal jelly,?® and it has been
identified as a key caste-specific enhancer of transcription regu-
lating the differential larval development of queens and
workers.?? Interestingly, our analyses revealed positive selection
on histone acetyltransferase (Data S1), a gene previously linked
to functions potentially relevant to eusociality, such as the regu-
lation of worker polymorphism.30 The second most significant
function was autophagy. Autophagy has repeatedly been shown
to be essential for queen lifespan extension®’*? and the caste-
specific programed cell death responsible for the divergent
ovary development in queen and worker honeybees.** Finally,
the third most significant function was gene silencing by RNA
(Figure 2). From our results, we retrieved the gene Tudor-SN,
which is a candidate for controlling worker sterility in honey-
bees.** Altogether, these results reveal that the common
ancestor of the formicoid ants underwent important genomic
changes relative to the regulation of gene expression (e.g., his-
tone acetylation and gene silencing RNA) and soma mainte-
nance (e.g., autophagy).

These changes may have been important in allowing the evolu-
tion of extreme division of labor in formicoid clade, which is the ant
clade comprising the vast majority of species exhibiting extreme
forms of complex eusociality (e.g., maximum colony size of 3
million polymorphic workers in formicoid Dorylus species
compared with a maximum of 50,000 monomorphic workers in
some poneroid species of the genus Leptogenys?). However,
given that the nine formicoid subfamilies also display some spe-
cies with less complex levels of eusociality, this implies that
although the genomic changes that occurred during the early
Cretaceous may have favored the emergence of extreme division
of labor and more overtly complex forms of eusociality, they did
not necessarily lead to such changes in social organization.
Knowing which selective pressures triggered these dramatic mo-
lecular changes remains an open and intriguing question.

¢ CellP’ress

Conclusions

By providing genome-wide data for all ant subfamilies, this study
infers the leptanillomorph clade as the sister clade to all other
extant ants and clarifies controversial subfamily relationships
that will be important for further comparative studies in ants.
The comparative genome analysis also reveals important
changes in key molecular pathways implicated in the differential
gene expression of queens and workers. This burst of molecular
innovations, which occurred over ~20 Ma in the early Creta-
ceous, possibly played an important role in facilitating the evolu-
tion of complex eusociality, including the large colony sizes,
extensive caste polymorphism, and extreme fecundity/longevity
of queens that characterize multiple lineages of formicoids.

STARXxMETHODS

Detailed methods are provided in the online version of this paper
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Ant tissue samples This study See Table S1

Critical commercial assays

QlAamp DNA Micro Kit QIAGEN Cat# 56304

Deposited data

Genome raw reads This study See Table S1 and ENA: PRJEB48742;

Genome assemblies This study Zenodo: https://doi.org/10.5281/zenodo.5705739
Alignments This study Zenodo: https://doi.org/10.5281/zenodo.5705739
Phylogenetic trees This study Zenodo: https://doi.org/10.5281/zenodo.5705739
Analyses raw output This study Zenodo: https://doi.org/10.5281/zenodo.5705739
Software and algorithms

Trimmomatic v 0.36 Bolger et al.*® https://github.com/usadellab/Trimmomatic

AbySS 2.0.2
KmerGenie v1.7016
Blobtools v1.1
SPAdes 3.9.0
OrthoDB v9
BUSCO v 3.02
MAFFT v 7.310
Spruceup

TrimAlv 1.2
IQ-TREE v 2.0.5
ASTRAL 5.7.4
macse v1.2
hmmcleaner v1.8
aBSREL v 2.2 (HyPhy package)
topGO

MAKER v 2.31.8
ncbi-blast v 2..2.28
RepeatMasker v 4.0.5
exonerate v 2.2.0

shap v 2013.11.29
augustus v 3.2.2
tRNAscan-SE
snoscan 0.9
orthofinder v 2.2.1
CAFE v5

eggNOG v5

Bwa v0.7.15
ggtree

Jackman et al.*®

Chikhi and Medvedev °”
Laetsch and Blaxter®®
Bankevich et al.*°

Zdobnov et al.*°

Waterouse et al.*’

Katoh et al.*

Borowiec*®
Capella-Gutiérrez et al. **
Nguyen et al.*®

|.46

Zhang et a

Ranwez et al.*’

Di Franco et al.*®
Smith et al.*®

Alexa and Rahnenfihrer *°

Holt and Yandell®'
Boratyn et al.*”
Chen®®

Slater and Birney®*

Korf>®

Stanke and Morgenstern®®
Schattner et al.>”
Schattner et al.®”
Emms and Kelly*®
Mendes et al.>®
Huerta-Cepas °°
Li and Durbin®’

Yu®?

https://github.com/bcgsc/abyss
http://kmergenie.bx.psu.edu/
https://github.com/DRL/blobtools
https://github.com/ablab/spades
https://www.orthodb.org/
https://busco.ezlab.org/
https://github.com/GSLBiotech/mafft
https://github.com/marekborowiec/spruceup
http://trimal.cgenomics.org/
http://www.igtree.org/
https://github.com/smirarab/ASTRAL
https://bioweb.supagro.inra.fr/macse/
https://doi.org/10.5281/zenodo.5705739
https://stevenweaver.github.io/hyphy-site/

https://bioconductor.org/packages/release/bioc/html/
topGO.html

https://www.yandell-lab.org/software/maker.html
https://blast.ncbi.nim.nih.gov/Blast.cgi
https://www.repeatmasker.org/

https://www.ebi.ac.uk/about/vertebrate-genomics/
software/exonerate

https://github.com/KorfLab/SNAP
http://augustus.gobics.de/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/snoscan/
https://github.com/davidemms/OrthoFinder
https://github.com/hahnlab/CAFES5
http://eggnog5.embl.de
http://bio-bwa.sourceforge.net/

https://bioconductor.org/packages/release/bioc/html/
ggtree.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources be directed to and will befulfilled by the lead contact, Jonathan Romiguier (jonathan.
romiguier@umontpellier.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Raw reads of sequenced genomes data have been deposited at ENA (European Nucleotide Archive). Accession numbers are
listed in the key resources table. Genome assemblies, data, raw results and command lines for reproducibility are available in
the following Zenodo repository and are publicly available as of the date of publication Zenodo: https://doi.org/10.5281/
zenodo.5705739. DOls are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We sampled 65 species (64 ants, 1 jewel wasp Ampulex compressa) across all ant subfamilies. We collected specimen from various
sources and collectors (details and full overview of samples available in Table S1).

METHOD DETAILS

Sequencing and genome assembly
DNA extractions have been performed based on a high salt method®® on samples conserved in ethanol or in -80°C freezers.

We sequenced the genomes of 65 samples (64 ants and the jewel wasp Ampulex compressa) using lllumina Hiseq technology
(paired-end, 150 bp reads). Reads were cleaned using Trimmomatic®® and first assembled using AbySS 2.0.2°¢ with kmer size
set on 61 or the optimal value as estimated by KmerGenie v1.7016.%” We removed potential contaminations using the blobtools pipe-
line,*® with the exclusion of contigs that blasted on any non-arthropod phylum against the Genebank database (nt). Reads mapping
on these contaminant contigs were filtered and remaining reads were used for a second genome assembly using SPAdes 3.9.0.%° For
each species, we selected the best assembly between SPAdes and AbySS based on the number of complete and single copy
ortholog genes using BUSCO?? with a 4,415 Hymenoptera ortholog dataset from OrthoDB v9*° (see Table S1 for assembler,
BUSCO scores and N50 of each species).

Phylogeny

We built our phylogenomic dataset by complementing the 4,415 ortholog genes of our 65 species with 17 (9 ants and 8 hymenopteran
outgroups) supplemental reference genomes from OrthoDB v9.“° We aligned the amino-acid sequences using mafft*? and cleaned
the resulting alignments with Spruceup® and trimal** with the “automated1” option.

We concatenated the alignments in a supermatrix that we analysed with two different substitution models with IQ-TREE v 2.0.5*°
and 1,000 ultrafast bootstraps.® First, we performed a gene partitioned analysis (all partitions share the same set of branch lengths
but have their own evolution rate) with LG+F+G4 models after having removed partitions that failed at symmetry tests testing statio-
narity and homogeneity assumptions®® (resulting tree is presented in Figure S1C and has been used as the guide tree for the next
analysis). Second, because the most controversial ant subfamily relationships are expected to be affected by long-branch-attraction
artefacts (Martialinae and Paraponerinae are monotypic subfamilies with long branches), we used the posterior mean site frequency
model (PMSF model, LG+C20+F+G) which has been designed to correct for such artefacts by modeling site heterogeneity.®®°” The
resulting tree is presented in Figures 1 and S1D and is referred in the results as the main supermatrix analysis. We also used this tree
for estimating divergence times via penalised maximum likelihood approaches®® and a set of 12 node calibrations (details of calibra-
tions and references in Table S2).

A coalescent-based species tree analysis was performed by first producing gene trees using IQ-TREE*® with the substitution
model selected for each alignment by the built-in ModelFinder option MFP+MERGE. Because coalescent-based species tree ap-
proaches are sensitive to inaccurate gene trees,®® we only kept gene trees from long alignments of more than 500 amino-acids
(n=1,366) and used ASTRAL 5.7.4“° for producing the supertree (Figure S1E).

In case outgroup composition affected our results,? we built an alternative dataset containing 115 outgroups of Aculeate species
by matching our OrthoDB IDs with the IDs provided by the alignments of an Hymenoptera phylogenomic dataset,'* resulting in a
2,343 gene supermatrix (983,951 sites) after an automated trimal cleaning. We first performed the same PMSF analysis as described
above (see tree in Figure S1B). Second, we produced a reduced supermatrix by keeping only alignments with at least 90% of species
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and sites with 90% of non-ambiguous characters, resulting in a supermatrix with 271,959 sites. We then removed from 0 to 115
random outgroups from this supermatrix, producing 116 new supermatrices for testing the effect of random outgroup removal.
The same PMSF tree inference as described above was then performed, resulting in 116 phylogenetic trees (available in the Zenodo
repository Zenodo: https://doi.org/10.5281/zenodo.5705739).

We built an alternative dataset of ultra-conserved elements loci (UCE) from our genomes and merged the data with the phyloge-
netic dataset of Branstetter et al.® We used phyluce’® to extract UCE loci from our genome assemblies. 2,510 loci were retrieved but
we only kept the 1,855 that were common with the Branstetter et al.? dataset. We aligned the data using mafft,*” cleaned the align-
ment using trimal** with the -automated1 option and removed alignments that contained fawer than 75% of the total number of taxa
(n=166). We concatenated the 1,230 remaining alignments in a supermatrix with 426,015 sites and inferred a tree using IQ-TREE with
a locus partitioned analysis (all partitions share the same set of branch lengths but have their own evolution rate) with GTR+I+G4
models and 1000 ultrafast bootstraps (Figure S1A).

Divergence dating analyses

First, we used a simple approach exploiting the largest supermatrix by using the topology and branch lengths of Figure S1D (super-
matrix of 1,692,052 amino acids, PMSF model LG+C20+F+G) to estimate divergence times via penalised maximum likelihood ap-
proaches®® and a set of 12 node calibrations (details of calibrations and references in Table S2). To confirm the retrieved estimations
(presented in Figure 1), we analysed a reduced dataset using a Bayesian approach, as implemented in MCMCTree, a part of the
PAML package, v4.10.”" MCMCTree utilizes rapid approximate likelihood computation,”? which makes it suitable for divergence
dating of genome-scale data sets.'® Due to computational constraints, we used an alignment with loci containing a minimum of
95% of our 83 taxa, totalling 182,809 amino acid sites. We fixed the topology to be the same as our analysis of the full alignment.
We constrained our root node with a soft bound maximum age of 236 Ma, corresponding to the lower bound of the 95% highest pos-
terior density (HPD) interval for that split in Hymenoptera tree estimations.'* We also set soft bounds on the root of the Formicidae to
be 103 Ma and 169 Ma, corresponding to the upper 95% bound of HPD in Borowiec et al.® and lower bound in Economo et al.,”® the
most divergent of recent estimates for the crown age of the family.'” We also used minimum node age constraints based on fossils
presented in Table S2. We ran each analysis unpartitioned, under the LG model for 5 million generations. We examined each run’s
statistics in Tracer’* and confirmed convergence and sufficient effective sample sizes (>>200) for all parameters. Retrieved estima-
tions were close to those retrieved with penalised likelihood on the whole dataset (Figure 1) and are available with all output files in the
zenodo repository (Zenodo: https://doi.org/10.5281/zenodo.5705739).

Positive selection analysis

We performed a positive selection detection analysis by using 4,415 nucleotide alignments. Nucleotide alignments have been pro-
duced and refined from amino acid alignments using the command reportGapsAA2NT and refineAlignment from macse v1.2.%” We
cleaned the alignments of potential errors further by using hmmcleaner v1.8, a tool that has been reported as especially effective for
reducing false positives for detection of positive selection.*® We used the value of 5 for the threshold parameter then removed every
species with fewer than 20% nucleotides remaining after the cleaning. To ensure that gap-rich regions did not bias our analyses, we
applied two different supplemental cleaning treatments by keeping only codons shared with more than 50 and 75% of the species of
the alignment. All of the following analyses were performed with the three cleaning strategies (hmmcleaner only; hmmcleaner+50%
complete codons; hmmcleaner+75% complete codons) and retrieved consistent results regarding the relatively high percentage of
genes under positive selection in the Formicoid branch compared to other branches (38.13, 36.26 and 30.58-fold increases, respec-
tively, see Data S1). Only the results of the “hmmcleaner+more than 75% complete codons” treatment are presented in the main text.

We used the aBSREL method (adaptive Branch-Site Random Effects Likelihood) from the HyPhy package,*® an improved
implementation of the branch-site model typically used to test whether positive selection has occurred on some branches via the
estimation of dN/dS (non-synonymous substitution rate over synonymous substitution rate).” All branches were tested for positive
selection for each gene, with p values corrected for multiple testing on multiple branches (using the built-in correction in aBBSREL.An
additional correction was conducted for multiple testing on multiple genes.”® For each internal branch in Figure 2, we only considered
alignments containing at least one species for each of its three connected clades, ensuring that the positive selection test reflects this
exact part of the evolutionary history of the gene. For each gene, we reported the gene ontology function of the Apis mellifera ortholog
gene as available in OrthoDB.“° Gene ontology enrichment analyses have been performed using topGO®°° with Fisher exact tests and
the default weight01 algorithm.

GC-content variations are known to potentially bias detection of positive selection methods via the process of biased gene conver-
sion.””"® Particularly for our results, strong GC-content variations among Formicoid and Poneroid species could lead to an overesti-
mation of positive selection in the branch leading to Formicoids. To ensure that it is not the case, we measured the average GC-content
of all species and retrieved no significant difference between Formicoids and Poneroids when considering all genes (45.43% vs 46.14%
in Formicoids and Poneroids, p value = 0.14 from Welch two sample test) or only considering the 110 genes retrieved as positively
selected from the main analysis (48.10% vs 48.92% in Formicoids and Poneroids, p value = 0.15 from Welch two sample test).

Gene predictions and gene family analyses
We performed gene predictions for our 65 genomes by using MAKER2 v 2.31.8,°" a pipeline for genome annotation using ncbi-blast v
2..2.28,%” RepeatMasker v 4.0.5,%° exonerate v 2.2.0,° snap v 2013.11.29,°° augustus v 3.2.2,°° tRNAscan-SE v1.3.1 and snoscan
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0.9.°” We filtered genes with fewer than 1000 nucleotides and individual protein sets were blasted against each other as well as
against 28 additional Hymenoptera protein sets (detailed list available in output files available on Zenodo: https://doi.org/10.5281/
zenodo.5705739) using orthofinder v 2.2.1.°% The resulting gene count data file was then used for a gene family evolution analysis
with CAFE v5°° with base model default setting values. After trying several filtering methods, we removed gene families with differ-
ence in gene number larger than 50 to prevent “-inf” likelihood scores.

We assigned GO terms for our 65 protein sets using eggNOG v5°° and used it to assign GO terms to gene families analysed with
CAFE. To identify gene functions over-represented in gene families that underwent significant expansion/contraction, GO term
enrichment analyses were performed using topGO,° with Fisher exact tests and the default weight01 algorithm. Gene functions
significantly over-represented and potentially related to eusociality include autophagy, determination of adult lifespan, oogenesis,
detection of chemical stimulus involved in sensory perception of smell, maintenance of chromatin silencing, olfactory receptor ac-
tivity, histone deacetylase binding, histone kinase activity (see the topGOresults tables in the Zenodo repository for the whole list).
However, these results should be taken with caution because our analyses showed that the genomes available in public databases
tended to exhibit greater increases/decreases of gene families than our 65 genomes. This is probably due to the fact that we had to
use short-read sequencing technologies to be able to analyse low amounts of DNA and/or degraded DNA for some species that are
rare and very difficult to collect. We therefore chose not to present these results in the main text but instead made them available in a
Zenodo repository (Zenodo: https://doi.org/10.5281/zenodo.5705739) where we provide MAKER2 control file and options, resulting
protein fasta files, orthofinder main output files, CAFES5 input and output files, eggNOG annotations and topGO analysis input/output.
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