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Abstract 

Bees provide excellent systems for understanding how social behaviour evolves and how it 

influences the genome, a central question within sociobiological research. Advances in genomic 

technologies now enable investigation of the evolutionary and molecular mechanisms underlying social 

complexity. I use genomic and population genetic approaches to investigate the mechanisms that 

contribute to the emergence of social behaviour and the genomic consequences of advanced eusociality 

in bees. I first review advances in bee genomics, highlighting how genome sequencing, transcriptomics, and 

other tools have improved our understanding of bee evolution and behaviour. Then, I suggest that 

combining molecular and genomic approaches provides a framework for identifying genes and molecular 

pathways associated with eusocial traits. Using the facultatively social Ceratina calcarata, I investigate 

genomic patterns linked to early stages of social evolution. Comparisons between social and subsocial 

colonies show that loci with high genetic differentiation are often located in or near regulatory regions. 

Comparisons with Ceratina strenua also identify genes under positive selection, particularly in genes 

involved in regulation and metabolism. Finally, I examine the genomic consequences of longevity in terms 

of changes in mutation and recombination rate in the advanced eusociality in Apis mellifera.  Mutations are 

more likely to occur in regions with higher recombination and are less common in constrained genomic 

regions, suggesting that recombination and purifying selection shape patterns of mutation in the honey 

bee genome. Together, this work demonstrates how genomic approaches can uncover the origins of social 

behaviour and how eusocial life histories influence genome evolution in bees. 
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Chapter 1 Introduction  

The evolu[on of social behaviour has long been a central ques[on in sociobiology. With the advent 

of high-throughput sequencing and compara[ve genomic tools, understanding the genomic basis of 

sociality has become increasingly tractable. Compara[ve genomics, popula[on gene[c analyses, and 

genome-wide associa[on studies (GWAS) now allow researchers to detect adap[ve changes, measure 

natural selec[on, and connect genotype to phenotype at broader scales and faster rates. These tools 

provide powerful frameworks for tes[ng hypotheses about the origins and preserva[on of social behaviour. 

In Chapter 2 of my disserta[on, I provide a comprehensive review of how a wide range of genomic and 

molecular tools have transformed our understanding of bee phylogeny and behaviour. Briefly, I discuss how 

modern genomic techniques have greatly improved our understanding of how bees evolved, how complex 

social behaviours like eusociality arise, and how genes influence behaviour and caste differences. This 

chapter focuses on four main ideas: using genomes to trace bee evolu[on, studying alterna[ve splicing and 

regulatory RNAs and their poten[al role in social and behavioural flexibility, applying new DNA-based 

methods to understand bee–environment interac[ons, and using these insights to support bee 

conserva[on under environmental change. In Chapter 3, I outline how although we have many new 

complete insect genomes, we s[ll do not fully understand the genes or gene[c mechanisms underlying 

eusocial behaviour and its evolu[on. Here I review the mul[ple approaches researchers have used to 

inves[gate the gene[cs and evolu[on of social traits, including popula[on genomics, genome-wide 

associa[on studies, and experimental gene manipula[on using tools such as CRISPR/Cas9. I argue that 

integra[ng these methods offers a more powerful strategy for iden[fying and confirming the genes 

underlying eusociality than relying on any single approach in isola[on.  

Several theories have been proposed to explain how eusociality evolves from solitary behaviour 

and how it is elaborated into the complex social systems observed in insects (Figure 1-1). Two prominent 

frameworks are the gene[c toolkit hypothesis and the novel gene hypothesis. The gene[c toolkit hypothesis 

proposes that eusociality arises primarily through changes in the regula[on of pre-exis[ng genes or gene 

networks, allowing genes to be ac[vated or repressed across developmental stages or [ssues (TRUE AND 

CARROLL 2002; WOODARD et al. 2011; REHAN AND TOTH 2015). Such regulatory plas[city can generate 

behavioural varia[on among individuals and facilitate the emergence of rudimentary caste systems, a 
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pa\ern that has been observed in eusocial ants (SIMOLA et al. 2013; SCHRADER et al. 2015; GOSPOCIC et al. 

2017), the eusocial bumblebee Bombus terrestris (WOODARD et al. 2011; WOODARD et al. 2014) and the 

halic[d bee Lasioglossum albipes (KOCHER et al. 2018). In contrast, the novel gene hypothesis suggests that 

newly emerged, taxonomically restricted genes play an important role in the elabora[on of social behaviour 

a�er sociality has already been established with suppor[ng evidence from the advanced eusocial honey 

bee  (JOHNSON AND TSUTSUI 2011).  

In Chapter 4, I test the hypothesis that early social evolu[on is primarily associated with gene[c 

differences in conserved genes consistent with the gene[c toolkit hypothesis.  To do this, I focus on the 

faculta[vely social bee Cera7na calcarata that exhibits natural varia[on in social behaviour, ranging from 

subsocial colonies (maternal care without reproduc[ve division of labour) to social colonies with a 

reproduc[ve division of labour. Specifically, in some colonies, the mother produces a small worker daughter 

that acts as an altruis[c helper and aids the mother in performing colony tasks; following previous work 

(MIKÁT et al. 2017), I refer to these as “social” colonies. In contrast, colonies in which the mother performs 

all colony tasks, including provisioning and caring for her brood, without the small worker daughter are 

referred to as “subsocial” colonies. This varia[on provides a powerful framework for comparing genomic 

pa\erns between social and subsocial colonies within the same environment. Using popula[on genomic 

metrics such as gene[c differen[a[on (Fst), I iden[fy gene[c differences between these behavioural states 

to test whether divergence associated with sociality is concentrated in genes and pathways predicted by 

the gene[c toolkit hypothesis. 

In Chapter 5, I test the complementary hypothesis that posi[ve selec[on on protein-coding genes, 

including poten[ally novel genes, contributes to the early stages of social evolu[on. While much of the 

previous work has focused on highly eusocial insects, where many adap[ve changes are thought to be fixed, 

incipiently social species provide an opportunity to detect adap[ve evolu[on as it is emerging. Here, I 

compare protein-coding sequences of C. calcarata and C. strenua to ask how coding sequence evolu[on 

may be linked to early social behaviour in C. calcarata. The small carpenter bee C. strenua is a close rela[ve 

of C. calcarata, from which is diverged approximately 92,000 years ago. C. strenua displays extended 

maternal care and has been reported to act socially and produce a small worker daughter throughout its 

geographic range (LAWSON et al. 2018). However, while C. calcarata exhibits a well-characterized incipiently 

social system, including ac[ve maternal manipula[on of offspring size to produce a morphologically dis[nct 

worker caste (LAWSON et al. 2016; LAWSON et al. 2017) and caste-associated divergence in brain gene 

expression (SHELL AND REHAN 2019), C. strenua, despite sharing some capacity for social behaviour (LAWSON 

et al. 2018), displays a less consistent and less elaborated social phenotype. Therefore, C. strenua serves as 
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a phylogene[cally appropriate outgroup against which signatures of posi[ve selec[on specific to the C. 

calcarata lineage can be iden[fied. This compara[ve approach allows me to iden[fy signatures of posi[ve 

selec[on and to evaluate whether coding sequence evolu[on plays a detectable role during the earliest 

stages of social evolu[on. 

 Finally, in Chapter 6, I focus on the honey bee (Apis mellifera) to examine how maternal aging 

influences genome evolu[on with the hypothesis that de novo muta[ons will increase with maternal age 

likely due to increased germline cell divisions over [me that have more opportunity to introduce novel 

muta[ons. I further hypothesize that these muta[ons will be enriched in genomic regions that have high 

recombina[on rates. Increased longevity has long been considered a consequence of eusociality, which 

uniquely uncouples the trade-off between reproduc[on and longevity in the reproduc[ve queen, allowing 

her to achieve both a high reproduc[ve output and an extended lifespan, while workers bear the costs of 

this trade-off (FLATT 2011; RODRIGUES AND FLATT 2016; CULINA et al. 2019; KREIDER et al. 2021). Honeybee 

queens are able to reproduce for several years rearing either haploid male drones or using stored sperm to 

generate diploid female workers (TRIVERS AND HARE 1976; MICHENER 2007). This makes them an ideal model 

for studying the genomic consequences of aging in a eusocial context. In collabora[on with colleagues from 

across Canada, I inves[gated how queen age affects the genome by sequencing and analyzing her drone 

offspring. Because honey bees, like other Hymenoptera, are haplodiploid, sequencing drones is akin to 

sequencing the unfer[lized eggs of their mother queen. This provides a unique framework for isola[ng and 

detec[ng the effects of maternal aging on offspring genomes without the confounding influence of paternal 

contribu[ons. By sequencing the genomes of drones from queens of different ages, I was able to examine 

how maternal aging shapes pa\erns of muta[on and directly test the hypothesis that increased aging 

results in increased de novo muta[ons.  

 Together, my disserta[on uses a genomic approach to study social behaviour across two very 

different forms of social organiza[on: one that is socially flexible and one that is highly derived. By u[lizing 

genome sequencing alongside bioinforma[c and popula[on gene[c tools, my research highlights how 

changes at the genomic level contribute to social evolu[on. My work on Cera7na calcarata examines the 

gene[c differences among social groups and iden[fies genes under posi[ve selec[on in a species 

undergoing a transi[on from less complex sociality, addressing which genomic changes lead to social 

evolu[on. In contrast, my study on Apis mellifera examines the downstream genomic consequences of 

advanced eusocial evolu[on and how social evolu[on leads to genomic change. Overall, these chapters 

demonstrate that understanding the evolu[on of social behaviour requires examining many species with 

diverse behaviours to iden[fy the genomic signatures le� by both the transi[on to and elabora[on of social 
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behaviour, and how in turn, eusociality lead to changes in genome evolu[on. By combining data from 

species represen[ng different social strategies, this disserta[on contributes to a more comprehensive 

understanding of how social behaviour evolves, is maintained, and con[nues to shape genomes in social 

insects. 
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Figure 1-1 Social behaviour is a spectrum ranging from solitary behaviour to advanced eusocial behaviour.  
Studying species at the terminal end of sociality can help idenKfy genomic changes that occur as a consequence of sociality. 
Studying species in the middle of the spectrum, especially those with facultaKve behaviour, can help idenKfy genomic changes 
associated with the evoluKon of sociality. 
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Chapter 2 The evolution of bees: insights from ‘omic 

studies1 

Dova Brenman-Su\ner1 and Amro Zayed1 

Summary 

Bees are important global pollinators that play a vital role in maintaining ecosystems and suppor[ng 

global food produc[on. They also exhibit a diversity of social organiza[on making them ideal model 

organisms for studying the evolu[on of sociality in animals. Recent advancements in genome sequencing 

have enabled researchers to address longstanding ques[ons about the evolu[on of social behaviour in 

bees, par[cularly in the rela[vely few species that exhibit complex social structures, such as Apis. Whole 

genome phylogenies have enhanced our understanding of the complex evolu[onary history of bees, 

providing a founda[on for studying the evolu[on of specific traits, including eusociality. Recent 

transcriptomic and alterna[ve splicing studies have advanced our understanding of how gene regula[on 

and expression pa\erns contribute to behavioural plas[city, caste differen[a[on, and the emergence of 

social complexity. Compara[ve genomics across a range of bees with varying social behaviours have aided 

our understanding of the genomic features associated with social evolu[on and has shed light on its 

molecular underpinnings. Genomic approaches like GWAS and popula[on genomic comparisons, combined 

with advanced sequencing technologies, have revolu[onized the study of bee evolu[on, social behaviour 

and environmental interac[ons. Pollen metabarcoding and environmental DNA (eDNA) techniques are now 

being used to quan[fy the intricate and complex interac[ons between bees and the plants they visit, and 

to iden[fy other environmental factors, including pathogens that impact bee health. Addi[onally, 

techniques like museomics (using DNA from museum specimens) and broader genomic approaches have 

been instrumental in revealing how bees have been affected by anthropogenic changes. These tools offer 

valuable insights into popula[on gene[cs, conserva[on biology and the impact of environmental changes 

on bee popula[ons. These advancements both provide cri[cal insights into the molecular basis of 

eusociality and species adapta[on and offer valuable tools for addressing the urgent challenges facing bee 

 
1 Published in GBE (2026)  https://doi.org/10.1093/gbe/evaf226. This article is available under the Creative 
Commons CC-BY-NC license and permits non-commercial use, distribution and reproduction in any 
medium, provided the original work is properly cited. 
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conserva[on due to anthropogenic change. By leveraging these genomic approaches, researchers can 

inform strategies for the preserva[on and sustainable management of bee popula[ons worldwide. 

 

Significance Statement  

Bees are essen[al to global biodiversity and food security, making them key models for studying 

evolu[on, behaviour, and adapta[on. Advances in genomics—spanning ultraconserved elements (UCEs), 

various environmental ’omics approaches, and museomics—have revolu[onized our understanding of bee 

phylogeny and social complexity. This review synthesizes recent findings on the molecular mechanisms 

driving the evolu[on of eusociality, a complex social system that has arisen independently mul[ple [mes. 

Regulatory processes, including alterna[ve splicing, long non-coding RNAs, microRNAs, and circular RNAs, 

shape phenotypic plas[city and social behaviour by modula[ng caste differen[a[on, reproduc[ve roles, 

and task specializa[on. Together, these insights highlight the dynamic genomic architecture of social 

evolu[on and provide a founda[on for future research in sociogenomics and adap[ve evolu[on. 

Introduction 

Bees are charisma[c insects that are fundamentally important to humans on mul[ple levels. As 

pollinators, bees provide indispensable ecosystem services to a large community of flowering plants, 

thereby serving a cri[cal role in maintaining plant biodiversity and that of the mul[tude of organisms that 

require flowering plants for survival and reproduc[on (KATUMO et al. 2022). This of course includes humans 

as approximately one-third of global crop produc[on, which represents species that are at least par[ally 

dependent on bee pollina[on, contributes to the human food supply (KHALIFA et al. 2021). Some bees also 

produce honey which has served as a human food staple since prehistoric [mes (DUNNE et al. 2021), with 

the first evidence of managing honey bees coming from ancient Egyp[an temples in 2450 BCE (FRASER 1931; 

KRITSKY 2017). Beyond their ecological and economic importance, bees have also served as model organisms 

for the study of eusocial evolu[on, complex behaviour, and have even been used as field monitors for 

ecosystem quality and environmental change (MENZEL 2012; RICHARDS 2019; WIZENBERG et al. 2025). Bees 

and their intriguing behaviours have also fascinated scien[sts for centuries.  Darwin considered the ‘neuter’ 

worker castes of bees a special difficulty for his theory of evolu[on by natural selec[on (DARWIN 1809-1882), 

and the 1973 Nobel prize in Physiology and Medicine was partly awarded to Karl von Frisch for his work on 

deciphering the honey bee’s infamous waggle dance (THE NOBEL PRIZE IN PHYSIOLOGY OR MEDICINE 1973). This 

fascina[on with bees and their biology was a large part of why the honey bee was selected as the third 

insect genome to be sequenced (a�er the fruit fly Drosophila melanogaster, and the malaria vector 
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Anopheles gambiae). Since the publica[on of the honey bee genome in 2006, numerous bee genomic 

resources have been developed. These include BeeBase 

(h\ps://hymenoptera.elsiklab.missouri.edu/beebase), a comprehensive database for bee genomics that 

provides genome assemblies and annota[ons for various species, and the Hymenoptera Genome Database, 

which features HymenopteraMine (h\ps://hymenoptera.elsiklab.missouri.edu), a data mining tool 

integra[ng genomic and biological informa[on from numerous insect genomes. Addi[onally, the Sequence 

Read Archive (SRA) on the NCBI website offers extensive transcriptomic and genomic data for bees. To date, 

there have been 228 bee genomes sequenced  

(h\ps://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=34735) and 70 transcriptomes from 59 bee 

species (NCBI transcriptome shotgun assembly TSA; h\ps://www.ncbi.nlm.nih.gov/Traces/wgs/).  

Here we provide a review on the ‘omics tools and techniques that have shaped our understanding 

of bee biology and evolu[on. Taxonomy and phylogene[cs are cri[cal for understanding both pa\erns of 

biodiversity and phenotypic evolu[on. Advances in genomics have been instrumental in enhancing our 

understanding of the bee ‘tree of life’. For example, the availability of genome sequences has allowed 

researchers to iden[fy ultraconserved elements that have proven very effec[ve in genera[ng high quality 

phylogenies for a large group of bees. Understanding the gene[cs and molecular biology underlying social 

behaviour has been a goal of sociogenomics since its incep[on with the sequencing of the honey bee 

genome in 2006 (THE HONEYBEE GENOME SEQUENCING CONSORTIUM 2006). While we are s[ll searching of the 

‘genes for altruism’ (TOTH AND ZAYED 2021), research over the past decade has generated a great deal of 

knowledge on the emerging roles of alterna[ve splicing and non-coding RNAs in genera[ng behavioural 

plas[city in bees (HARPUR et al. 2019; SHELL et al. 2021; TRANIELLO et al. 2023; BRENMAN-SUTTNER AND ZAYED 

2024), which is an emerging topic that we also review here. Large genome datasets have also enabled the 

cross-species comparisons that shed light on the evolu[on of social behaviour, allowing researchers to 

address some long-standing sociobiological ques[ons. Finally, metagenomics and metabarcoding have 

opened the doors for fully exploring the plethora of interac[ons between bees and plants, leading to vast 

new insights into bee biology and health. Addi[onally, advances in sequencing preserved specimens have 

enabled researchers to ‘resurrect’ bee genomes to understand threats to their popula[on viability over 

[me. 
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1. Tools for studying the evolution of bees 

1.1 Genomic tools for phylogenetic analysis 

With over 20,000 species belonging to 500 genera and seven families, bees are extraordinarily 

diverse in terms of morphology and behaviour (ALMEIDA et al. 2023). Bees arose during the mid-Cretaceous 

period around 140 to 110 Mya (million years ago) along with flowering plants (ALMEIDA et al. 2023; ASCHER 

AND PICKERING 2024). The largest bee family, Apidae, includes 5,600 species spread across over 30 tribes and 

170 genera, displaying a wide range of social behaviours (MICHENER 2007; CARDINAL et al. 2010). The family 

Apidae includes several subfamilies that display a wide range of social behaviours. For example, the 

subfamily Apinae encompasses species with varying levels of social complexity: advanced eusocial species 

like honey bees (Apis spp.), primi[vely eusocial species such as bumblebees (Bombus spp.), and other 

eusocial lineages like s[ngless bees (Meliponini). It also includes orchid bees (Euglossini), which are largely 

solitary as well as Nomadinae and Xylocopinae that exhibit a range of social behaviours (MICHENER 1974). 

Reconstruc[ng the phylogene[c rela[onships among bee groups helps us understand when these diverse 

behaviours evolved. Phylogene[c studies are also valuable for understanding whether simpler forms of 

social behaviour, such as communal living, are prerequisites for the evolu[on of more complex eusociality, 

and to what extent reversals to solitary living occur (ROMIGUIER et al. 2022). Phylogenomic analyses, which 

use en[re genomes, offer deeper insights into evolu[onary rela[onships compared to tradi[onal molecular 

methods that rely on limited molecular data (RIBEIRO AND ESPINDOLA 2024). Advances in next genera[on 

sequencing (BALLARE et al. 2019; JOHNSON 2019) have allowed researchers to assemble and re-sequence the 

genomes of diverse bee species from across the evolu[onary tree of life for phylogene[c reconstruc[on 

(ALMEIDA et al. 2023; HENRIQUEZ-PISKULICH et al. 2024). To date, 140 bee species belonging to 47 genera have 

been sequenced (h\ps://www.ncbi.nlm.nih.gov/datasets/genome/), represen[ng only 0.7% of the 

described bee species and 9.4% of the described genera. This limited genomic representa[on underscores 

the need for con[nued sequencing efforts, par[cularly in underrepresented lineages. Earlier phylogene[c 

studies, prior to the use of UCE-based methods, relied on mul[-gene datasets. For example, HEDTKE et al. 

(2013) combined datasets from 349 bee genera and analyzed 17,000 sites from nuclear protein coding 

genes, confirming the monophyly of each bee family. It also supported Meli�dae as the sister group to all 

other bee families (HEDTKE et al. 2013) consistent with findings from Brady et al. (2011), but differing from 

other studies that place Meli�dae as sister only to long-tongued bees (DANFORTH et al. 2006; MICHEZ et al. 

2009; DEBEVEC et al. 2012; CARDINAL AND DANFORTH 2013). The integra[on of next-genera[on whole genome 

sequencing, ultraconserved elements (UCEs) (GUEUNING et al. 2020), and DNA barcoding (TRUNZ et al. 2016; 
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PRAZ et al. 2019) has significantly improved phylogenomic resolu[on, clarifying uncertain evolu[onary 

rela[onships and challenging established phylogenies. In the following sec[ons, we review major studies 

that have employed new techniques for genera[ng data and their contribu[ons to understanding the 

phylogeny of Apidae. 

1.2 Phylogenomics and Ultra-conserved Elements (UCEs) 

Early phylogene[c rela[onships have tradi[onally been inferred using morphological traits, but 

these can be limited by low varia[on between taxa, polymorphisms within species, or geographic varia[on 

that is unrelated to specia[on. DNA barcoding is one method of iden[fying phylogene[c rela[onships and 

is o�en performed using the cytochrome oxidase subunit 1 (COI) gene because it differs enough between 

species to allow for species-level resolu[on (KOWALSKA et al. 2019). The COI gene in combina[on with 

morphology has been used previously for bee iden[fica[on (PAULY et al. 2019; PRAZ et al. 2019). However, 

COI can be unreliable due to mitochondrial inheritance issues and biases from mitochondria-specific 

evolu[onary forces (RUBINOFF et al. 2006; DESALLE et al. 2017). Nuclear markers like EF-1α, 28S, and 

ribosomal ITS regions have also been used as a DNA barcoding method (ELBOGEN 2012; ARSTINGSTALL et al. 

2021) but these can lack phylogene[c resolu[on or show within-genome varia[on, especially in insects 

(RUBINOFF et al. 2006; DIETZ et al. 2022). Because of these limita[ons, researchers have increasingly turned 

to genome-scale approaches. Among these, ultraconserved elements (UCEs) have emerged as a par[cularly 

powerful and cost-effec[ve tool, especially for non-model taxa (Figure 2-1). Despite their powerful 

resolu[on, these genomic tools are s[ll limited by the lack of reference genomes overall, with many genera 

remaining unsequenced, making it difficult to build comprehensive phylogenies.  

Ultraconserved elements (UCEs) are short genomic regions, usually larger than 200bp (CUMMINS et 

al. 2024), that are highly conserved among taxa. While most UCEs are found in non-coding regions, some 

have been shown to overlap with protein-coding regions, as seen in humans (BEJERANO et al. 2004; SNETKOVA 

et al. 2022). These regions have few repeats and, when captured along with adjacent DNA, can be used for 

phylogene[c reconstruc[on. Tree-building algorithms use UCE data to reconstruct evolu[onary histories, 

accoun[ng for the fact that DNA variability increases with distance from the UCE (ZHANG et al. 2019). This 

approach is rela[vely inexpensive, enabling researchers to sequence over 1000 target sequences containing 

exons and some intronic elements for analysis (VAN DAM et al. 2021). Regions of high GC content can 

complicate phylogene[c reconstruc[on because they are o�en affected by GC-biased gene conversion 

(gBGC) following recombina[on events (BEYE et al. 2006; KENT et al. 2012; WALLBERG et al. 2015; BOSSERT et 

al. 2017). Although the average genomic GC content in honey bees is rela[vely low (~33%) (WALLBERG et al. 
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2019),  in highly eusocial species like honey bees, which exhibit very high recombina[on rates, this process 

may increase GC content in specific regions of the genome even if the overall GC content remains low. These 

local increases in GC can influence subs[tu[on pa\erns and can complicate the genera[on of congruent 

gene trees, especially when gene divergence rates vary across species, a phenomenon known as incomplete 

lineage sor[ng (FREITAS et al. 2021). To overcome these issues, researchers have increasingly been focusing 

on UCEs. UCEs are enriched in AT-content, which makes them less suscep[ble to the effects of gBGC in GC-

rich regions. As a result, UCEs provide more consistent subs[tu[on pa\erns across taxa and improve the 

accuracy and congruence of both gene and species trees (BOSSERT et al. 2017).  

UCEs have been widely applied to construct phylogenies at many taxonomic levels of the bee tree 

of life and have led to adjustments in the phylogene[c organiza[on and divergence [mes for many of the 

seven families within Anthophila. For example, UCEs have uncovered an increase in diversifica[on rates 

among Andrenidae over the past 15 million years, par[cularly within the genera Andrena and Perdita, 

represen[ng some of the fastest diversifying bees (BOSSERT et al. 2021). UCEs have also helped refine the 

phylogeny of the Halic[dae, the second-largest bee family, by revealing that the Middle Eastern Clavinomia 

is closely related to the North American Dieunomia, leading to the inclusion of C. clavicornis in the tribe 

Dieunomiini (BOSSERT et al. 2024). Addi[onally, UCEs confirmed that Homalictus is a subgenus within 

Lasioglossum, while reinsta[ng Rostrohalictus as a subgenus for Lasioglossum longirostre (ZHANG et al. 

2022). In Megachilidae, UCEs have helped date the origin of the mason bee subgenus Osmia to the late 

Miocene in the West Nearc[c, around 5.5-4.8 Mya, before its dispersal from the East Palearc[c (BRANSTETTER 

et al. 2021). Collec[vely, these studies highlight the role of UCEs in establishing accurate [melines and 

taxonomic classifica[ons that were previously difficult to determine with confidence, especially among non-

model organisms.  

Phylogenomic studies using UCEs have greatly advanced our understanding of bee evolu[on within 

the Apidae, which exhibit diverse ecological and behavioural traits (ORR et al. 2022). One of the most 

influen[al studies reorganized the subfamilial rela[onships within Apidae (BOSSERT et al. 2019). This study 

confirmed the monophyly of Centridini and showed that they belong with the corbiculate bees among the 

Apinae. It also clarified the phylogene[c posi[ons of the oil-collec[ng genera Ctenoplectra and Tetrapedia, 

showing them as sister groups and belonging to the Xylocopinae, and sugges[ng shared life history traits 

such as large egg sizes and co-evolu[onary pa\erns with phore[c mites (BOSSERT et al. 2019). These insights 

shed light on the evolu[on of specialized pollen-collec[ng structures. The study also resolved the long-

standing debate over cleptoparasi[sm in Euglossini, suppor[ng a single origin of the trait rather than two 

independent occurrences (BOSSERT et al. 2019).  
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 UCE-based studies have made significant contribu[ons to understanding the subfamily Eucerinae, 

which includes the long-horned bees – a difficult group to categorize due to their similar external 

morphology (FREITAS et al. 2023). For instance, an early study using UCEs iden[fied three main clades within 

Eucerinae (FREITAS et al. 2021), while a follow-up study expanded this to seven clades and iden[fied four 

new subtribes: Alloscirte[cina, Gaesischiina, Thygaterina, and Melissodina (FREITAS et al. 2023). The later 

study also es[mated that the diversifica[on of Eucerini began around 20 million years ago, sugges[ng the 

group likely originated in southern South America and the Andean region before dispersing northward  

(FREITAS et al. 2023). Similarly, UCEs have played a key role in clarifying the origins of brood parasi[sm within 

the cleptoparasi[c subfamily Nomadinae. A study using UCEs across 114 species confirmed the monophyly 

of the Nomadinae, revealing that all tribes within the subfamily descend from a single parasi[c ancestor 

(SLESS et al. 2022). This research demonstrated that parasi[sm ini[ally evolved within hosts from the same 

family, Apidae, before some lineages shi�ed to parasi[zing Andrenidae, among other families (SLESS et al. 

2022). Another study using 2,545 UCEs provided the first global molecular phylogeny of the genus Nomada, 

confirming its monophyly and da[ng its divergence from other Nomadinae to the late Cretaceous period in 

the Nearc[c (ODANAKA et al. 2022). Overall, UCE-based phylogenomic studies have revolu[onized our 

understanding of bee evolu[on within Apidae. By providing a consistent framework for classifica[on and 

resolving longstanding taxonomic challenges, these studies have uncovered the complex evolu[onary 

history and ecological dynamics of bee subfamilies.  

Understanding the phylogeny of tribes within the subfamily Apinae is important as it has 

implica[ons for understanding the evolu[on of eusocial behaviour. Several previous studies based on 

morphology, behaviour, or earlier molecular approaches suggested that Euglossini diverged first within 

Apinae, followed by the primi[vely eusocial Bombini with the advanced eusocial Meliponini and Apini as 

sister groups where eusociality elaborated, thus sugges[ng a single origin of eusociality and a single origin 

of advances eusociality in this subfamily (CAMERON 1993; MARDULYN AND CAMERON 1999; CARDINAL AND PACKER 

2007; ROMIGUIER et al. 2016). However, a UCE-based study provided evidence for a different topology within 

the Apinae subfamily that has been supported by previous morphological and behavioural studies 

(WOODARD et al. 2011; HEDTKE et al. 2013), which proposes Euglossini as the basal group, followed by 

Meliponini and Bombini as sisters to Apini (BOSSERT et al. 2017). By rearranging the placement of these 

groups, we now must consider that there are dual origins of advanced eusociality within corbiculate bees.  
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2. Alternative splicing, regulatory RNAs and the molecular basis of 

eusocial evolution  

Eusociality, characterized by overlapping genera[ons, reproduc[ve division of labour, and coopera[ve 

brood care, is a major evolu[onary transi[on that has independently evolved mul[ple [mes in bees (WILSON 

1971). Understanding the evolu[onary and mechanis[c perspec[ves of this transi[on remains a central 

focus of sociobiology, where many recent studies have focused on iden[fying the regulatory mechanisms 

underlying this behaviour. For example, epigene[c mechanisms, which are stable altera[ons to gene 

expression that do not change the DNA itself that arise during development or due to environmental 

changes, are known to be important for eusocial evolu[on (JAENISCH AND BIRD 2003). These mechanisms play 

an important role in regula[ng gene expression, thus facilita[ng behavioural adapta[ons essen[al for social 

evolu[on, as exis[ng genes can be reversibly modified to adjust behaviour (KRIBELBAUER et al. 2020). Much 

of the work on epigene[cs in social insects has implicated DNA methyla[on (HERB 2014) and acetyla[on 

(SPANNHOFF et al. 2011) as important for social behaviours, including regula[ng the division of labour (LYKO 

et al. 2010; FORET et al. 2012; ARAUJO AND ARIAS 2021), and maternal care (REHAN et al. 2016; ARSENAULT et al. 

2018). However, confirming these findings has been challenging, o�en yielding contradictory results 

(KAPHEIM et al. 2015; LIBBRECHT AND KELLER 2015; STANDAGE et al. 2016). With the advancement of genome 

sequencing technologies, it has become easier to confidently iden[fy the role that other genomic and 

transcriptomic components play in regula[ng behaviour, such as alterna[ve splicing and non-coding RNA 

(ncRNA), which include long non-coding RNA (lncRNA), microRNA (miRNA), and circular RNA (circRNA; 

Figure 2-2). In the following sec[ons, we outline the contribu[on of genomic studies in iden[fying RNA or 

regulatory elements that have been implicated in social phenotypes or social evolu[on of bees. We focus 

on studies that incorporate a diverse set of bees displaying varying levels of social complexity that help 

uncover the underlying pa\erns linked to social behaviour at the genomic level. 

2.1 Alternative gene isoforms  

Alterna[ve splicing, a conserved, post transcrip[onal regulatory process, is important for 

genera[ng phenotypic diversity by producing different isoforms (KANNAN et al. 2019; WRIGHT et al. 2022). 

This flexibility provides raw material for natural selec[on to act upon, contribu[ng to the evolu[onary 

diversifica[on of traits, especially in taxa like bees that have evolved to have complex social structures. 

Alterna[ve splicing involves several mechanisms, including exon skipping, alterna[ve 5’ or 3’ splice sites, 

which alter exon length by splicing before or a�er the exon at the 5’ or 3’ end; intron reten[on, where the 
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intron is not spliced out; and alterna[ve first or last exons, where the first or final exon of a transcript is 

either retained or spliced out (WRIGHT et al. 2022). By employing these mechanisms in different 

combina[ons, a diverse array of mRNA products can emerge from a single genomic template, thereby 

introducing numerous avenues for phenotypic varia[on (BUSH et al. 2017). Early inves[ga[ons into 

alterna[ve splicing in honey bees were pivotal in elucida[ng its role in sex determina[on among bees. In 

honey bees, the splicing cascade is triggered by the complementary sex determiner (CSD) that is a 

mechanism by which heterozygosity at the csd locus will lead to development of females, and hemizygosity 

or homozygosity will result in males (OTTE et al. 2023). One of the important genes in this pathway is the 

feminizer gene (fem), which influences the sex-specific splicing of doublesex (dsx) and consequently affects 

male or female development (GEMPE et al. 2009). One recent transcriptomic study highlighted the 

importance of alterna[ve splicing in sex determina[on and found that embryos at various developmental 

stages had an increasing number of alterna[vely spliced genes specific to sex as development progressed 

(NETSCHITAILO et al. 2022). Pa\erns of alterna[ve splicing have been found to greatly differ between castes 

in Apis mellifera, with more isoforms produced among the worker phenotype (ZHENG et al. 2023). These 

caste-specific splicing pa\erns likely play a role in the evolu[on of eusociality by allowing dis[nct 

behavioural and physiological roles to emerge from a shared gene[c background. While alterna[ve splicing 

provides a flexible means of genera[ng transcriptomic diversity from a sta[c genome, it operates alongside 

epigene[c mechanisms such as DNA methyla[on and histone modifica[on, which also play a significant role 

in shaping caste-specific gene expression (KUCHARSKI et al. 2008; FORET et al. 2012; WOJCIECHOWSKI et al. 

2018). These epigene[c modifica[ons can influence splicing decisions as well, crea[ng a complex regulatory 

network that integrates mul[ple layers of gene regula[on to produce the dis[nct phenotypes observed in 

eusocial bees. Follow-up studies have shown that many alterna[vely spliced genes are o�en involved in 

processes important for social behaviour, such as communica[on (LIU et al. 2023). Similarly, in Bombus 

terrestris colonies, alterna[ve splicing has been implicated in differences in reproduc[ve workers and 

queens versus non-reproduc[ve workers and males with around 40% of the expressed genes exhibi[ng 

mul[ple isoforms, some of which have been linked to genes involved in the ecdysteroid pathway, which 

influences various behaviours (PRICE et al. 2018). This suggests that alterna[ve gene splicing has been co-

opted independently across bee lineages to facilitate reproduc[ve division of labour, which is essen[al for 

more advanced forms of sociality in bees. Alterna[ve splicing also has implica[ons for foraging behaviour, 

as seen in the elavl2 gene, an ortholog of the conserved ELAV/Hu family of RNA-binding protein genes 

(SAMSON 2008; USTAOGLU et al. 2021). This gene can produce 40 isoforms, two of which are involved in 

learning and memory consolida[on, which are crucial components of foraging behaviour in worker honey 
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bees (USTAOGLU et al. 2021). Overall, alterna[ve splicing appears to be an important process for genera[ng 

phenotypic plas[city, especially in social insects where different castes o�en arise from the same genome. 

This plas[city not only underpins current social organiza[on but likely contributed to major evolu[onary 

transi[ons in social complexity across bee lineages.  The diverse mechanisms of alterna[ve splicing produce 

a wide array of mRNA isoforms, revealing complex regulatory networks that underpin social insect biology. 

Future research should aim to uncover further connec[ons between alterna[ve splicing and social 

behaviours, such as iden[fying behaviour-specific or caste-specific isoforms or uncovering regulatory 

isoforms that influence key aspects of social behaviour.  

2.2 Long non-coding RNA 

Long non-coding RNAs (lncRNA) are a class of non-coding RNA transcripts exceeding 200 

nucleo[des long that lack protein-coding capacity (KAPRANOV et al. 2007). They also play diverse roles in 

gene regula[on through their ability to alter chroma[n structure which affects both local and distant 

transcrip[on (STATELLO et al. 2021). They are transcribed from promoters, enhancers or intergenic regions 

(FANG AND FULLWOOD 2016) and have a 5’ cap (TAMTAJI et al. 2021) and polyadenylated tail (CARNINCI et al. 

2006). These transcripts can localize to both the nucleus (DERRIEN et al. 2012) and cytoplasm (RASHID et al. 

2016), and are involved in mRNA stability, transla[on regula[on, and microRNA (miRNA) biogenesis, or 

interference in a [ssue-specific manner (INGOLIA et al. 2011; JAYAKODI et al. 2015; MONTES et al. 2015; 

PARASKEVOPOULOU AND HATZIGEORGIOU 2016; NOH et al. 2018). In bees, over 21,000 lncRNAs have been 

iden[fied (ZHENG et al. 2023), and several studies have highlighted their connec[on to various 

developmental processes and social behaviours. These findings suggest that lncRNAs may have contributed 

to the evolu[on of eusociality in bees enabling fine-tuning regula[on of traits that are essen[al for caste 

differen[a[on and task specializa[on. For instance, lncRNAs  such as lncov1 and lncov2  and others map to 

a QTL that has been previously linked to ovary size (HUMANN et al. 2013) and oviposi[on (CHEN et al. 2017), 

brain func[on in drones (SAWATA et al. 2002), communica[on through the waggle dance  (FENG et al. 2022), 

and are linked to the transi[on from nurse to forager roles by modula[ng hormone levels (AMDAM et al. 

2003; DRAPEAU et al. 2006; TADANO et al. 2009; LIU et al. 2019). A specific lncRNA, kakusei in honey bees, has 

been associated with mul[ple behaviours and processes important for sociality including foraging behaviour 

(SINGH et al. 2020) and learning and memory (KIYA et al. 2007). Its homolog, Acks, was found to be involved 

in temperature sensing and thus important for hot defensive bee ball ac[vity in figh[ng giant hornets (KIYA 

et al. 2012).  
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Several studies have associated various lncRNAs with immune responses in different honey bee 

species and subspecies, aiding our understanding of the consequences of disease transmission within a 

social colony. For example, long intergenic non-coding RNAs (lincRNAs) were found to be upregulated in 

bees infected with deformed wing virus (DWV) or Sacbrood virus (SBV) in Apis cerana (JAYAKODI et al. 2015). 

Addi[onally, differen[ally expressed lncRNAs (DElncRNAs) were iden[fied in both Apis cerana (GUO et al. 

2023) and Apis mellifera ligus7ca (YE et al. 2022) following infec[on with the chalkbrood disease-causing 

fungal pathogen Ascosphaera apis, or following Nosema ceranae infec[on in A. cerana (WANG et al. 2023). 

The lncRNAs iden[fied in these studies were involved in the regula[on immune-related gene expression 

pathways, sugges[ng their role in the defense mechanisms of social bee colonies (GUO et al. 2023; WANG 

et al. 2023). Furthermore, exposure to insec[cides like the neonico[noid Dinotefuran can induce lncRNA 

responses, further highligh[ng their involvement in the response to environmental stressors through 

immune system ac[va[on (HUANG et al. 2021). Overall, lncRNAs in bees serve mul[faceted roles in 

development, behaviour, and immune func[on, shedding light on the intricate regulatory mechanisms 

within social insect colonies.  Their involvement in caste-related traits, behavioural transi[ons, and immune 

responses suggests they may have played an important role in the evolu[onary origins and elabora[on of 

eusociality across bee lineages. 

2.3 MicroRNA  

MicroRNAs, short sequences of 18-24 nucleo[des, are integral components of the gene silencing 

program within the RNA-induced silencing complex (RISC), enabling precise and targeted silencing of mRNA 

(SOVIK et al. 2015; BARTEL 2018). The advancement of genome sequencing technologies has led to the 

development of miRbase (www.mirbase.org), a comprehensive database encompassing microRNA profiles 

and annota[ons across 271 organisms, facilita[ng compara[ve analyses to iden[fy both conserved and 

novel microRNAs (KOZOMARA et al. 2019). Early studies have highlighted the importance of microRNAs in 

regula[ng the [ming and spa[al expression of specific genes during development, sugges[ng their role in 

constraining the plas[city of certain genes by regula[ng their expression pa\erns (PETERSON et al. 2009). 

This precise regulatory control may have been instrumental in enabling caste differen[a[on from a shared 

genome, suppor[ng the evolu[on of eusociality in bees. However, the extent to which this regula[on 

directly drives specific developmental outcomes remains an area of ongoing inves[ga[on, as many of the 

studies are correla[onal. Recent studies have revealed that, while microRNAs themselves might not be the 

primary drivers of eusocial genome evolu[on, their coevolu[on with target sequences significantly 

influences various social behaviours (KAPHEIM et al. 2020b). In a study by Vieira et al. (2021), two microRNAs, 
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miR-34 and miR-317, were found to be upregulated in queens rela[ve to workers. These microRNAs 

downregulate the gene Takeout, which leads to a reduc[on in juvenile hormone levels. This hormonal shi� 

is thought to promote neurogenesis, the process by which new neurons are formed in the brain (VIEIRA et 

al. 2021).  

MicroRNAs are also suggested to be involved in caste-specific development processes. Dis[nct 

expression pa\erns of microRNAs have been observed in queen and worker pupae (WEAVER et al. 2007) and 

larvae (SHI et al. 2014; ASHBY et al. 2016) of Apis mellifera, as well as in the larvae of Bombus terrestris 

(COLLINS et al. 2017). Exogenous microRNAs found in bee food, with worker jelly having a higher abundance, 

may also play a role in caste development as seen with ame-miR-184 that was iden[fied as important for 

regula[ng caste morphology (GUO et al. 2013). Addi[onally, a study found similar pa\erns of microRNA 

expression among queens and workers with ac[vated ovaries compared to virgin queens and workers with 

inac[vated ovaries (MACEDO et al. 2016). When queen ovaries become ac[ve, microRNAs, such as miR-14, 

play a crucial role in regula[ng egg-laying as its inhibi[on resulted in higher egg produc[on through 

targe[ng the mRNA of the ecdysone receptor in honey bees (CHEN AND FU 2021). 

MicroRNAs exhibit nuanced regulation by partially suppressing gene expression to prevent 

overexpression (POSADAS AND CARTHEW 2014). Several microRNAs are specifically involved in the regulation 

of royal jelly-related processes. For instance, there is a positive correlation among microRNAs targeting 

genes upregulated in response to royal jelly ingestion, suggesting their presence to curtail the 

overexpression of these genes and prevent deleterious effects (GUO et al. 2013). Additionally, specific 

microRNAs have been linked to the production of royal jelly by nurse bees, while others are associated with 

honey processing in foragers, indicating their role in regulating glandular functions associated with different 

tasks (SHI et al. 2021). Beyond royal jelly regulation, microRNAs also play critical roles in worker polyethism 

within social insect societies. Changes in miRNA expression have been observed in the brains of foraging 

workers compared to hive workers (LIU et al. 2012). For example, one study found specific brain microRNAs 

associated with young nurses and others upregulated in older foragers, highlighting their importance in 

age-related behavioural changes (BEHURA AND WHITFIELD 2010). Notably, the most abundant microRNA 

found in brains of honey bees, ame-miR-2796, is known to be important for regula[ng forager behaviour 

and was found to be conserved among several social insects (GREENBERG et al. 2012). Additionally, 

microRNAs exhibit differential expression among nurses, foragers, and newly emerged bees within the 

hypopharyngeal glands, which undergo alterations during development, implicating these microRNAs in 

developmental processes (SHI et al. 2021). Taken together, the diverse functions and caste-specific 
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expression patterns of microRNAs support their role in the evolution of social complexity, providing 

regulatory flexibility that enables phenotypic divergence without requiring large-scale genomic changes. 

2.4 Circular RNA  

Circular RNAs (circRNAs) have garnered significant a\en[on in recent years due to their unique 

structure and regulatory func[ons. Characterized by a closed-loop structure, circRNAs possess increased 

stability and resistance to RNAse degrada[on compared to linear RNAs, making them a\rac[ve candidates 

as stable biomarkers capable of accumula[ng in biological systems (ZHOU et al. 2020). Ini[ally considered 

as splicing by-products, circRNAs have emerged as important regulators of gene expression, par[cularly in 

post-transcrip[onal regula[on, including as compe[ng endogenous RNA (ceRNA), which are microRNAs 

that regulate other types of RNAs and modulates mRNA availability (HANSEN et al. 2013; MEMCZAK et al. 

2013; SALZMAN et al. 2013; ASHWAL-FLUSS et al. 2014; ALA 2020). These circRNAs can act as sponges and bind 

to other microRNAs or RNA binding proteins in an effort to block their effects (PANDA 2018). CircRNAs play 

diverse roles in various aspects of bee biology, including social behaviour, task specializa[on (THOLKEN et al. 

2019), reproduc[ve division of labour (CHEN et al. 2019), and development (CHEN et al. 2020). For instance, 

Tholken et al. (2019) iden[fied correla[ons between circRNAs, DNA methyla[on, and task alloca[on in 

bees. They found circRNAs enriched for annota[ons related to memory forma[on and neuromuscular 

synap[c transmission regula[on, which are crucial for tasks such as foraging and hive maintenance (THOLKEN 

et al. 2019). Furthermore, a specific circRNA, ame_circ_0001780 (circAmrad), was correlated with the 

transi[on from nurse to forager bees, and another circAmrsmep2 was found to increase with worker age, 

indica[ng their involvement in behavioural plas[city and response to environmental cues (THOLKEN et al. 

2019). These findings suggest that circRNAs may have contributed to the evolu[on of eusociality by 

enabling flexible gene regula[on necessary for task specializa[on and the emergence of division of labour 

among castes. CircRNAs have also been implicated in reproduc[ve processes in bees. Chen et al. (2019) 

iden[fied the circRNA ame_circ_0010349 as upregulated in ma[ng queens, sugges[ng its role in ovary 

ac[va[on and reproduc[ve division of labour. Furthermore, Chen and Shi (2020) iden[fied circRNAs 

differen[ally expressed among workers and queens, sugges[ng their involvement in the reproduc[ve 

division of labour by poten[ally interac[ng with microRNAs in ecdysone and vitellogenin pathways. Such 

caste-specific regulatory interac[ons point to circRNAs as poten[al contributors to the evolu[onary 

stabiliza[on of queen and worker roles within a eusocial system.  

Addi[onally, CHEN et al. (2023) iden[fied a circular RNA, ame_circ_0002015, that influences ovary 

ac[va[on in Apis mellifera. Experimental manipula[on revealed a posi[ve correla[on between its 
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expression and the number of eggs laid by queens, linking circRNA ac[vity to reproduc[ve func[on, which 

is an essen[al caste-specific trait (CHEN et al. 2023). Interes[ngly, ame_circ_0002015 was also found to be 

regulated by miR-14-3p, highligh[ng a complex regulatory network between circRNAs and microRNAs that 

may fine-tune oviposi[on (CHEN et al. 2023). Beyond reproduc[on, circRNAs also play stage-specific roles 

in larval development in bees. Chen et al. (2020) iden[fied circRNAs par[cipa[ng in midgut development, 

with differen[al expression pa\erns sugges[ng stage-specific roles in midgut matura[on. These findings 

provide insights into the molecular mechanisms underlying organ development and [ssue specializa[on in 

bees. Recently, Zhang et al. (2023) conducted a study focusing on circRNAs within the gut of developing 

larvae of Apis mellifera ligus7ca. They found significant differen[al expression among larvae of different 

ages, where circRNAs that were differen[ally expressed were involved in growth, development, regula[on, 

and metabolism (ZHANG et al. 2023). Notably, they iden[fied a new circRNAs, Novel_circ_000838, that 

interacts with the target microRNA miR-6000a-3p, providing evidence for a ceRNA networks involved in 

regula[ng microRNAs during larval development (ZHANG et al. 2023). These findings underscore the role of 

circRNAs in regula[ng key developmental and reproduc[ve processes. Since such traits are central to caste 

differen[a[on in eusocial insects, dynamic RNA-based regulatory networks, especially involving circRNAs 

and microRNAs, may have played a pivotal role in the evolu[on of social complexity in bees. By modula[ng 

gene expression without altering coding sequences, circRNAs provide a flexible mechanism through which 

developmental pathways, and thus caste-specific traits like morphology, physiology, and behaviour, can 

evolve and diversify. 

Circular RNAs have also emerged as cri[cal regulators of immunity in bees. For example, one study 

examined the effects of the neonico[noid insec[cide Dinotefuran on circRNA expression in honey bees, 

revealing an increase in differen[ally expressed circRNAs in honey bee brains over [me, par[cularly those 

targe[ng genes involved in immune pathways (HUANG et al. 2022a). Studies of Apis mellifera ligus7ca 

exposed to either Ascosphaera apis (YE et al. 2022) or Vairimorpha ceranae (CHEN et al. 2022) have 

highlighted the involvement of circRNAs in immune-related pathways at different ages and stages of 

infec[on. In a study on Apis cerana infected with Nosema ceranae, researchers iden[fied novel circular 

RNAs implicated in immunity, along with ceRNAs that sequester microRNAs associated with various aspects 

of the immune pathway (ZHU et al. 2022). Notably, they discovered that one of the newly iden[fied circRNA 

genes was found in the Hippo signaling pathway, which is known to be involved in regula[ng cell 

prolifera[on and growth and the regenera[on of organs (TANG et al. 2022).  This finding suggests that 

differen[ally expressed circRNAs can act as markers of damage in the midgut due to Nosema infec[on. 

Consequently, the host (worker) may u[lize these circRNAs to regulate transcrip[on, facilita[ng cellular 
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renewal and modulate their immune response (ZHU et al. 2022). As circRNA-mediated regula[on can 

influence how bees respond to pathogens and environmental stressors, these mechanisms may play a role 

in shaping adap[ve responses over [me. Understanding the roles of circRNAs in bees not only provides 

insights into their complex biology but also offers opportuni[es for developing strategies to mi[gate threats 

to bee health and conserva[on. Taken together, the diverse func[ons of circRNAs in development, 

behaviour, and immunity suggest they are not only important for individual plas[city and defense but also 

represent molecular innova[ons that may have facilitated the emergence and refinement of caste-specific 

traits, which are key steps in the evolu[on of eusocial complexity in bees. 

3. Comparative genomic studies uncover features of evolution   

Compara[ve genomic studies offer a robust framework for understanding the evolu[on of 

eusociality by examining genomic differences among species with varying social behaviour. For instance, a 

study using whole genome sequencing on Lasiogossum albipes, a species with both social and solitary 

popula[ons, iden[fied single nucleo[de polymorphisms and genes expression pa\erns that are associated 

with varia[on in social behaviour (KOCHER et al. 2018). They iden[fied the gene syntaxin 1a, a gene involved 

in neurotransmission, as highly gene[cally differen[ated between social and solitary L. albipes and showed 

behaviour-specific gene expression (KOCHER et al. 2018). Analyses within conspecific popula[ons exhibi[ng 

polymorphic behaviour provide inherently controlled comparisons, which reveal aspects of genome 

evolu[on related to social transi[ons. For example, compara[ve studies have iden[fied gene regula[on to 

be par[cularly important for the evolu[on of eusociality, as large-scale studies across mul[ple species have 

iden[fied it as a key mechanism underling the evolu[on of social behaviour (WITTWER et al. 2017; KOCHER 

et al. 2018; REHAN et al. 2018; KAPHEIM et al. 2020a). In a study analyzing 10 bee species with diverse origins 

of sociality, Kapheim et al. (2015) found that social behaviour correlates with enhanced gene regulatory 

capacity, evidenced by increased ac[vity of transcrip[on factors and a higher number of transcrip[on factor 

binding sites. Similarly, studies on conserved Non-Coding Alignable Regions (NCARs) of DNA among 11 

species from various origins and levels of sociality suggested that gene regula[on is important for eusocial 

genome evolu[on (RUBIN et al. 2019). Specifically, these regulatory changes are associated with the 

evolu[onary rate shi�s in non-coding regions that are linked to social behaviour and divisions of labour. 

Furthermore, a recent study comparing 17 different species to iden[fy genomic features associated with 

the transi[on between solitary and social behaviour found that in lineages where sociality was lost, there 

were relaxed selec[ve pressures on taxonomically restricted genes and gene regulatory elements 
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sugges[ng that the transi[on to social behaviour requires regula[on of gene expression and selec[on of 

genes that promote enhanced regula[on (JONES et al. 2023).  

Through compara[ve genomics studies, researchers have gained insights into the dis[nct pa\erns 

of adap[ve molecular evolu[on among various bee species, reflec[ng their diverse social behaviours. For 

instance, in a compara[ve analysis between three Bombus species and two Apis species, Harpur et al. 

(2017) revealed signs of adap[ve divergence with evidence of strong posi[ve selec[on found among genes 

associated with cogni[on and sensory percep[on in honey bees and in metabolic genes in bumble bees. 

Moreover, when comparing the selec[on coefficients of genes upregulated in queen rela[ve to workers 

(queen-biased genes) and genes upregulated in workers rela[ve to queens (worker-biased genes) in each 

species, the study found higher selec[on for queens-biased genes in bumblebees, while the opposite trend 

was observed in Apis species, sugges[ng dis[nct mechanisms of adap[ve evolu[on (HARPUR et al. 2017). A 

compara[ve genomics study inves[gated adap[ve evolu[on in honey bees, bumblebees, and paper wasps, 

hypothesizing parallel pa\erns of adap[ve evolu[on among species with similar social structures 

(DOGANTZIS et al. 2018). Consistent with previous research, it found higher adap[ve evolu[on in genes 

biased towards reproduc[ve individuals in bumblebees and paper wasps compared to worker-biased genes 

among honey bees (DOGANTZIS et al. 2018). The study also observed a greater overlap of posi[vely selected 

genes between primi[vely eusocial species that exhibit coopera[ve brood care and reproduc[ve division 

of labour but without strong morphological differences between castes (bumblebees and paper wasps), 

rela[ve to advanced eusocial honey bees, sugges[ng convergent adap[ve molecular evolu[on (DOGANTZIS 

et al. 2018). Another study leveraged compara[ve genomics and analyzed several bumblebee species with 

dis[nct behaviour including the non-social cuckoo bumblebee (subgenus Psithyrus) that act as social 

parasites (FOUKS AND LATTORFF 2016). This study found varying pa\erns of selec[on in targeted genes known 

to be involved in social behaviour as well as their regula[on among species exhibi[ng social versus parasi[c 

behaviour, highligh[ng the u[lity of social parasites in studying mechanisms of selec[on within a 

compara[ve genomic framework (FOUKS AND LATTORFF 2016). Overall, compara[ve genomic studies 

illuminate the dynamic interplay between genomics and behaviour, offering a comprehensive 

understanding of the intricate mechanisms driving the emergence and diversifica[on of sociality in bees.  
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4. Ecology  

4.1 Museomics  

Museum collec[ons are a valuable source of historic DNA (BI et al. 2013), whose sequence 

informa[on can facilitate genomic inves[ga[ons of adapta[on across a wide variety of insects including 

bees (CAVILL et al. 2022; CILIA et al. 2022), moths (CALL et al. 2021), locusts (GOODMAN et al. 2023), beetles 

(TOUSSAINT et al. 2021; COHEN et al. 2022), bu\erflies (GREWE et al. 2021), ants (EGUCHI et al. 2020), flies 

(SHPAK et al. 2023; STRUNOV et al. 2023), and others (SCHMITT et al. 2018; DERKARABETIAN et al. 2019; KORLEVIC 

et al. 2021). While invaluable for conserva[on genomics, these data typically reflect very recent 

evolu[onary trajectories, on the order of fewer than 100–200 genera[ons and therefore offer unique 

insight into contemporary responses to anthropogenic pressures. Beyond gene[c material, pollen can be 

extracted from both modern and preserved specimens to iden[fy the changes in floral resource 

composi[on, assessing landscape changes, and analyzing plant-pollinator interac[ons over longer 

[meframes using tools such as pollen metabarcoding (BELL et al. 2023; WIZENBERG et al. 2023a; WIZENBERG 

et al. 2023b). Overall, museum samples play an important role in uncovering pa\erns of gene[c adapta[on 

and ecological responses to environmental change across insect taxa.  

Studies of wild bee species have highlighted the power of museum collec[ons for tracking 

evolu[onary and ecological shi�s. For example, by comparing the genomes of the small Carpenter bees 

Cera7na calcarata and Cera7na dupla from contemporary popula[ons to those sampled 50 years prior, 

Brasil et al. (2022) iden[fied a reduc[on in gene[c diversity and effec[ve popula[on size in this rela[vely 

short [me frame. These species also show popula[on gene[c evidence that proposes a poten[al 

adapta[on to climate change and insec[cide use (BRASIL et al. 2022), although experimental confirma[on 

of this has yet to be demonstrated. Similarly, a study in Cera7na found that with agricultural expansion, 

male body size decreased while female body size increased, sugges[ng dis[nct selec[ve pressures (KELEMEN 

AND REHAN 2020; POPE et al. 2023). Addi[onally, studies have highlighted decreases in gene[c diversity in at-

risk species like Bombus occidentalis, sugges[ng reduced gene[c resilience to environmental changes or 

disease resistance (ROHDE et al. 2024). Pollen metabarcoding has expanded this type of work as seen in a 

study conducted in Cuxhaven, Germany, that analyzed pollen collected from contemporary bumblebees 

and compared them with historic specimens from 1968-1969, revealing notable changes in foraging 

behaviour, pollina[on networks and community composi[on (KOLTER et al. 2023). Similarly, Simanonok et 

al. (2021) applied pollen metabarcoding to modern and museum samples of the endangered rusty patch 

bumblebee (Bombus affinis) spanning a century (1913-2013). Their findings indicated no significant 
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differences in floral resource usage over [me, sugges[ng that regional varia[ons, rather than floral 

availability, may be unrelated to the species’ decline (SIMANONOK et al. 2021). In another study, Gous et al. 

(2021) compared pollen metabarcoding data from modern leaf-cu\er bees (Megachilidae) in South Africa 

with museum specimens and discovered that bees with a wider foraging range exhibited a broader 

spectrum of floral resource use, but noted no significant temporal differences (GOUS et al. 2021). Taken 

together, this demonstrates how historical DNA and pollen samples from wild bee specimens can shed light 

on recent demographic, adap[ve or ecological dynamics.  

In Apis mellifera, museum-based studies have offered detailed insights into popula[on history and 

management. A study of California honey bees spanning 105 years revealed gene[c changes over [me, 

including the introgression of African ancestry and alleles into managed popula[ons (CRIDLAND et al. 2018). 

In a study of Swiss honey bee museum specimens (1879-1959), PAREJO et al. (2020) found higher gene[c 

diversity among modern samples compared to historical, museum samples, sugges[ng a lack of popula[on 

bo\leneck poten[ally due to beekeeping prac[ces. However, this analysis did not account for the strong 

popula[on structure and lineage turnover in European honey bees (e.g., from the na[ve M lineage to C or 

admixed individuals). More recent studies that incorporate lineage dis[nc[ons, such as Espregueira 

Themudo et al. (2020) who also analyzed museum specimens and Leroy et al. (2024) who inferred 

demographic history from present-day linkage disequilibrium pa\erns, have instead reported signatures of 

popula[on bo\lenecks. These findings highlight the complexity of honey bee demographic history and the 

importance of considering popula[on structure in such analyses.  

Museomics, however, remains subject to various forms of bias that limit the reliability of its 

outcomes. For instance, researchers can only compare results against what has been preserved, leading to 

observa[on bias—comparisons are inherently limited to the available reference data (SHAFFER et al. 2025). 

Addi[onally, DNA amplifica[on methods, including the choice of Taq polymerase and the composi[on of 

primers, can introduce amplifica[on bias (SILVERMAN et al. 2021; VAN DER LOOS AND NIJLAND 2021). Since 

species are typically analyzed as parts of a whole community, under-detec[on of one species will, by 

defini[on, inflate the apparent abundance of others within that group (MCLAREN et al. 2019). Future studies 

should priori[ze minimizing these sources of bias by expanding reference databases through addi[onal 

taxonomic sampling efforts to reduce observa[on bias. By improving the design of primers to either be 

universal or taxon-specific, researchers can overcome the limita[on of poorly designed primers that may 

be binding to mul[ple species and increasing the abundance of one species ar[ficially, thus limi[ng 

amplifica[on bias. Another sugges[on is to use a reference species to calibrate the metabarcoding data and 

thus be able to use absolute DNA quan[[es instead of rela[ve propor[ons, although this method is 
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dependent on exact primer matches (SHAFFER et al. 2025). Addressing these challenges through 

methodological improvements and careful calibra[on will be essen[al to enhance the accuracy and 

reliability of metabarcoding as a tool for biodiversity assessment. 

4.2 Environmental ‘omics 

Environmental DNA (eDNA) is DNA that is collected from diverse environmental samples, such as 

water (MIYATA et al. 2022), air (KLEPKE et al. 2022; ROGER et al. 2022; GARRETT et al. 2023), spiderwebs 

(GREGORIC et al. 2022), and even honey (BOVO et al. 2018; BOVO et al. 2020; PATHIRAJA et al. 2023). eDNA has 

also been widely used in microbiome analysis within ecological contexts. For more informa[on, we refer 

readers to several reviews (LADIN et al. 2021; PATIN AND GOODWIN 2022; COOK et al. 2024), as we focus on 

how eDNA and metagenomics reveal insights into environmental genomics. eDNA can be used to es[mate 

species richness and construct interac[on networks within ecosystems, such as detec[ng pollinator 

interac[ons within the environment without needing direct observa[on. For example, eDNA analysis can 

be coupled with advanced sequencing techniques like next-genera[on sequencing (e.g., Ion Torrent) for 

shotgun metagenomic analysis of honey eDNA (BOVO et al. 2018) or used in conjunc[on with 

metabarcoding (HARPER et al. 2022) to understand the environmental dynamics of bee habitats and their 

interac[on networks with plants (NEWTON et al. 2023), animals (BOARDMAN et al. 2023), and pathogens or 

viruses (BOVO et al. 2020; PALUOJA et al. 2025). These approaches can help reveal how environmental 

pressures influence bee behaviour, pathogen resistance, and plant-pollinator co-evolu[on, providing 

indirect evidence of selec[ve forces shaping bee gene[c diversity and adap[ve traits over [me. For 

example, long-term eDNA and metabarcoding monitoring such as analyses of bee-collected pollen or 

environmental samples from herbarium specimens, can track shi�s in plant-pollinator community 

composi[on and phenology, offering valuable insights into evolu[onary responses to climate change, land 

use, and pathogen dynamics (WATERS et al. 2025; WIZENBERG et al. 2025). Addi[onally, eDNA has 

demonstrated prac[cal u[lity for detec[ng bee-associated pests and pathogens (RIBANI et al. 2020; RIBANI 

et al. 2022) and even rare or cryp[c plant species visited by bees (BATCHELOR et al. 2023), offering tools for 

long-term monitoring of ecological and evolu[onary responses. There are several limita[ons that need to 

be considered with eDNA methods including that eDNA degrades over [me due to temperature, UV light 

or distance which can limit its detec[on (RUPPERT et al. 2019). Furthermore, eDNA is not currently able to 

accurately detect biomass, which is the aggregate mass of individuals of a certain species or group, based 

on concentra[ons of DNA detected (DANZIGER et al. 2022). These collected samples also lack contextual 

informa[on, such as the age and life-stage of the individuals contribu[ng to the pooled sample, which is an 
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inherent limita[on when gathering DNA shed by the organism (COUTON et al. 2023). Despite these 

limita[ons, eDNA remains a powerful and versa[le tool that can complement other molecular techniques, 

and can serve as an efficient star[ng point for iden[fying the presence and diversity of organisms in an 

environment and guiding more targeted ecological and evolu[onary studies 

4.3 Pollen Metabarcoding 

Pollen metabarcoding provides crucial insights into the complex and o�en elusive network of bee 

interac[ons (WIZENBERG et al. 2023a; WIZENBERG et al. 2024). Given the wide variety of plants that bees 

interact with, pollen metabarcoding offers a window into what plant species bees are visi[ng at different 

[mes of the year, enhancing our understanding of their intricate ecological rela[onships. Recent advances 

in wet lab and bioinforma[c protocols have demonstrated that pollen metabarcoding can quan[fy the types 

and rela[ve amounts of pollen collected by bees as accurately as tradi[onal (i.e. taxonomy-based) methods, 

while requiring considerably less [me and cost (Figure 2-3). A recent study u[lizing these new methods 

iden[fied that honey bees visit a much greater diversity of non-flowering plants than previous an[cipated 

(WIZENBERG et al. 2023b). For example, gene[c material from sporophytes, bryophytes as well as different 

species of green algae were all detected in honey bee beebread (i.e. stored pollen provisions)(WIZENBERG et 

al. 2023b). While the relevance of such visits is not fully understood, it suggests that honey bees and likely 

other bee species may be important dispersal vectors for non-flowering plants as well as flowering plants 

(WIZENBERG et al. 2023b). Analysis of bee bread collected from a very large cohort of honey bee colonies 

from across Canada discovered that honey bee foraging preferences were strongly associated with 

dichotomous pa\erns of stressor exposure (WIZENBERG et al. 2024). This pa\ern showed that colonies with 

low dietary diversity tended to be exposed to harmful agrochemicals, while colonies with high dietary 

diversity where more likely to be exposed to pathogens (WIZENBERG et al. 2024). The ability of social bees to 

‘sample’ pollen from a variety of plants over the year makes them par[cularly suited to monitor changes in 

plant phenology over [me. In a small pilot study in the city of Toronto (Canada), WIZENBERG et al. (2025) 

discovered that pollen sampled from honey bee colonies was able to predict the onset of flowering in a 

large number of plants. This finding opens the door to characterizing changes in plant phenology over [me 

by sequencing pollen collected by bees. Pollen metabarcoding is therefore emerging as a powerful tool to 

elucidate landscape dynamics and plant-pollinator interac[ons across different temporal scales. 

While these studies show a promising new direc[on that researchers may take to understand the 

behaviour of bees, plant flowering, and other ecological rela[onships among plants and animals, it’s 

important to consider the biases that are s[ll inherently present in this technology. Researchers must o�en 
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use a combina[on of pollen metabarcoding loci such as both ITS2 and rbcL to be able to capture different 

taxonomic groups but even those are limited by the contents of their libraries (ARSTINGSTALL et al. 2021). 

Furthermore, the reference databases are also a limi[ng factor in the robustness of these studies as they 

too are o�en limited to a specific geographic loca[on or may only include certain na[ve plants (MILLA et al. 

2022; SAN MARTIN et al. 2024). Thus, important ecological features are lost among these studies due to a 

lack of robust libraries and databases. Future studies should therefore aim to expand these barcode libraries 

so studies can be\er capture the accurate interac[ons among plants and animals.  

Conclusion  

The use of genomic tools, methods and techniques have revolu[onized our understanding of bee 

phylogeny, offering new insights into the evolu[onary rela[onships and diversifica[on of this highly varied 

group. Advances in next-genera[on sequencing, the applica[on of ultraconserved elements (UCEs), and 

phylogenomic approaches have refined long-standing ques[ons about bee evolu[on, enabling the 

reconstruc[on of more accurate gene and species trees. These tools have provided deeper resolu[on of 

bee lineages across families and subfamilies, revealing key evolu[onary events such as the origins of 

cleptoparasi[sm, which is a form of parasi[sm where an insect will lay their eggs in the nest of another 

species and will use the hosts resources to provision for their young (CARDINAL et al. 2010) and the 

diversifica[on of major clades like Apinae and Eucerinae. UCE-based studies have clarified taxonomic 

ambigui[es, resolved phylogene[c posi[ons within complex lineages, and reshaped our understanding of 

the [ming and geographic origins of various bee groups. The expanding genomic datasets, including those 

derived from museum specimens and environmental DNA, are con[nuing to uncover both historical and 

contemporary pa\erns of bee evolu[on, offering powerful methods for tracking ecological shi�s and 

gene[c changes over [me. These findings underscore the importance of phylogenomics on the study of 

bee evolu[on, with future research poised to explore even broader taxonomic scales and ecological 

contexts. 

We also highlight the growing understanding of the molecular mechanisms that underpin eusocial 

behaviour in bees, focusing on the roles of alterna[ve splicing, long non-coding RNA (lncRNA), microRNA 

(miRNA), circular RNA (circRNA), and methylomics in shaping social phenotypes. Through advances in 

genomics and transcriptomics, researchers have iden[fied key regulatory pathways that influence division 

of labour, reproduc[ve roles, foraging behaviour, and immune responses within bee colonies. While 

alterna[ve splicing generates diversity in caste-specific behaviours, lncRNAs and microRNAs contribute to 

gene regula[on that is cri[cal for development, social interac[on, and immune func[on. CircRNAs, with 
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their stability and regulatory poten[al, are emerging as important factors in behaviour and immunity. The 

findings reviewed underscore the complex molecular toolkit that supports social evolu[on in bees, but they 

also point to the need for further research to fully understand the interplay between these mechanisms 

and their roles in different social contexts. This growing body of work not only advances sociobiological 

theory but also offers poten[al insights for conserva[on efforts and understanding environmental impacts 

on bee popula[ons. 

Together, advances in phylogenomics and molecular biology have greatly expanded our 

understanding of bee evolu[on and behaviour. By combining tools that help resolve evolu[onary 

rela[onships with those that uncovered the molecular basis of social traits, we are star[ng to build a more 

complete picture of how bees have diversified and adapted to different environments. This growing body 

of work not only sheds light on the mechanisms behind social evolu[on and lineage diversifica[on, but also 

provides useful context for conserva[on, especially as bees face increasing environmental pressures. As 

genomic datasets con[nue to grow and become more accessible, future studies will be well-posi[oned to 

link broad evolu[onary pa\erns with fine-scale molecular processes and improve our ability to understand 

and predict how bees may respond to changing condi[ons. 
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Figures  

 
Figure 2-1. Ultraconserved elements (UCEs) are regions of the genome that are highly conserved across diverse species.  

Core UCEs are first iden@fied by comparing reference genomes of two or more species to find stretches of conserved 

DNA. Next, many short bait sequences are generated that span the UCEs. These baits are used to capture matching 

DNA from species of interest. AJer hybridiza@on with bait sequences, the DNA fragments that contain the UCEs plus 

the flanking regions are pulled out, cleaned and sequenced. Following filtering and alignment, gene@c varia@on within 

UCE sequences can be used for phylogene@c inference. (A) An example of a UCE alignment adapted from FAIRCLOTH et 

al. (2015). The asterisks iden@fy conserved bases in this region. (B) A hypothe@cal phylogene@c tree generated from 

the UCE shown in A.  
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Figure 2-2 Overview of alterna4ve splicing mechanisms and types of regulatory RNAs that underpin eusocial behaviour in bees.  

(A) Alterna4ve splicing generates transcript diversity through various mechanisms, including cons4tu4ve splicing, exon 

skipping/inclusion, alterna4ve 5ʹ or 3ʹ splice sites, intron reten4on, and mutually exclusive exons. These events result in different 

mRNA isoforms from the same gene. (B) Regulatory non-coding RNAs (ncRNAs), including circular RNAs (circRNAs), microRNAs 

(miRNAs), and long non-coding RNAs (lncRNAs), are transcribed from pre-mRNA or intergenic regions. CircRNAs can act as miRNA 

sponges, RNA-binding protein (RBP) sponges, or par4cipate in transla4on and protein recruitment. LncRNAs modulate gene 

expression through interac4ons with chroma4n, ribonucleoprotein complexes, or transcrip4on factors, or by inhibi4ng microRNAs. 

miRNAs are processed from non-coding RNAs and are involved regula4ng gene expression by binding to target mRNAs in the RISC 

complex that are then degraded. Each of these mechanisms has been implicated in either regula4ng bee behaviour or the evolu4on 

of bee behaviour.  
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Figure 2-3 Schema4c overview of a pollen metabarcoding workflow for plant iden4fica4on.  

Pollen is collected from diverse sources such as bees, flowers, museum specimens, or honey. DNA is extracted from mixed pollen 

samples, followed by PCR amplifica4on targe4ng standard plant barcode regions (e.g., ITS2 or rbcL, or both). Amplified products are 

sequenced and resul4ng reads are analyzed bioinforma4cally to iden4fy plant taxa at the species level. This approach enables 

detailed reconstruc4on of plant-pollinator interac4ons and floral resource use 
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Chapter 3 An integrative genomic toolkit for studying the 

genetic, evolutionary and molecular underpinnings of 

eusociality in insects2 

Dova Brenman-Su\ner1 and Amro Zayed1 

Summary 

While genomic resources for social insects have vastly increased over the past two decades, we are 

s[ll far from understanding the gene[c and molecular basis of eusociality. Here, we briefly review three 

scien[fic advancements that, when integrated, can be highly synergis[c for advancing our knowledge of 

the gene[cs and evolu[on of eusocial traits. Popula[on genomics provides a natural way to quan[fy the 

strength of natural selec[on on coding and regulatory sequences, highligh[ng genes that have undergone 

adap[ve evolu[on during the evolu[on or maintenance of eusociality. Genome wide associa[on studies 

(GWAS) can be used to characterize the complex gene[c architecture underlying eusocial traits and iden[fy 

candidate causal variants. Concurrently, CRISPR/Cas9 enables the precise manipula[on of gene func[on to 

both validate genotype-phenotype associa[ons and study the molecular biology underlying interes[ng 

traits. While each approach has its own advantages and disadvantages, which we discuss herein, we argue 

that their combina[on will ul[mately help us be\er understand the gene[cs and evolu[on of eusocial 

behaviour. Specifically, by triangula[ng across these three different approaches, researchers can directly 

iden[fy and study loci that have a causal associa[on with key phenotypes and have evidence of posi[ve 

selec[on over the relevant [mescales associated with the evolu[on and maintenance of eusociality in 

insects. 

IntroducSon  

Evolu[on has been punctuated by several major events that fundamentally increased the 

complexity and biodiversity of life (SZATHMARY AND MAYNARD-SMITH 1995). These evolu[onary game-changers 

include the evolu[on of sex, mul[cellularity and eusociality. Eusociality evolved mul[ple [mes in animals 

 
2 Published in Current Opinion in Insect Science (2024) https://doi.org/10.1016/j.cois.2024.101231. This 
article is available under the Creative Commons CC-BY-NC license and permits non-commercial use, 
distribution and reproduction in any medium, provided the original work is properly cited. 
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and involves the division of labour between related individuals that cooperate to benefit the group (WILSON 

AND HOLLDOBLER 2005). Eusocial animals exhibit collec[ve traits, which are emergent proper[es from a 

complex system of hundreds to thousands of individuals interac[ng with each other. The complex gene[cs 

and evolu[on of eusocial traits are not yet well understood, in part because the typical tools for studying 

gene[cs in mostly solitary organisms are not directly applicable to social animals. This lack of knowledge on 

the gene[cs of eusocial traits has hindered our ability to develop and test models for the evolu[on of 

eusociality. Most of the current theories about the evolu[on of eusociality are extremely difficult to test 

because they are either inten[onally vague on the gene[c architecture of these traits or assume that such 

traits are controlled by simple Mendelian loci. For example, perhaps the most commonly cited paper on the 

evolu[on of sociality – Hamilton’s kin-selec[on theory – assumes a ‘single locus’ affec[ng ‘helping’ traits 

(HAMILTON 1964). A more recent model of the evolu[on of eusociality by Nowak and colleagues (2010) 

assumes sociality is controlled by a single recessive allele. While there are certainly examples of variants of 

a single gene affec[ng behaviour (OSBORNE et al. 1997), most studies of complex behaviour reveal a large 

number of loci, o�en with complex forms of interac[on (ANHOLT AND MACKAY 2004; SHORTER et al. 2015). The 

field of sociobiology is thus stuck in a paradox: evolu[onary theories are de facto naïve because they assume 

simple and likely unrealis[c gene[c models for social traits, while most gene[c studies conducted on 

eusocial insects apply low-resolu[on techniques that preclude a meaningful understanding of the gene[c 

architecture of eusociality. Here, we provide a brief review of three of the most promising innova[ons in 

social insect research that are relevant for understanding the ul[mate and proximate causes of eusociality: 

1) the use of popula[on genomics to map pa\erns of adap[ve evolu[on across the genome, 2) the use of 

genome-wide associa[on studies (GWAS) to iden[fy muta[ons influencing eusocial traits and 3) 

CRISPR/Cas9 as a tool to study gene func[on and test causal hypotheses about genes and phenotypes. We 

highlight current shortcomings of using these tools in isola[on and argue that the combina[on of all three 

approaches provides a powerful system for studying the gene[cs of eusocial traits and how they evolved 

(Figure 3-1). 

Linking DNA to fitness using populaSon genomics 

Popula[on genomics broadly describes the applica[on of genome sequencing to large popula[on 

cohorts. Typically, researchers sequence mul[ple individuals from different popula[ons or significant 

evolu[onary lineages, allowing them to discover and genotype millions of single nucleo[de polymorphisms 

(SNPs). By u[lizing these dense datasets and applying an ever-growing arsenal of popula[on gene[c 

techniques, researchers can quickly highlight loci and genes that have signatures of adap[ve evolu[on 
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(reviewed by HASSELMANN et al. 2015; DOGANTZIS AND ZAYED 2019). These studies have been applied to several 

eusocial insects including bees (HARPUR et al. 2014; MOLODTSOVA et al. 2014; WALLBERG et al. 2014; FOUKS 

AND LATTORFF 2016; DOGANTZIS et al. 2018; IMRIT et al. 2020; JONES et al. 2023), wasps (MILLER et al. 2020; XU 

et al. 2021; LI et al. 2024), ants (ROMIGUIER et al. 2014; ROUX et al. 2014; ENGSONTIA et al. 2015; PRIVMAN et 

al. 2018; WIERNASZ AND COLE 2022; BARKDULL AND MOREAU 2023) and termites (BULMER AND CROZIER 2006; 

HARRISON et al. 2018; MEUSEMANN et al. 2020; RADFORD et al. 2022). On its own, popula[on genomics provide 

invaluable insights into the evolu[onary forces that have shaped gene[c diversity within and between 

species, and has been instrumental in iden[fy genes that have influenced fitness in both advanced (HARPUR 

et al. 2014; DOGANTZIS et al. 2018; IMRIT et al. 2020; BARKDULL AND MOREAU 2023; JONES et al. 2023) and 

primi[vely eusocial (FOUKS AND LATTORFF 2016; HARPUR et al. 2017; DOGANTZIS et al. 2018) species. These 

studies have highlighted loci that have experienced natural selec[on over the [me scale of the evolu[on 

and elabora[on of eusociality, thereby providing a list of candidate genes that were poten[ally important 

for modula[ng eusocial traits. Notably, in some lineages, genes with signatures of posi[ve selec[on are 

o�en associated with worker- and colony-level traits (HARPUR et al. 2014; DOGANTZIS et al. 2024). There is 

also recent evidence of repeated use of the same genes in facilita[ng local adapta[on to different 

environments (JI et al. 2020; DOGANTZIS et al. 2024). However, we would like to men[on two caveats with 

popula[on genomic studies of posi[ve selec[on. First, we note that demography can influence analysis of 

posi[ve selec[on leading to some false posi[ves (BEICHMAN et al. 2018; JOHRI et al. 2022), although this 

limita[on can be overcome by applying best-prac[ces and the latest and most robust methods (ALVAREZ-

CARRETERO et al. 2023; KIRSCH-GERWECK et al. 2023). More importantly, while popula[on genomics sta[s[cally 

links DNA sequences with fitness consequences, it does not, on its own, provide knowledge on the 

phenotypes and molecular mechanisms that yield to fitness differen[als in the wild. This shortcoming, 

however, can poten[ally be circumvented by using the other research approaches discussed below.  

Linking phenotype to candidate loci using GWAS 

Another applica[on of popula[on genomics can be used to study the gene[cs underlying eusocial 

traits. One way to achieve this is by sequencing samples from natural or ar[ficially selected ‘popula[ons’ 

that differ in a specific phenotype. Popula[on contrasts can reveal muta[ons that vary dras[cally in allele 

frequency between popula[ons, and these may underlie some of the phenotypic differences between 

popula[ons. This approach has been applied to study hygienic behaviour (SPOTTER et al. 2016; HARPUR et al. 

2019), the suscep[bility to Varroa mites (BROECKX et al. 2019), as well as defense behaviour (AVALOS et al. 

2020) and gentleness (GUICHARD et al. 2021) in the honey bee Apis mellifera. Popula[on genomic contrasts 
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have also iden[fied gene[c variants that vary with solitary and social phenotypes within a single species 

such as in the socially polymorphic sweat bee Lasioglossum albipes (KOCHER et al. 2018), the faculta[vely 

eusocial Megalopta genalis (KAPHEIM et al. 2020a) and the socially polymorphic Australian small carpenter 

bee Cera7na australensis (HARPUR AND REHAN 2021). More recently, researchers have carried out genome-

wide associa[on studies (GWAS) to link varia[on in phenotype with specific muta[ons segrega[ng across 

the en[re genome. Typically, GWAS involve sequencing a large cohort of individuals that have also been 

quan[fied for a trait of interest. Sta[s[cal associa[ons between genotype and phenotype are taken as 

evidence that a specific muta[on is causing or is linked to a causal muta[on that influences that studied 

trait. For example, studies have found causal muta[ons involved in social organiza[on in Formica francoueri 

(PIERCE et al. 2022) and Formica neoclara (MCGUIRE et al. 2022) and in sex ra[o forma[on in Formica glacialis 

(LAGUNAS-ROBLES et al. 2021).  

Popula[on genomics and GWAS approaches have so far confirmed that eusocial traits are highly 

complex and mul[factorial. For example, Harpur and colleagues (HARPUR et al. 2019) found 73 candidate 

genes linked to hygienic behaviour. GWAS have also revealed 322 candidate genes associated with nest 

defense behaviour among Africanized honey bees (HARPUR et al. 2020) while another study iden[fied 1,172 

SNPs associated with colony-level aggression in African honey bees. GWAS also iden[fied 42 highly 

differen[ated SNPs among socially polymorphic M. genalis (KAPHEIM et al. 2020a). These studies 

demonstrate the power of GWAS in iden[fying candidate loci associated with a phenotype and studying 

the gene[c architecture of complex traits (GOLDSTEIN 2009; FADISTA et al. 2016; YENGO et al. 2022).  

 However, GWAS have faced cri[cism for their limited ability to fully explain the heritability of 

complex traits (TAM et al. 2019). Such studies typically only have power to iden[fy common variants, 

poten[ally overlooking rarer variants (GOLDSTEIN 2009). Moreover, causal alleles may be in linkage 

disequilibrium (LD) with other alleles iden[fied through GWAS, leading to false posi[ves and uncertain[es 

about the specific genes or muta[ons affec[ng traits if LD blocks are large (HISCHHORN et al. 2002; 

INTERNATIONAL HAPMAP 2005). Consequently, reproducing the data becomes challenging, as alleles in LD or 

those associated with popula[on stra[fica[on (BERG et al. 2019; AW et al. 2024) may achieve sta[s[cal 

significance in one study but not in subsequent studies (HISCHHORN et al. 2002). GWAS also face a mul[ple 

tes[ng burden which complicates the iden[fica[on of causal variants (PE'ER et al. 2008). Perhaps the 

greatest weakness of popula[on genomic and GWAS approaches to date is the lack of experimental 

valida[on via gene[c manipula[on of the candidate loci. This shortcoming however can now be addressed 

using the emerging CRISPR/Cas9 system, as we discuss below. 
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Linking DNA to phenotype and molecular funcSon using CRISPR/Cas9  

CRISPR/Cas9 has revolu[onized the way in which researchers study gene func[on by enabling 

precise gene[c modifica[ons to the DNA of model and non-model organisms (DEGIRMENCI et al. 2020; LIANG 

et al. 2021; RANJITHA AND BHUVANA 2022). CRISPR/Cas9 uses a single guide RNA (sgRNA) to direct the Cas9 

endonuclease to a specific DNA sequence of interest where it induces a break, which, along with the cell’s 

downstream repair machinery, allows for precise gene[c modifica[ons such as frameshi� muta[ons 

(DEGIRMENCI et al. 2020; LIANG et al. 2021; RANJITHA AND BHUVANA 2022). This approach has been very useful 

for studying gene func[on in social insects, which with a few excep[ons, lack the sophis[cated toolkits for 

gene[c manipula[on developed for the fruit fly, Drosophila melanogaster. So far, CRISPR/Cas9 has been 

applied to knock out genes in Apis mellifera (KOHNO et al. 2016; KOHNO AND KUBO 2018; HU et al. 2019; 

MCAFEE et al. 2019; ROTH et al. 2019; DEGIRMENCI et al. 2020; SINAKEVITCH et al. 2020; CHEN et al. 2021; LIANG 

et al. 2021; NIE et al. 2021; WANG et al. 2021; WAGNER et al. 2022; CHENG et al. 2023; OTTE et al. 2023), 

Harpegnathos saltator (YAN et al. 2017), Lasius niger (KONU et al. 2023), Ooceraea biroi (IVASYK et al. 2023), 

Solenopsis invicta (CHIU et al. 2020), and Vespula vulgaris (LESTER et al. 2020)(Table 1). For example, 

CRISPR/Cas9 has been used to knockout Orco, in Ooceraea biroi (TRIBLE et al. 2017) and Harpegnathos 

saltator (YAN et al. 2017) to confirm the importance of this gene in olfactory communica[on, antennal lobe 

development and social behaviour.  Specifically, these studies iden[fied the effect of Orco mutants on the 

volume of the antennal lobe, the number of glomeruli, as well as the size of the remaining glomeruli (TRIBLE 

et al. 2017; YAN et al. 2017). This research then served as the basis for Orco manipula[on within honey bees 

(CHEN et al. 2021). CRISPR/Cas9 has also been crucial for studying sex determina[on in honey bees which 

has enabled the induc[on of diploid males (WANG et al. 2021), knockouts leading to male development 

(ROTH et al. 2019; CHENG et al. 2023) and the iden[fica[on of a locus important for the ini[a[on of the 

female sex determina[on pathway (OTTE et al. 2023).  

While CRISPR/Cas9 is proving to be an incredibly useful tool for studying gene func[on in social 

insects, we note that, for the most part, the list of genes manipulated using this technology thus far have 

been chosen without any evidence from popula[on genomics or GWAS. For example, most genes 

manipulated by CRISPR/Cas9 in social insects were chosen based on a candidate gene approach, o�en 

borrowing knowledge from evolu[onarily distant taxa (Table 3-1). For example, Chiu et al. (2020) targeted 

the gene spitz in Solenopsis invicta due to its func[on in Drosophila larval oenocytes, Konu and colleagues 

(2023) manipulated the gene cinnabar in Lasius niger due to its involvement in ommochrome biosynthesis 

in D. melanogaster (SETHURMAN AND O’BROCHTA 2005) and members of the yellow gene family were knocked 
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out in Apis mellifera due to their role in melaniza[on in D. melanogaster (LIANG et al. 2021; NIE et al. 2021). 

While these studies have greatly contributed to our understanding of the molecular biology behind 

significant traits in social insects, the extent to which muta[ons in candidate genes have played a role in the 

evolu[on and maintenance of eusociality in insects remains unclear. Manipula[ng a gene to confirm its link 

to a eusocial trait does not necessarily imply that this gene has been significant in the evolu[on or 

maintenance of eusociality. Genes work within pathways (PITA-JUAREZ et al. 2018), and although 

manipula[ng a gene can confirm its importance within a pathway for a par[cular social trait it does not 

necessarily suggest that muta[ons in this specific gene contribute to the evolu[on and maintenance of 

eusociality in the lineage being studied. We think that data from popula[on genomics and GWAS can be 

invaluable for choosing targets to manipulate using CRISPR. Such studies could directly implicate specific 

muta[ons and loci that have either played a significant adap[ve role over the course of eusocial evolu[on 

(HARPUR AND ZAYED 2013; JOHNSON et al. 2018) or exhibited associa[ons with phenotypic varia[on in key 

eusocial traits (RUBIN et al. 2019; SIEBER et al. 2021). We think selec[ng genes to manipulate based on a 

priori knowledge from popula[on genomics and GWAS will be key to understanding the rela[onship 

between genes and eusociality, and for tes[ng different mechanis[c hypotheses about the evolu[on and 

maintenance of eusocial behaviour.  

Conclusion 

The integra[on of popula[on genomics, GWAS and CRISPR/Cas9 technology presents a powerful 

and mul[faceted approach to unraveling the gene[c, molecular, and evolu[onary underpinnings of 

eusociality in insects. Popula[on genomics offers insights into the adap[ve evolu[on of coding and 

regulatory sequences, iden[fying genes that have undergone posi[ve selec[on during the development 

and maintenance of eusocial behaviour. GWAS further refines our understanding by linking specific gene[c 

variants to eusocial traits, revealing the complex gene[c architecture underlying these behaviours. 

CRISPR/Cas9 complements these methods by enabling precise gene[c manipula[on, thus valida[ng 

genotype-phenotype associa[ons, and elucida[ng the molecular func[ons of candidate genes. By 

leveraging the strengths of each approach and addressing their individual limita[ons, researchers can 

achieve a more comprehensive understanding of the intricate gene[c networks and evolu[onary processes 

that drive eusociality. This integrated strategy holds the promise of not only advancing our knowledge of 

social insect biology but also informing broader studies on the evolu[on of complex social behaviours. 
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Figures  

 
Figure 3-1 Integrated toolkit for studying the gene@cs and evolu@on of eusocial traits 
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Tables 
Table 3-1. Genes selected for knockout with CRISPR/Cas9 in social insects and how they were chosen.  

A comprehensive survey of CRISPR/Cas9 studies in social insects iden@fied predominant methods for gene selec@on. 

Species Gene for knockout Method of Choosing Gene* References 

Apis mellifera AmGR1,2,3 candidate gene approach (DEGIRMENCI et al. 2020) 

Amyellow-y candidate gene approach (LIANG et al. 2021; NIE et al. 2021) 

csd candidate gene approach (WANG et al. 2021; OTTE et al. 2023) 

dsx candidate gene approach (ROTH et al. 2019; WAGNER et al. 2022) 

fem candidate gene approach (CHENG et al. 2023) 

major royal jelly 

protein 

candidate gene approach (HU et al. 2019; KOHNO AND KUBO 2019) 

mGlutR1 candidate gene approach (SINAKEVITCH et al. 2020) 

mKast transcriptomics (KOHNO AND KUBO 2018) 

Orco candidate gene approach (CHEN et al. 2021) 

pax6 candidate gene approach (HU et al. 2019) 

RDL candidate gene approach (SINAKEVITCH et al. 2020) 

Harpegnathos 

saltator 

Orco candidate gene approach (YAN et al. 2017) 

Lasius niger cinnabar candidate gene approach (KONU et al. 2023) 

Ooceraea biroi DNMT1 candidate gene approach (IVASYK et al. 2023) 

 Orco candidate gene approach (TRIBLE et al. 2017) 

Solenopsis invicta Sinv-spitz candidate gene approach (CHIU et al. 2020) 

GP-9  candidate gene approach (CHIU et al. 2020) 

Vespula vulgaris cdc candidate gene approach (LESTER et al. 2020) 

boule  candidate gene approach (LESTER et al. 2020) 

 

*Method for gene selec[on: Candidate gene approach- Genes are selected based on prior knowledge, o�en 

derived from studies on evolu[onary distant model organisms, transcriptomic profiling- genes are chosen 

through analysis of gene expression pa\erns, phylogene[c analysis- genes are selected based on exhibi[ng 

high rates of protein evolu[on across social insects as a whole or within specific social lineages, popula[on 

genomics- genes are iden[fied with muta[ons showing dis[nct evolu[onary pa\erns within a species, 

assessed through popula[on gene[c metrics like Fst, Tajima’s D, etc., quan[ta[ve gene[cs- genes are 

pinpointed based on muta[ons associated with a trait of interest, iden[fied through genome-wide 

associa[on studies (GWAS) or quan[ta[ve trait loci (QTL) analyses. 
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Chapter 4 Exploring the genetics of social behaviour in C. 

calcarata3 

Dova B. Brenman- Su\ner1, Sandra M. Rehan1, and Amro Zayed1 

Summary 

Studies investigating social evolution often focus on species that are obligately eusocial, where 

presumably all the adaptive genetic changes associated with sociality have already been completed. To 

fully understand eusociality, we must study species with facultative social behaviour. The small carpenter 

bee Ceratina calcarata is an ideal model for studying the genetics and molecular biology of eusocial 

evolution as it can exhibit both subsocial behaviour with parental care and social behaviour facilitated by 

the altruistic dwarf eldest daughter. Here, we sequenced the genomes of subsocial and social C. calcarata 

to identify mutations and genes associated with social behaviour and used these data to test several 

hypotheses related to the evolution of eusociality. Many single nucleotide polymorphisms (SNPs) that had 

high levels of genetic differentiation (Fst) between social and subsocial C. calcarata were in or near genes 

or regions important for regulating gene expression. These results are consistent with the Genetic Toolkit 

Hypothesis of eusocial evolution. Our findings suggest that the low behavioural complexity observed in C. 

calcarata may involve modulation of existing regulatory genes and gene networks to generate phenotypes 

associated with social behaviour.  

Introduction 

Eusociality, defined by overlapping generations, cooperative brood care, and a reproductive 

division of labour, has evolved 11 different times within Hymenoptera, four of which occurred within bees 

(WILSON AND HOLLDOBLER 2005; GROOM AND REHAN 2018). While it is generally accepted that eusociality occurs 

within kin groups, where the cost of altruism to an individual is smaller than the benefits to the recipient 

scaled by their relatedness coefficient (HAMILTON 1964), the precise molecular and genomic changes 

involved in eusocial evolution are not well understood. Much of the research has focused on obligately 

 
3 Published in Scientific Reports (2025) https://doi.org/10.1038/s41598-025-89870-9. This article is available 
under the Creative Commons CC-BY-NC license and permits non-commercial use, distribution and 
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eusocial species as a model for eusocial evolution (PAGE AND AMDAM 2007; KAPHEIM et al. 2015). However, 

studying species with less complex forms of social behaviour, such as subsocial or facultatively social 

species, provides an excellent opportunity to study different forms of social organization, which may 

represent the earliest stages of eusocial evolution (REHAN AND TOTH 2015). Subsocial species exhibit various 

forms of maternal care, while incipiently social species can exhibit maternal care, remain totipotent during 

adulthood, build their own nests and live cooperatively with simple labour divisions to help rear a single 

brood (WEST-EBERHARD 1987; REHAN AND RICHARDS 2010a; SHELL AND REHAN 2017). Species capable of 

exhibiting both social and subsocial behaviour are known as facultative incipiently social. These species 

provide important insights into the genomic and ecological factors shaping social behaviour by allowing 

comparisons of different social strategies within a single evolutionary lineage while controlling for 

phylogenetic distance and their environment.  

The small carpenter bee, Ceratina calcarata, is an example of a facultative incipiently social bee 

that has been studied to understand less-complex forms of social behaviour (REHAN et al. 2018). C. calcarata 

can act subsocially in the spring by providing prolonged parental care, including mass provisioning and 

tending to brood cells. In some nests, the reproductive female will produce a small, sterile worker daughter 

called the dwarf eldest daughter (DED) in autumn through differential mass provisioning (LAWSON et al. 

2016). The DED will forego her own reproduction to assist with guarding and foraging tasks and, because 

she will not survive the overwintering period, will act altruistically to her siblings (REHAN et al. 2014; MIKÁT 

et al. 2017). This period is considered the social phase where behaviours associated with a reproductive 

division of labour are emerging among the offspring.  These behaviours provide a valuable opportunity to 

investigate factors that may contribute to the evolution of social complexity (WILSON 1971; MICHENER 1974; 

LINKSVAYER AND WADE 2005).  

Several theories address how solitary species can evolve to exhibit eusocial behaviour. The first 

group of hypotheses discuss how the regulation of gene expression in various contexts is important for this 

evolutionary transition. The Genetic Toolkit Hypothesis focuses on the regulation of conserved genes in 

terms of timing and location of their expression, to facilitate the emergence of novel social phenotypes 

(TRUE AND CARROLL 2002; CARROLL et al. 2005; REHAN AND TOTH 2015). Support for the genetic toolkit 

hypothesis also comes from comparative studies of Apis, Bombus, Dufourea, Euglossa, Eulaema, Eufriesea, 

Exoneura, Frieseomelitta, Habropoda, Lasioglossum, Melipona, and Megachile (WOODARD et al. 2011; 

KAPHEIM et al. 2015), as well as other studies in Apis (GROZINGER et al. 2003; GROZINGER et al. 2007) and in 

fire ants of the genus Solenopsis (OMETTO et al. 2011; BERENS et al. 2015). Other gene regulatory hypotheses 

such as the Ovarian Ground-plan Hypothesis (WEST-EBERHARD AND TURILLAZZI 1996) suggest that sociality 
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evolves through the uncoupling of solitary reproduction and foraging behaviour that ultimately results in 

caste-like differences and is supported by studies from social wasps (TOTH et al. 2007) and honey bees 

(AMDAM et al. 2004; AMDAM et al. 2006; GRAHAM et al. 2011), with evidence to the contrary found thus far 

in carpenter bees (REHAN et al. 2014). The Maternal Heterochrony Hypothesis, with support from social 

wasps (TOTH et al. 2007), bumble bees (WOODARD et al. 2014) and Ceratina calcarata (REHAN et al. 2014), 

suggests that social evolution evolves through reorganization of the timing and location of gene expression 

related to parental care (LINKSVAYER AND WADE 2005). While the previously mentioned hypotheses propose 

that novel behaviours emerge through the differential regulation of genes and networks present in solitary 

ancestors, the Novel Gene Hypothesis posits that new genes are essential for creating the phenotypic 

novelty observed in eusocial insects (JOHNSON AND TSUTSUI 2011). Evidence supporting this hypothesis is seen 

in the advanced eusocial honeybee, Apis mellifera, which possesses a large number of novel, taxonomically 

restricted genes (TRGs) (JOHNSON AND TSUTSUI 2011). These TRGs are predominantly expressed in workers 

and exhibit much higher rates of positive selection compared to non-TRGs (HARPUR et al. 2014). These 

hypotheses are also not mutually exclusive and understanding which processes are occurring during the 

different stages of eusociality is an active area of research in the field. 

Hymenoptera with incipient and facultative behaviour such as C. calcarata aid in our understanding 

of the evolution of sociality. Several studies provide evidence for the genomic, transcriptomic, and 

behavioural differences associated with social behaviour in C. calcarata. Shell and Rehan (2019) 

investigated differences between guarding and foraging behaviour among mothers and daughters at the 

transcriptomic level and found similar patterns of gene expression in the fall despite their one-year age gap 

(SHELL AND REHAN 2019). Differential gene expression was also found among transcription factors associated 

with foraging and guarding behaviours which is suggested to be important for the broadening of caste-

specific behaviours (SHELL AND REHAN 2019). A study examining the effects of maternally cared for and 

orphaned offspring found differential alternatively spliced genes between the two groups (ARSENAULT et al. 

2018; SHELL et al. 2021; CHAU et al. 2023). Comparative studies of insects across the social spectrum have 

also shed light on the evolution of social behaviour. One study conducted by IMRIT et al. (2020) examined 

10 insects with varying degrees of sociality which revealed relaxed negative selection with increased social 

complexity, likely due to changes in effective population size. These changes reflected the strength of 

genetic drift in more complex societies, which hinders the ability of natural selection to eliminate slightly 

deleterious mutations (IMRIT et al. 2020). Moreover, advanced eusocial insects exhibit some of the highest 

recombination rates known, likely serving the purpose of increasing genotypic diversity within the worker 

population (SIRVIO et al. 2006; WILFERT et al. 2007; KENT AND ZAYED 2013; OLDROYD et al. 2021). By studying C. 
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calcarata and other insects, researchers have gained valuable insights into the genomic changes associated 

with different forms of social complexity, shedding light on the genetic mechanisms underlying social 

evolution.  

Researchers have found a correlation between the evolution and complexity of social behaviour in 

bees and their enhanced ability to regulate gene expression. This is evident from a study of non-coding 

alignable regions (NCARs) within 11 bee species, each representing independent origins of eusociality, 

which revealed that certain NCARs evolved more slowly than others (RUBIN et al. 2019). These slow-evolving 

NCARs were associated with genes linked to eusocial traits and were enriched for gene ontology terms 

related to the regulation of gene expression (RUBIN et al. 2019). The researcher also identified the largest 

number of clade-specific NCARs in corbiculate bees, suggesting that the evolution of eusociality in this 

group was accompanied by an increase in regulatory capacity mediated by NCARs (RUBIN et al. 2019). 

Another study examined 16 bee species within a monophyletic clade with members ranging from solitary 

to incipiently social (including C. calcarata) to investigate the genomic effect of sociality on a broad scale 

(SHELL et al. 2021). Shell et al. (2021) found that the evolution of complex social behaviours in bees is 

strongly correlated with the expansion and specialization of regulatory networks. They found that eusocial 

species exhibited significantly higher numbers of transcription factors (TFs), with many uniquely enriched 

in individuals performing specific social roles, such as foraging or guarding (SHELL et al. 2021). The expansion 

in regulatory networks, alongside conserved patterns of gene expression across lineages, emphasizes the 

role of enhanced gene regulation in the evolution of sociality. Other facultatively social species, such as 

Megalopta genalis, Lasioglossum albipes, and Ceratina australensis have each been studied to understand 

the genetic and molecular basis of social behaviour (KOCHER et al. 2013; KOCHER et al. 2018; KAPHEIM et al. 

2020a; HARPUR AND REHAN 2021). For example, M. genalis is a facultatively social sweat bee that can exhibit 

both social and solitary behaviour and one study found genetic differences between social and solitary 

nests involving high genetic differentiation at many single nucleotide polymorphisms (SNPs)(KAPHEIM et al. 

2020a). A similar study in the facultatively social C. australensis identified specific loci that were associated 

with social colony structure that showed signs of positive selection (HARPUR AND REHAN 2021). This suggests 

that alleles at genes associated with social colony behaviour may provide fitness benefits to the bees. In L. 

albipes, a socially polymorphic halictid bee that can exhibit both solitary and eusocial behaviour, studies 

have uncovered genetic differences in genes involved in chemical signaling, pheromone production, and 

neurotransmitter regulation, between social and solitary nests (KOCHER et al. 2013; KOCHER et al. 2018). 

Overall, the research indicates that developmental plasticity in these species may have contributed to the 

evolution of diverse social behaviours, including eusociality. This was possibly achieved through genetic 
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mutations that influence transcription factor binding, especially those related to neurogenesis and 

hormone-induced gene expression (KAPHEIM et al. 2015; KAPHEIM et al. 2020a). In other species, the genetic 

architecture of social traits often exhibit considerable variation, ranging from supergenes in ants that 

govern colony type formation (YAN et al. 2020), a single locus (and likely a single SNP) controlling 

parthenogenesis in the Cape honey bee, Apis mellifera capensis (YAGOUND et al. 2020), to multiple genes 

that may control hygienic behaviour (HARPUR et al. 2019) and Varroa-specific defense behaviour in honey 

bees (SPOTTER et al. 2016). This diversity illustrates that social behaviour can be governed by a single gene, 

multiple genes, or pre-existing genetic pathways through regulation. To date, no genetic studies have 

explored the genetic basis of sociality in C. calcarata. This study is part of a broader effort to understand 

the complexities of sociality, similar to research on other bee species with comparable social behaviour 

(KOCHER et al. 2013; KOCHER et al. 2018; KAPHEIM et al. 2020a; HARPUR AND REHAN 2021).  

Previous studies on C. calcarata have helped us understand the transcriptomic changes associated with 

social behaviours among social and subsocial groups (REHAN et al. 2014; DURANT et al. 2015; WITHEE AND 

REHAN 2017; SHELL AND REHAN 2019; SHELL et al. 2021; SHELL AND REHAN 2022). However, it remains unclear 

whether these behavioural differences are linked to genetic variation, especially because social and 

subsocial colonies coexist within the same population. While no common-garden or brood swap studies 

have been carried out in this species at this time, our work represents the first effort to quantify genetic 

differences between solitary and social colonies in C. calcarata, which are known to also exhibit 

transcriptional differences (ARSENAULT et al. 2018; SHELL AND REHAN 2019; SHELL et al. 2021; CHAU et al. 2023). 

Here, we investigate the genomic changes associated with incipient sociality by sequencing and comparing 

the genomes of subsocial and social C. calcarata. After identifying mutations and genes associated with 

behavioural variation in this species, we used our dataset to test some of the mechanistic hypotheses for 

the evolution of social behaviour described above. 

Methods  

Sample Collection and Sequencing 

We collected diploid female Ceratina calcarata bees from social (n = 10) or subsocial (n = 10) nests 

in New Hampshire, USA. The sample sizes here (10 diploid individuals, which is 20 haploid genomes per 

group) reflect several other studies with a similar number of participants (HARPUR et al. 2014; NAZARENO et 

al. 2017; EIMANIFAR et al. 2018; YANCAN et al. 2019; SHELL AND REHAN 2022) and these sample sizes have been 

recognized as suitable for this type of popula[on genomic study (WILLING et al. 2012). The high coverage of 

these diploid individuals, combined with strict filtering criteria outlined below, minimize the likelihood of 
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genotyping error, thus providing us with high-confidence single nucleotide polymorphism calls.  Following 

established methods (SHELL et al. 2018), social colonies were classified as those with a female in the first 

brood cell, whereas subsocial colonies had a male present in the first brood cell. We removed the thorax 

of each bee, ground it up in liquid nitrogen with a pestle (FisherBrandTM RNase-Free Disposable Pellet 

Pestles) and extracted DNA using the Mag-Bind® Blood & Tissue DNA HDQ 96 Kit (Omega Bio-tek Inc., USA) 

optimized for KingFisherTM Flex Purification System (Thermo Fisher Scientific Inc., USA) to a final elution 

volume of 70-100μl using established methods (CONFLITTI et al. 2022). Tissues were lysed using 350μl of 

Tissue Lysis Buffer, 20μl (20g/mL) of Proteinase K and heating samples overnight at 55°C. The DNA was 

quantified using NanoDropTM 2000 Spectrophotometer (Thermo Fisher Scientific Inc., USA) and assessed 

for quality using 2.0% agarose gel electrophoresis. Library preparation and sequencing were performed at 

the Genome Quebec Innovation Centre (McGill University). Genome sequencing was performed using the 

Illumina HiSeq 2500 system (paired end reads, 2x150 reads) using four lanes with six bees per lane to yield 

a total coverage of 167X total (27X per bee) and a genome size of 364Mb. We performed quality control 

on all samples to check the quality, read length, GC content and other standard parameters using Qualimap 

2 (OKONECHNIKOV et al. 2016).  

Alignment and SNP Calling  

We used previously published pipelines for alignment and SNP calling (HARPUR et al. 2019; IMRIT et 

al. 2020; HARPUR AND REHAN 2021). Briefly, adapter sequences were trimmed from raw reads using 

TRIMMOMATIC v0.32 (BOLGER et al. 2014) and then aligned to the Ceratina calcarata ASM165200v1 

genome(REHAN et al. 2016) using NextGenMap v0.4.12 (SEDLAZECK et al. 2013). Duplicate reads were 

removed with Picard v1.8 MarkDuplicates (http://broadinstitute.github.io/picard/) and we realigned reads 

around indels with Genome Analysis Toolkit (GATK)(VAN DER AUWERA et al. 2014). We then identified single 

nucleotide polymorphisms (SNPs) using GATK HaplotypeCaller via an established pipeline (DOGANTZIS et al. 

2018).  

Filtering SNPs 

We filtered samples on several criteria as per GATK recommendations (MappingQuality < 20, 

QualitybyDepth < 2.0, FisherStrand > 60, StrandOddsRatio > 3.0, ReadPosRankSum < -8.0, 

MappingQualityRankSum < -12.5, MappingQualityRankSum > 12.5)(VAN DER AUWERA et al. 2014). Following 

previous methods, we then filtered SNPs based on abnormally high or low read depth. The upper limit was 

determined by calculating 1.5x the interquartile range of the cumulative depth of each sample (IMRIT et al. 

2020). The lower limit for depth was determined by allowing an average depth of coverage of 5 reads per 
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base pair per individual (5 reads x 20 samples lower pooled threshold of 100)(KAPHEIM et al. 2019). Low 

frequency SNPs using a minor allele frequency threshold of less than 0.05 were also removed from the 

sample set (KAPHEIM et al. 2019).  

Population genetic analysis  

We determined the population structure of social and subsocial C. calcarata (n = 20) using 

ADMIXTURE v.1.30 (ALEXANDER et al. 2009). We ran an unsupervised model with K = 1-4 populations from 

10,000 randomly selected SNPs (shuf -n 10000) from the filtered variant call format (VCF) file, in accordance 

with other studies (HARPUR AND REHAN 2021). This process was repeated 3 times with 20 cross validation 

steps each (--cv=20). A stacked bar graph for each replicate and each K value was generated using ggplot2 

for R (WICKHAM 2016).  

To prepare the VCF file for further analysis, we first removed sites with more than 50% missing 

data using VCFtools with the parameter --max-missing 0.5, following the approach used in similar studies 

(DANECEK et al. 2011; WAIKER et al. 2021). We measured genetic differentiation (Fst) between social (n = 10) 

and subsocial (n = 10) C. calcarata using VCFtools with the --weir-fst-pop parameter (DANECEK et al. 2011). 

The Fst values associated with each SNP form the basis for all downstream analyses. A sample pool of this 

size has also been shown to be robust enough for population genetics studies in both a simulation setting 

(NAZARENO et al. 2017) and empirical study (HARPUR et al. 2014; EIMANIFAR et al. 2018; SHELL AND REHAN 2022). 

To calculate the gene-wise Fst, which is the average Fst value across a gene, we identified the location of 

each SNP within a gene by matching the SNP's position to the gene's start and end points as listed in the 

GFF file 

(https://ftp.ncbi.nlm.nih.gov/genomes/all/annotation_releases/156304/101/GCF_001652005.1_ASM165

200v1/GCF_001652005.1_ASM165200v1_genomic.gff) using a custom Python script. We then averaged 

the Fst values of SNPs located within that gene to determine the gene-wise Fst score.  

We also looked for evidence of genetic linkage around SNPs with high Fst by dividing the entire 

genome into 500 base pair non overlapping genomic windows (VCF tools  with the flags --window-pi 500). 

We then selected windows that contained at least one SNP with outlier levels of Fst (which we refer to as 

Group 1) and windows that did not contain any SNPs with outlier levels of Fst  (which we refer to as Group 

2). We counted the average number of SNPs in each window in both groups and also averaged Fst across 

windows to identify the differences in SNPs in Group 1 and Group 2. We used python matplotlib (HUNTER 

2007) to perform all statistics including a t-test and Cohen’s D to quantify the effect size.  

SnpEff was used to identify the physical location of all SNPs along a gene (CINGOLANI et al. 2012). 

Attributes (intron, exon, intergenic, etc.) were extracted from the INFO column of the output VCF file and 
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were simplified according to information from the SnpEff website 

(http://pcingola.github.io/SnpEff/se_inputoutput/; Supplemental Table S4-1A). This information was used 

to create a contingency table of attributes for all SNPs compared to those found in outlier SNPs in the top 

5% and 1%. We performed a G test of independence on this table using chi2_contingency for scipy.stats 

(1.10.1) in python followed by a calculation of the standardized residuals to test for directional significance 

(significantly more or less than expected). We also used the original classification of SNPs within exons (not 

simplified) to further understand the distribution of our SNPs within coding regions (synonymous variant, 

missense variant etc.). Donut plots depicting the separation of total SNPs into different categories in the 

total (outer ring) and outlier (inner ring) distributions were made using Plotly for python (https://plot.ly). 

To find the gene names associated with each SNP, we used bedtools intersect with the GFF file and the 

final VCF file (QUINLAN AND HALL 2010). 

FlyBase search and Gene Ontology Analysis  

We used Drosophila melanogaster orthologs to Ceratina calcarata genes to study the function of 

genes with high genetic differentiation between behavioural groups. First, we converted C. calcarata genes 

to Drosophila melanogaster genes using HymenopteraMine QueryBuilder to identify matching GeneIDs 

(WALSH et al. 2022). There was a total of 58% overlap between the Ceratina calcarata genome and the 

Drosophila melanogaster genome (7,069 Drosophila genes were matched out of a total of 12,144 C. 

calcarata genes provided on HymenopteraMine; 

https://hymenopteramine.rnet.missouri.edu/hymenopteramine/begin.do). We then converted the D. 

melanogaster Gene ID’s to Drosophila melanogaster genes (in the form FBgn) using Flybase ID validator 

(https://flybase.org/convert/id)(GRAMATES et al. 2022). To explore the biological and molecular function of 

these orthologous genes we downloaded all gene summaries from the Flybase FTP page for “best gene 

summaries” (http://ftp.flybase.net/releases/current/precomputed_files/genes/) and merged it with our 

file based on common column criteria (Supplemental Table S4-2).  

Gene ontology annotation enrichment clustering analysis was carried out using DAVID 2022 

(SHERMAN et al. 2022) to explore the biological process (GOTERM_BP_FAT), molecular function 

(GOTERM_MF_FAT), and cellular components (GOTERM_CC_FAT) associated with genes with outlier levels 

of genetic differentiation between subsocial and social bees (within the top 5%, Fst >= 0.052). We used 

WordCloud in Python to visualize the most frequently occurring words in enriched Gene Ontology (GO) 

terms identified through gene ontology enrichment analysis, presented in a functional annotation chart 

(amueller.github.io/word_cloud; python 3.5.2). 
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Search for Taxonomically Restricted Genes (OrthoDB) 

 The OrthoDB v11 database classifies genes and proteins based on their taxonomic levels to identify 

the ancestry of each gene. The OrthoDB v11 database groups genes into orthologous clusters at different 

taxonomic levels based on their evolutionary relationships, making it easier to compare genes and their 

functions across various species (KUZNETSOV et al. 2022). While we recognize that this approach is limited 

by the quality and quantity of genomes used in the comparison to identify orthologs, OrthoDB is the best 

resource to identify ancestral and novel genes to date, especially due to the substantial number of 

hymenopteran genomes within the database (KUZNETSOV et al. 2022). We downloaded flat files from the 

OrthoDB site, filtered them for annotations involving Ceratina calcarata (NCBI taxonomic ID: 156304), and 

merged them together based on common criteria within the column (i.e. merged columns with overlapping 

“NCBI_Tax_ID”) to reduce the file size to relevant annotations related to C. calcarata. We quantified the 

total number of orthologs associated with each gene and used the oldest and broadest taxonomic 

classification to categorize the gene. Our taxonomic classifications included Eukaryota (NCBI Taxonomic ID: 

2759), Metazoa (33208), Arthropoda (6656), Hexapoda (6960), Insecta (50557), Holometabola (33392), 

Hymenoptera (7399), Aculeata (7434) and Apoidea (34735). We then used the Fst values associated with 

social or subsocial behaviour for each gene (see “Population Genomic Analysis”) and their oldest taxonomic 

classification to assess enrichment in a particular category. We performed this analysis for each category 

in both outlier groups (top 1% and top 5%) and assessed significance with a G test of independence in 

python. We then grouped genes into “old” (Eukaryota, Metazoa, Arthropoda, Insecta, Holometabola, 

Hexpoda) vs “new” (Hymenoptera, Aculeata, Apoidea) to assess if our genes with outlier levels of Fst are 

overrepresented in old or new categories and assessed each with a G test of independence.  

Comparison to previous gene expression studies 

We compared genes associated with social or subsocial behaviour in our study to previously 

published gene expression datasets in C. calcarata. These gene sets used the “Ccalc” gene names, whereas 

our lists used NCBI’s “LOC” gene identifiers. To match these names, we performed a nucleotide BLAST of 

the genome available for download on the NCBI website and the GFF file to extract LOC names associated 

with each scaffold. To ensure an exact match between “LOC” genes and “Ccalc” names, we merged these 

files based on the “start” and “end” positions found in the GFF file to make sure they were a 1:1 match. We 

were able to match 9,438 “Ccalc” names to 9,916 “LOC” genes, with some genes having multiple exact 

matching “Ccalc” names (Supplemental Table S4-3). We then compared genes with outlier levels of Fst (top 

5%) between social and subsocial C. calcarata and compared it to differentially expressed or methylated 

genes identified in other studies. The significance of the overlap between our outlier genes and other 
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studies was evaluated using a hypergeometric test in python (scipy.stats, stats.hypergeom.sf). We 

compared our list of genes with outlier levels of Fst between social and subsocial C. calcarata with: 

A. Methylated genes (REHAN et al. (2016) supplemental Table 7, fracMeth.CDS.avg > 0.01) and 

genes showing signs of positive selection (REHAN et al. (2016) supplemental Table 10) 

B. Differentially expressed genes (DEGs), Alternatively Spliced Genes (ASG), Differentially 

Methylated Genes (DMG), or Methylated Genes (MG) associated with maternal care 

(ARSENAULT et al. (2018) supplemental materials 41467_2018_5903_MOESM4_ESM.xslx) 

C. Genes associated with aggression  (WITHEE AND REHAN (2017) supplemental Table S3; WW >LL) 

D. Genes associated with behaviour (foraging, guarding) and social status (mothers, autumn 

daughters, regular daughters) (SHELL AND REHAN (2019) supplemental Table 8). 

E. Genes in gene families that have significantly expanded or contracted with the evolution of 

social complexity based on a comparative genomic analysis of 16 bee genomes (SHELL et al. 

(2021) supplemental Table S5) 
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Results 

Genetic diEerences between social and subsocial Ceratina calcarata  

 ADMIXTURE analysis revealed that the sympatric social and subsocial Ceratina calcarata nests 

form a single population (K = 1, average cross validation (CV) error = 0.852; Supplemental Figure 4-1). While 

these groups do not represent distinct populations, we were still interested in identifying specific loci that 

exhibit difference in allele frequencies that may underlie the different social phenotypes. To achieve this, 

we examined pairwise differences at single nucleotide polymorphisms (SNPs), either individually, or 

averaged across genes, to understand the genetic differences between these groups. We used the fixation 

index (Fst) – a standard measure to assess genetic differences between populations (BEGUN et al. 2007; 

QANBARI et al. 2012; HARPUR et al. 2014; FENG et al. 2015; HARPUR AND REHAN 2021; YAN et al. 2023)- to 

estimate genetic differentiation between the two behavioural groups. We were able to estimate Fst values 

between social and subsocial colonies for 3,106,635 single nucleotide polymorphisms (SNPs) with an 

average Fst of 0.019 ± 0.05 SD (Figure 4-1A). Outlier analysis has been widely used in many studies to 

identify SNPs and genes with high Fst values (in the top 5% or 1% of a distribution) between groups, 

highlighting regions of the genome with the most significant differences between populations (STORZ et al. 

2004; VOIGHT et al. 2006; BEGUN et al. 2007; HARPUR et al. 2014; HARPUR AND REHAN 2021). This approach 

stems from the assumption that the majority of loci are evolving neutrally and that the extreme tails of the 

Fst distribution are likely enriched for loci experiencing positive selection (AKEY et al. 2002). We identified 

157,934 SNPs in the top 5% and 31,356 SNPs in the top 1% of the empirical distribution of Fst between 

social and subsocial bees to be used for further analysis. We then estimated the average Fst value (0.021 ± 

0.02) for all of C. calcarata’s 10,545 genes (Figure 4-1B). We found 528 genes within the top 5% (Fst > 0.052) 

and 106 genes within the top 1% (Fst > 0.091) of the empirical distribution of Fst values averaged along a 

gene.  

Evidence for hitchhiking near outlier SNPs  

We inves[gated if regions of the genome with outlier SNPs have nearby loci that also have above 

average levels of gene[c differen[a[on; this pa\ern would be expected if natural selec[on was ac[ng to 

maintain specific muta[ons associated with social behaviour, thereby also affec[ng the allele frequency of 

nearby neutral muta[ons that are at linkage disequilibrium with causal loci (CHRISTMAS et al. 2021). We 

tested this hypothesis by comparing the average Fst of non-outlier SNPs in 500-base pair windows containing 

at least one outlier SNP (100,394 500-base pair windows) with those in windows without outlier SNPs 

(228,026 500-base pair windows). The average Fst of non-outlier SNPs in windows with at least one outlier 
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SNP (0.011±0.010) was significantly higher (t=44.918, p<0.0001, Cohen's D = 0.169, Supplemental Figure 4-

2) than that of SNPs in windows with no outliers (mean Fst = 0.009 ±0.011).  

Outlier SNPs are proportionally found more often in intergenic, intragenic and exonic regions 

We conducted a G test of independence to determine the associa[on between the total 

distribu[on of SNPs within different regions of the genome compared to the outlier distribu[on of SNPs 

with high Fst between social and subsocial C. calcarata. We assessed the propor[onal difference of SNPs 

within different regions along a gene including intronic, exonic, intergenic, upstream, and downstream 

regions (Figure 4-2; Supplemental Table S4-1A). We compared the SNP distribu[on within the en[re dataset 

to the distribu[on within two subsets of outliers: the top 5% and the top 1%. Overall, the results remained 

qualita[vely consistent, indica[ng that expanding the threshold does not substan[ally alter the overall 

pa\erns observed. When we compare the distribu[on of SNPs across the different regions (Figure 4-2 

compared to Supplemental Figure 4-3) we see very similar results, sugges[ng that the pa\erns reflect 

meaningful genomic varia[on rather than being driven solely by the stringency of the threshold. As a result, 

we con[nue with the top 5% from now on (Top 1% can be found in Supplemental Figure 4-3 and 

Supplemental Tables S4-1B,C,D, Supplemental Figure 4-4B). Our findings revealed significant differences in 

the propor[on of SNPs with high Fst values between behaviour groups across the C. calcarata genome. 

These SNPs may therefore be causal or linked to causal SNPs that influence the expression of subsocial or 

social behaviour. Specifically, we observed a significantly lower propor[on of intronic SNPs in outlier SNPs 

(G = 349.024, p = 6.914e-78) compared to the overall SNP distribu[on. Likewise, we iden[fied a significantly 

lower propor[on of SNPs in upstream regions (G = 135.167, p = 3.035e-31), as well as in downstream 

regions of the outliers (G = 51.976, p = 5.616e-13), compared to the overall distribu[on. In contrast, we 

observed a significantly higher propor[on of SNPs within intergenic regions in the top 5% (G = 1009.145, 

p= 1.847e-221), as well as a higher propor[on of exonic SNPs (G = 12.281, p = 4.577e-4) and intragenic SNPs 

(G = 19.621, p = 9.443e-6) compared to the total distribu[on. When we looked at the propor[ons of 

different types of exonic SNPs, we found more synonymous variants (G = 82.030, p = 1.34e-19), splice region 

variants with a synonymous variant (G= 7.149, p= 0.007) or a gained stop codon (G= 6.518, p = 0.011) in the 

top 5% than expected whereas fewer missense variants were found (G = 77.593, p = 1.265e-18) than 

expected (Supplemental Figure 4-4A, Supplemental Table S4-1E).  
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Predicted function of genes with high Fst values in Ceratina calcarata  

Most of our genes had an ortholog in Drosophila melanogaster (6,773, 64.23%; Table S2). We 

identified 306 orthologs within the top 5% of the Fst distribution. We used these genes to perform gene 

ontology enrichment analysis and identified significant enrichment of annotations related to metabolic 

processes (Supplemental Table S4-4) which was also found in the highest enrichment cluster (enrichment 

score = 2.245; Supplemental Table S4-5), followed by DNA repair and response to stress (enrichment score 

= 1.665). A word cloud of the most common annotations was also generated to visualize common processes 

and annotation terms found among enriched gene ontology clusters (Supplemental Figure 4-6).  

Functional analysis of high Fst genes in C. calcarata using HymenopteraMine and Drosophila 

melanogaster orthologs 

We identified distinct functional patterns in genes with high levels of genetic differentiation 

between social and subsocial Ceratina calcarata, based on gene functions assigned via HymenopteraMine 

(Supplemental Table S4-2). We found several genes associated with initiating or regulating transcription 

including Transcrip7on ac7vator MSS11 (Fst = 0.053), Transcrip7on and mRNA export factor ENY2 (Fst = 

0.086), Transcrip7on factor 25 (Fst = 0.092), Transcrip7on factor BTF3 homolog 4 (Fst = 0.078), Transcrip7on 

ini7a7on factor TFIID subunit 4-like (Fst = 0.057), Transcrip7on ini7a7on protein SPT3 homolog (Fst = 0.067), 

Transcrip7onal adapter 1-like (Fst = 0.060), Transcrip7onal regulator ATRX homolog (Fst = 0.095). We also 

found several genes associated with chroma[n organiza[on and remodelling including histone chaperone 

asf1 (Fst = 0.103), histone deacetylase complex subunit SAP18 (Fst = 0.076), histone H2A (Fst = 0.228) and 

H2A-like (Fst = 0.082), histone H3 (Fst = 0.137), several SNPs within histone H4 (Fst = 0.176, Fst = 0.160), a 

histone H4 transcrip7on factor (Fst = 0.077), several histone related proteins such as histone RNA hairpin-

binding protein (Fst = 0.093), histone-arginine methyltransferase CARMER (Fst = 0.062), and two SNPs within 

histone-lysine N-methyltransferase SETMAR-like (Fst = 0.114, Fst = 0.071). We also iden[fied two an[oxidant 

enzymes p450 4C1-like (two genes annotated; Fst = 0.105, Fst = 0.111) and p450 6K1-like (Fst = 0.054) as well 

as Cyp9E2 (Fst = 0.053) and Cyp6A2 (Fst = 0.125). Among the Drosophila melanogaster orthologs with the 

highest gene[c differen[a[on between behaviour groups, several noteworthy genes are involved in the 

regula[on of transcrip[on and chroma[n, including genes such as calypso (Fst =0.092), Nucleolar protein 66 

(Fst = 0.054) and No child le[ behind (Fst = 0.051) as well as genes involved in splicing like Small 

ribonucleoprotein par7cle protein SmD2 (Fst = 0.101;). 
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Ceratina calcarata genes tend to be found in older taxonomic groups  

We assessed the evolu[onary history of all genes in the Cera7na calcarata genome to determine 

whether genes overall or those with very high levels of Fst tended to be enriched in specific taxonomic 

groups. Since taxonomically restricted genes have been shown to play a role in the elabora[on of sociality 

(JOHNSON AND TSUTSUI 2011), we aimed to inves[gate whether genes that were highly differen[ated between 

behavioural groups were also restricted to par[cular taxonomic levels, such as Aculeata and Apoidea. Our 

orthology analysis revealed that the majority of C. calcarata genes with any Fst value between groups are of 

ancient evolu[onary origin (Figure 4-3, Supplemental Table S4-6A). Addi[onally, when we examined 

enrichment for specific taxonomic classifica[ons (e.g., Eukaryota, Metazoa) among genes with outlier Fst 

values (top 5%) compared to all genes in the C. calcarata genome, we did not find significant enrichment 

(Supplemental Figure 4-7, Supplemental Table S4-6B,C). When we grouped genes based on their 

evolu[onary age (old vs. new) we also did not find any significant enrichment (P=0.930, Supplemental Table 

S4-6D). These findings show that although we iden[fied some genes with very high levels of gene[c 

differen[a[on associated with vastly different behaviours in this species, both ancient and recently evolved 

genes play a similar role in behaviour.  

Connecting genetic diEerentiation and candidate genes for sociality  

Several previous studies have examined various aspects of gene expression and genomic features 

in C. calcarata. Research thus far has focused on transcriptomic differences among behavioural groups, such 

as differen[al expression in foraging and guarding mothers, daughters, and dwarf eldest daughters (SHELL 

AND REHAN 2019). Other studies have iden[fied differen[ally expressed genes following aggression and 

those involved in gene family expansion or contrac[on in a comparison with 16 other bee genomes (SHELL 

et al. 2021). Addi[onally, genomic features of C. calcarata have been explored, including methyla[on 

pa\erns, alterna[vely spliced genes and differen[ally methylated genes (REHAN et al. 2016; ARSENAULT et al. 

2018). In our study, we iden[fied genes with high levels of Fst that were also differen[ally expressed or 

present in previous research to determine if any studies had an overrepresenta[on of genes with high 

gene[c differen[a[on between social and subsocial C. calcarata. This approach helps us understand the 

characteris[cs of genes with high gene[c differen[a[on based on their expression across various contexts 

(Figure 4-4, Supplemental Table S4-7A). We found significantly more overlap than expected among 

differen[ally expressed genes (DEGs) in different behaviours of C. calcarata including all daughter DEGs 

upregulated over mother genes (p = 0.017) and DEGs among guarding mothers upregulated over all others 

(p = 5.33e-4), highligh[ng the connec[on between gene[c differen[a[on among our behaviour groups and 

their gene expression outcomes. Some notable genes and pa\erns we iden[fied that had both differen[al 
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gene expression and high gene[c differen[a[on in our study included Odorant receptor 13a-like with 

several SNPs with outlier Fst values between behaviour groups as well as differen[al expression between 

mothers and daughters (Fst = 0.077, 0.062, 0.054, 0.405). This is the first evidence linking gene[c differences 

associated with social and subsocial behaviour in C. calcarata to gene expression differences.  

Discussion 

In this study, we inves[gated the gene[c underpinnings of social behaviour in Cera7na calcarata. 

C. calcarata exhibits a stable form of behavioural polymorphism with either subsocial or social colonies, 

making it an excellent model organism for studying the gene[cs and evolu[on of social behaviour (REHAN 

AND RICHARDS 2010b; REHAN et al. 2014). It has been previously argued that species with simpler forms of 

social behaviour can offer insights into the evolutionary steps toward more complex social organization, a 

hypothesis known as the ‘Social Ladder’ (REHAN AND TOTH 2015). However, it is also possible that transitions 

to complex sociality do not involve step-wise evolution of social organization (LINKSVAYER AND JOHNSON 2019). 

Regardless, our study of C. calcarata provides an opportunity to study the evolution of a very simple form 

of social organization and test if some of the mechanistic hypotheses for the evolution of eusociality are at 

play in this lineage. We applied a commonly used paradigm for identifying mutations and genes that may 

be associated with eusociality by highlighting genes with extreme levels of genetic differentiation between 

social and subsocial C. calcarata populations (STORZ et al. 2004; VOIGHT et al. 2006; BEGUN et al. 2007; 

QANBARI et al. 2012; HARPUR et al. 2014; FENG et al. 2015; HARPUR AND REHAN 2021; YAN et al. 2023).  The 

outlier approach we used posits that loci that underly phenotypic differences between the subsocial and 

social populations of C. calcarata have outlier population genetic parameters relative to the vast majority 

of neutral markers in the genome that do not affect behavioural phenotypes (AKEY et al. 2002). While this 

analysis on its own does not prove that any specific marker casually influences behaviour, it does allow us 

to identify putative candidates that may be influencing behaviour. Overall, our findings indicate some 

associa[on between gene[c differences and social behaviour; while there may be a gene[c component, it 

may not be the sole determinant. Social behaviour in this species may be influenced by a complex interplay 

of gene[c, environmental, and possibly epigene[c factors (RITTSCHOF AND ROBINSON 2013; SHPIGLER et al. 

2017; GROOM AND REHAN 2018; JONES et al. 2020). Thus, while our study provides some insight into the 

gene[c basis of social behaviour in this species, it also highlights the need for further research to fully 

elucidate these rela[onships. 

The small carpenter bee is an excellent model for studying the incipient stages of social evolu[on 

without any confounds associated with comparing groups or species with different social behaviours that 
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have been separated by millions of years of independent evolu[on or from species that inhabit different 

environments. Our genomic analysis confirms that social and subsocial C. calcarata belong to a single 

randomly ma[ng popula[on, suppor[ng the idea that social behaviour in this species is not strictly 

gene[cally determined but may be largely influenced by phenotypic plas[city. The average gene[c 

differen[a[on between subsocial and social C. calcarata (Fst = 0.019 ± 0.05, Figure 4-1) is comparable to Fst 

observed between solitary and social colonies of the faculta[vely eusocial Lasioglossum albipes and 

Megalopta genalis (average Fst of 0.06 and 0.03, respec[vely)(KOCHER et al. 2018; KAPHEIM et al. 2020a). This 

amount of gene[c varia[on suggests that there has been recent gene flow between the behavioural groups 

of C. calcarata. These observa[ons underscore the complexity of gene[c influences on social behaviour, 

sugges[ng that while broad gene[c differen[a[on is minimal, specific gene[c factors may s[ll have 

significant effects. We also found that non-outlier SNPs in 500 bp windows containing at least one outlier 

SNP had significantly higher average Fst than those found in windows with no outliers – a pa\ern that is 

consistent with the hypothesis that outlier SNPs may be experiencing direc[onal selec[on.  

Our study revealed a higher frequency of single nucleotide polymorphisms (SNPs) with elevated Fst 

values between social and subsocial behaviours within intergenic regions, intragenic regions, and exons. 

SNPs within exons have obvious fitness consequences, and exonic regions tend to be enriched for outlier 

levels of Fst in other bees, including the advanced eusocial Apis mellifera (ZAYED AND WHITFIELD 2008; HARPUR 

et al. 2014; DOGANTZIS et al. 2021). In contrast, SNPs with outlier levels of Fst between social and subsocial 

C. calcarata were less frequently found in introns and regions directly upstream and downstream (within 5 

kb on either side) of genes (Figure 4-2). The observed enrichment of SNPs in intergenic regions may indicate 

that the behavioural differences observed in C. calcarata are due to variations in regulatory sequences 

within these regions. For example, regulatory elements like enhancers can act at considerable distances 

from the genes they control (EROKHIN et al. 2019), while silencers and insulators are typically located in 

intergenic regions (VALENZUELA AND KAMAKAKA 2006). 

The Genetic Toolkit Hypothesis proposes that eusociality evolved through the repurposing of highly 

conserved genes and molecular pathways for various social functions (WOODARD et al. 2011). Under this 

hypothesis, a key mechanism for the evolution of novel behaviours is the co-option of existing genes and 

pathways, coupled with changes in their expression dynamics—such as timing, spatial localization, and 

duration—resulting in distinct behaviours (TRUE AND CARROLL 2002). The regulation of these patterns of 

expression is important for the transition to social behaviour as seen in genomic studies of ants (SIMOLA et 

al. 2013; SCHRADER et al. 2015; GOSPOCIC et al. 2017), the bumblebee Bombus terrestris (WOODARD et al. 

2011; WOODARD et al. 2014), the halictid bee Lasioglossum albipes (KOCHER et al. 2018), in transcriptomic 
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studies of C. calcarata (SHELL AND REHAN 2019) and in a comparative study of Apis mellifera, Solenopsis 

invicta, and Polistes metricus (BERENS et al. 2015). In our study, we discovered that genes that contain 

mutations with high genetic differences in allele frequencies between social and subsocial groups in C. 

calcarata showed enrichment in annotation terms associated with the regulation of gene expression, 

particularly in pathways related to RNA metabolism, which is closely tied to gene regulation (CARTHEW 

2021). For instance, genes displaying significant genetic differentiation among behaviour groups were 

found to be associated with annotations related to non-coding RNA metabolism (see Supplemental Figure 

4-5), highlighting the crucial role of non-coding RNA as regulators of gene expression, which is pivotal for 

social evolution (SIMOLA et al. 2013). We also found many genes with outlier levels of Fst associated with 

behaviour related to activating, initiating or regulating transcription. Histone modifica[ons in regulatory 

regions have also been shown to be important for establishing and maintaining caste-differences in honey 

bees (WOJCIECHOWSKI et al. 2018) and caste-specific foraging behaviour in the carpenter ant Camponotus 

floridanus (SIMOLA et al. 2016). We iden[fied several genes associated with behaviour in C. calcarata that 

had high gene[c differen[a[on at histone or histone-related genes. Several notable Drosophila 

melanogaster orthologs with the highest values of Fst associated with behaviour include genes related to 

the regula[on of transcrip[on and chroma[n. Our work suggests that some genetic variants associated 

with social behaviour in C. calcarata may be involved in gene regulation. However, due to the lack of strong 

genetic differentiation, these findings may reflect regulatory variation that facilitates behavioural plasticity 

rather than being due to a genetic determinant of sociality, which still aligns with the Genetic Toolkit 

hypothesis (TOTH AND ROBINSON 2007).  

The Novel Gene Hypothesis proposes that new genes that are uniquely found within a lineage-specific 

group are important for the elabora[on of eusociality (JOHNSON AND TSUTSUI 2011). Compara[ve genomic 

studies have shown that the honey bee genome contains around 700 taxonomically restricted genes, which 

may have played a crucial role in the elabora[on of eusociality (JOHNSON AND TSUTSUI 2011). If our data 

supported this theory, we would have seen enrichment for taxonomically restricted genes within newer 

taxa such as Apoidea and Aculeata. However, we found that most of our genes with gene[c differen[a[on 

associated with social or subsocial behaviour in C. calcarata had both an ortholog in D. melanogaster and 

were not enriched for any specific taxonomic category. Therefore, our data do not support the Novel Gene 

Hypothesis because it mostly explains the elabora[on of sociality once more advanced social behaviour has 

been established, rather than during the earlier stages of social evolu[on, of which Cera7na calcarata is a 

model system for studying (REHAN AND RICHARDS 2010b). However, this does support the Gene[c Toolkit 

hypothesis, as the lack of enrichment for taxonomically restricted genes emphasizes the importance of 
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ancient genes, which exhibit the highest gene[c differen[a[on between social and subsocial groups in this 

species. Taken together along with the numerous Drosophila melanogaster orthologs and our gene 

ontology enrichment analysis, we provide strong evidence for the collec[ve support of the gene[c toolkit 

hypothesis.  

The Maternal Heterochrony Hypothesis proposes that the evolu[on of eusocial behaviour in bees is 

driven by changes in the [ming and expression of maternal care behaviours (LINKSVAYER AND WADE 2005). 

According to this hypothesis, ancestrally solitary bees exhibited maternal care behaviours towards their 

offspring and then throughout the transi[on to social behaviour, these behaviours became expressed 

earlier in development and were geared towards siblings rather than offspring (LINKSVAYER AND WADE 2005). 

This shi� in [ming of maternal care is thought to be a key step in the transi[on from solitary to eusocial 

behaviour. Transcriptomic analysis of C. calcarata have revealed similar pa\erns of gene expression 

between sibling care and maternal care (REHAN et al. 2014). Our study focused on iden[fying genes with 

high gene[c differen[a[on between C. calcarata that displayed either maternal care alone (subsocial) or 

maternal and sibling care (social). Iden[fying the func[on of these highly differen[ated genes was done by 

overlapping our genes with genes that were found to be differen[ally expressed at the transcrip[on level 

in previous studies. We found significant overlap with differen[ally expressed genes where all daughter 

genes were upregulated over mothers, which is expected given that we sequenced the daughters of social 

and subsocial colonies. We also found significant overlap between our genes and differen[ally expressed 

genes among guarding mother genes that were upregulated over all others. This is par[cularly interes[ng 

because we only sequenced daughters from both social and subsocial colonies yet found significant overlap 

with genes related to maternal behaviours, especially those important for offspring care. This suggests that 

we iden[fied gene[c components of a key maternal behaviour in daughters (Figure 4-4)(SHELL AND REHAN 

2019). These findings provide some of the first gene[c evidence suppor[ng the observed transcriptomic 

differences that align with the maternal heterochrony hypothesis. 

One of the genes iden[fied with outlier levels of Fst associated with social or subsocial behaviour that 

was also differen[ally expressed among mothers and daughters was odorant receptor 13a-like that had 

several SNPs with outlier levels of Fst within the gene. Social individuals require enhanced communica[on 

with nestmates to organize task alloca[on, offspring care, nest defense and to display their reproduc[ve 

status via pheromones (WITTWER et al. 2017). Plas[city in these chemical signals is regulated at the 

transcrip[onal level to alter composi[on, propor[on, and [ming of display of these chemicals (MALKA et al. 

2014). In a study of the communica[on system during the transi[on from solitary to social behaviour in the 

socially polymorphic halic[d bee Lasioglossum albipes, WITTWER et al. (2017) found that solitary individuals 
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had fewer sensilla, altered antennal morphology and changes in signaling chemistry compared to their 

social counterparts. With fewer opportuni[es for communica[on, the solitary individuals have reduced 

investment in communica[on and have almost lost their ability for this type of complex communica[on 

(GILL et al. 2013; WITTWER et al. 2017). Furthermore, specific sensory receptors such as olfactory receptors 

have also been shown to be under posi[ve selec[on in L. albipes as demonstrated by gene[c differences 

among social and solitary groups (KOCHER et al. 2013).  

Antioxidant enzymes are important for bees who regularly face environmental stimuli, such as foragers 

who frequently encounter different flowers (MAO et al. 2015). This need has driven the expansion of certain 

gene families such as the Cyp6A family in the genome of Apis mellifera (JOHNSON et al. 2018). Research has 

shown a link between antioxidants and behaviour; for example, the expression of Cytochrome p450 4C1 is 

upregulated in solitary Ceratina japonica females, while cytochrome p450 6K1 is more prominent in 

worker-class genes (SHELL AND REHAN 2022). In our study, we identified these two genes, p450 4C1-like and 

p450 6K1-like, which exhibited significant genetic differentiation between social and subsocial C. calcarata. 

LAGO et al. (2023) focusing on those differentially expressed in larval gonads to understand the link between 

polyandrous mating and ovariole number in developing reproductive, including the gene Cyp9E2, which we 

also identified as having outlier levels of genetic differentiation here. Additionally, another study identified 

Cyp6A2 as being under positive selection in Apis (JOHNSON et al. 2018), which we also found in our study. 

These findings further reinforce the connection between transcriptomic changes associated with 

developmental and behavioural differences and their genomic foundations.  

In this study, our inves[ga[on into the gene[c underpinnings of social behaviour in Cera7na calcarata 

sheds light on the intricate dynamics at play during the early stages of social evolu[on. While our findings 

indicate minimal gene[c differen[a[on between social and subsocial groups overall, the presence of a few 

loci with higher differen[a[on suggests poten[al targets for further inves[ga[on. However, given that C. 

calcarata forms a single gene[c popula[on, these differences may not be the primary drivers of social 

behaviour but rather part of a broader regulatory or environmental mechanism influencing behavioural 

plas[city. These observa[ons highlight the complex nature of social behaviour, sugges[ng that while gene[c 

factors contribute to the observed behavioural differences, they do not act alone in shaping behavioural 

outcomes. Our research highlights C. calcarata as a valuable model for studying the early stages of social 

evolu[on, offering insights into the complex interplay of gene[c, environmental, and epigene[c factors. 

However, further studies are needed to fully understand the mechanisms driving social behaviour in this 

species. Because this is the first study to explore a gene[c link to social behaviour, addi[onal valida[on 

experiments are necessary to support our findings and determine whether the observed gene[c differences 
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have a func[onal significance or if social behaviour is primarily shaped by environmental and regulatory 

factors.  
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Figures  

 
Figure 4-1. The vast majority of SNPs (A) and genes (B) show very low levels of geneMc differenMaMon (pairwise Fst ~ 

0) between social and subsocial C. calcarata 
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Figure 4-2. Enrichment of outlier SNPs across different mutaMon types in C. calcarata. 
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Figure 4-3. Genes associated with social behaviour among social and subsocial groups in C. calcarata are 

predominantly evolu@onarily ancient and the outlier list of genes are not enriched for any group (ns = not significant, 

*p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p < 0.0001). 
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Figure 4-4. Enrichment for genes with outlier levels of Fst (5%) associated with social behaviours among social and 

subsocial groups and previous genomic and transcriptomic studies in C. calcarata.  
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Supplemental Figures 

 
Supplemental Figure 4-1 (A) Social (n=10, leJ) and subsocial (n=10, right) Ceratina calcarata originate from one 

popula@on. (B) Cross valida@on error, averaged across three runs, showing support for K=1 (CV=0.852).  
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Supplemental Figure 4-2. Average FST of non-outlier SNPs in windows with at least one outlier SNP versus windows 

with no outlier SNPs in 500 base pair windows across the Ceratina calcarata genome.  

The leJ boxplot (blue, Group 1) represents the distribu@on of average Fst values for non-outlier SNPs in 500bp windows 

containing at least one outlier SNP (threshold cut-off of SNPs with outlier levels of FST ≥ 0.11111) with outliers removed 

(mean = 0.011 ± 0.010). The right boxplot (orange, Group 2) shows the distribu@on of average Fst values for windows 

without any outlier SNPs (mean = 0.009 ± 0.011). Significant differences were observed between Group 2 and Group 1, 

with t-sta@s@cs of 44.918 (p < 0.0001). (ns = not significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001). 

 



 65 

 
Supplemental Figure 4-3. Enrichment of outlier SNPs (top 1%)  across different mutaEon types in C. calcarata.  
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Supplemental Figure 4-4. The type of exonic SNPs in the total distribuEon (outer rings) compared to the top 5% 

(S4A inner ring) and the top 1% (S4B inner ring).  
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Supplemental Figure 4-5. Gene Ontology enrichment analysis using DAVID GO found enrichment for genes related to 

metabolic processes, and biosynthesis of small molecules and amino acids (enrichment cluster score= 2.245).  
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Supplemental Figure 4-6. WordCloud generated from enrichment analysis of the top 5% of genes with high Fst 

associated with behaviour. 
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Supplemental Figure 4-7. Genes associated with social behaviour in C. calcarata are predominantly evoluEonarily 

ancient, even within the top 1% of the distribuEon. (ns = not significant, *p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p 

< 0.0001). 
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Supplemental Tables 

All supplemental tables can be found in the supplementary disserta[on file 
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Chapter 5 A map of positive selection in the small 

carpenter bee (Ceratina calcarata) links gene regulation 

with social evolution 
Dova B. Brenman- Suttner1, Sandra M. Rehan1, and Amro Zayed1 

Summary 

Understanding the evolu[on of eusocial behaviour involves elucida[ng the gene[c mechanisms 

driving the transi[on from solitary behaviour to coopera[ve, altruis[c behaviours. Small carpenter bees 

(Cera7na spp.) are an interes[ng group for studying the mechanisms underpinning the early stages of social 

evolu[on because they exhibit a wide range of social behaviours. For example, Cera7na calcarata and its 

close rela[ve C. strenua, show some capacity for social behaviour but differ in their consistency and 

elabora[on of their social organiza[on. Comparing the genomes of these two closely related species may 

thus offer insights into the gene[c differences that may have underpinned the evolu[on of sociality in C. 

calcarata. Here, we first iden[fy genes with popula[on genomic signatures of posi[ve selec[on in C. 

calcarata to be\er understand the adap[ve evolu[onary forces ac[ng during the early stages of eusocial 

evolu[on in this incipiently social bee. We used a Bayesian implementa[on of the McDonald-Kreitman test 

to iden[fy 1,123 genes under strong posi[ve selec[on. Genes with signatures of strong posi[ve selec[on 

were both evolu[onarily ancient and highly enriched for func[ons associated with gene regula[on, 

consistent with several ‘toolkit’ hypotheses for the evolu[on of sociality. We then examined if any genes 

with signatures of posi[ve selec[on also showed gene[c differen[a[on between social and subsocial 

colonies in C. calcarata; we iden[fied 20 such genes which are involved in signal transduc[on and chroma[n 

remodeling. Comparisons with Apis mellifera, Bombus impa7ens, and Polistes dominula revealed significant 

overlap in genes experiencing posi[ve selec[on, and such genes were enriched for func[ons rela[ng to 

metabolism and gene regula[on. Taken together, our study supports the importance of regulatory genes 

during the evolu[on of primi[ve socie[es and emphasizes the conserved nature of social evolu[on 

mechanisms across species.  
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IntroducSon 

Understanding the evolu[on of eusocial behaviour has been a central ques[on for sociobiologists. 

Eusocial behaviour is characterized by overlapping genera[ons, reproduc[ve divisions of labour and 

coopera[ve brood care (WILSON 1971). The complex group of behaviours that characterizes eusociality has 

evolved independently at least eight [mes among insects, with five of these occurrences in bees (HUGHES 

et al. 2008; CARDINAL AND DANFORTH 2011). Therefore, inves[ga[ng the mechanisms underlying this 

convergent process is crucial for understanding the gene[c basis of eusocial evolu[on (WOODARD et al. 

2011). The gene[c toolkit hypothesis proposes that eusociality ini[ally evolved by leveraging changes in the 

regula[on of gene expression (TRUE AND CARROLL 2002; REHAN AND TOTH 2015). This hypothesis proposes that 

reshuffling exis[ng genes and gene networks through changes in when and where they are expressed can 

produce social behaviours and may represent one of the earliest pathways for the evolu[on of sociality 

(REHAN AND TOTH 2015). For example, changes in the regula[on of reproduc[ve genes can restrict 

reproduc[ve behaviours to specific individuals, thereby crea[ng reproduc[ve and non-reproduc[ve castes 

(FAVREAU et al. 2023). Support for this hypothesis has come from large compara[ve studies of bees 

(WOODARD et al. 2011; KAPHEIM et al. 2015) as well as studies within honey bees (GROZINGER et al. 2003; 

GROZINGER et al. 2007; HARPUR et al. 2019) and fire ants (OMETTO et al. 2011; BERENS et al. 2015). Another 

theory, the novel gene hypothesis (JOHNSON AND TSUTSUI 2011), suggests a different mechanism by which 

social behaviour can evolve; this hypothesis posits that novel (i.e. taxonomically-restricted) genes underpin 

derived eusocial traits. Evidence in support of the novel gene hypothesis appears in wasps (FERREIRA et al. 

2013) and honey bees (JASPER et al. 2015).  

Studies of posi[ve selec[on in species displaying social behaviours have the poten[al to highlight 

key genes and gene[c processes associated with the evolu[on of eusociality. If eusocial behaviour is 

adap[ve and has evolved through posi[ve selec[on, then iden[fying genes with signatures of posi[ve 

selec[on at specific evolu[onary transi[ons associated with the origin or elabora[on of sociality can 

provide insights into the genes that contributed to the evolu[on of eusociality (HASSELMANN et al. 2015; 

KENT AND ZAYED 2015; BOOKER et al. 2017). We can then iden[fy the molecular and biological func[ons of 

these genes and begin to understand the gene[c and func[onal basis required for eusociality to evolve and 

increase in complexity. However, most studies inves[ga[ng the evolu[on of eusocial behaviour have 

focused on insects that have been eusocial for millions of years such as honey bees (HASSELMANN AND BEYE 

2004; ZAYED AND WHITFIELD 2008; CHAVEZ-GALARZA et al. 2013; HARPUR et al. 2014; FULLER et al. 2015; HUANG 

et al. 2022b; JONES et al. 2023) and ants (ROUX et al. 2014; CHANDRA et al. 2018; ROMIGUIER et al. 2022). In 
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contrast, studying species with more flexible social lifestyles or species that transi[oned to sociality or more 

complex forms of sociality more recently, where posi[ve selec[on may s[ll be ac[ng on beneficial 

polymorphisms for social living, can provide valuable insight into the processes and mechanisms of social 

evolu[on. For example, Lasioglossum albipes is a socially polymorphic halic[d bee that can display both 

solitary and eusocial colony behaviour (KOCHER et al. 2013). One study found accelerated evolu[on in genes 

related to metabolism and nucleo[de binding (KOCHER et al. 2013). Similarly, a study in the faculta[vely 

social Megalopta genalis found that genes underlying social behaviour are enriched for signatures of 

posi[ve selec[on and are o�en the same genes involved in developmental and sex-biased gene expression 

(KAPHEIM et al. 2020a). These results suggest that posi[ve selec[on on social traits may act on pre-exis[ng 

developmental gene networks, showing the link between adap[ve changes in the genome and behavioural 

plas[city seen in species transi[oning to more advanced social behaviours.  

Cera7na calcarata is an excellent model for studying the mechanism underlying the transi[on to 

more complex social behaviours. C. calcarata can exhibit both a subsocial and social behavioural state. 

During its subsocial phase, mothers will perform all the necessary colony tasks such as caring for brood, 

foraging and guarding the nest (REHAN AND RICHARDS 2010b; REHAN et al. 2016). In some nests, mothers will 

create a small worker daughter called the dwarf eldest daughter (DED) through differen[al mass 

provisioning, who will then act as an altruist and aid in caring for her siblings but does not survive the winter 

and will therefore not have the opportunity to reproduce (LAWSON et al. 2016; LAWSON et al. 2017). Because 

C. calcarata can exhibit either of these behaviours, it is a valuable model for studying the transi[on to more 

complex forms of social behaviour, while also controlling for evolu[onary history and varia[on in the 

environment. By comparing the genomes of C. calcarata and a closely related outgroup species, Cera7na 

strenua (divergence 92,000 years ago), which shares some capacity for social behaviour but lacks the stable, 

integrated social organiza[on characteris[c of C. calcarata (LAWSON et al. 2018), we can iden[fy genes 

under posi[ve selec[on in C. calcarata. These genes may represent adap[ve changes underlying the 

increase in social complexity of C. calcarata. 

Previous studies of posi[ve selec[on in Cera7na calcarata  carried out using dn/ds-based tests for 

11,310 genes, indicated that 877 protein-coding genes exhibited signatures of posi[ve selec[on, including 

genes related to DNA recombina[on and lipid transport (REHAN et al. 2016). This study used  a PAML-based 

analysis which can be used to detect older instances of posi[ve selec[on that happened across longer 

evolu[onary [me scales along a lineage. PAML also relies on orthology for sta[s[cal tests, which can limit 

its effec[veness in analyzing a broader range of protein-coding genes, par[cularly those that are recent and 

may lack orthologs in other species (MACIAS et al. 2020). In this study, we test for genes under posi[ve 
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selec[on using the McDonald-Kreitman (MK) test (MCDONALD AND KREITMAN 1991), which is known to be 

more robust to demographic changes (NEILSON 2001). By using the Bayesian MK-based method SnIPRE, we 

can es[mate the effec[ve popula[on size-scaled selec[on coefficient (g = 2Nₑs) for the vast majority of both 

ancient and taxonomically-restricted genes, allowing us to quan[fy selec[ve pressures ac[ng during the 

social evolu[on of C. calcarata rela[ve to its outgroup, C. strenua.   

In this study, we iden[fied protein-coding genes under posi[ve selec[on within Cera7na calcarata 

with Cera7na strenua as an outgroup using a Bayesian implementa[on of the MK test. We then inves[gated 

the puta[ve func[on of genes under strong posi[ve selec[on using gene ontology. We hypothesize that 

genes under strong posi[ve selec[on will be involved in the regula[on of gene expression (REHAN AND TOTH 

2015). We also studied the orthology of genes with signatures of posi[ve selec[on to determine if adap[ve 

evolu[on in C. calcarata is primarily driven by selec[on on derived (“new”) genes rather than ancestral 

(“old”) genes. We then compared genes under strong posi[ve selec[on to genes that were highly divergent 

(high Fst) in subsocial versus social C. calcarata that we iden[fied in a previous study (BRENMAN-SUTTNER et 

al. 2025) to connect adap[ve evolu[on to the social behaviour observed in this species. Finally, we compare 

C. calcarata genes under posi[ve selec[on with those in Apis mellifera, Bombus impa7ens, and Polistes 

dominula (DOGANTZIS et al. 2018) to test the hypothesis  that species experiencing similar social behaviour 

will share similar genes with signatures of strong posi[ve selec[on. 

Methods  

Sample collection  

Twenty diploid female Cera7na calcarata were collected from nests in New Hampshire, USA and 

flash frozen in liquid nitrogen. We used a similar sample size (20 individuals, n=40 haploid genomes) to 

other studies on genome wide assessments of selec[on (EYRE-WALKER et al. 2002; HARPUR et al. 2014; 

MOLODTSOVA et al. 2014; DOGANTZIS et al. 2018; PRIVMAN et al. 2018). The McDonald-Kreitman test requires 

divergence data from a closely related species to test for selec[on, so we sequenced two diploid Cera7na 

strenua (2 females, n=4 haploid genomes) that were collected in Missouri, USA and stored in EtOH, and 

which diverged from C. calcarata approximately a 92,000-year years ago (SHELL AND REHAN 2015) and, while 

capable of producing worker daughters, exhibits a less consistent and less elaborated social phenotype 

than C. calcarata (LAWSON et al. 2018), making it an appropriate outgroup for iden[fying selec[on specific 

to C. calcarata. By comparing two closely related species that differ in social behaviour, the MK test allows 

us to iden[fy genes that may have experienced posi[ve selec[on over the same evolu[onary [me frame in 

which sociality became more complex in C. calcarata.  
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Representa[ve voucher specimens of Cera7na calcarata (n = 20) were collected via pan trap 

in Farmington, New Hampshire, USA, on July 20, 2018. Specimens were iden[fied by S. Rehan in 2018 and 

deposited in the Rehan Collec[on at York University (RCYU), Toronto, Canada. Specimens used for genomic 

extrac[on and sequencing were flash-frozen in liquid nitrogen and shipped on dry ice, while associated 

physical vouchers are maintained as pinned specimens under accession number 181388. Each specimen 

bears a permanent voucher label detailing the locality (USA, NH, Farmington, GPS coordinates), collec[on 

date, and collector name as per the requirements of RCYU. Representa[ve voucher specimens of Cera7na 

strenua (n = 2) collected in Missouri, USA, were deposited in the Rehan Collec[on at York University (RCYU). 

These specimens were preserved in ethanol. Specimens were iden[fied by S. Rehan. Each sample container 

includes a permanent voucher label detailing the locality (Country, State, County, and GPS coordinates), 

collec[on date, and collector name, as per the requirements of RCYU. 

Sequencing, alignment, calling and filtering SNPs 

We extracted DNA from the thorax of each bee using op[mized protocols (CONFLITTI et al. 2022) 

with the Mag-Bind® Blood & Tissue DNA HDQ 96 Kit (Omega Bio-tek Inc., USA). This kit was op[mized for 

the KingFisher™ Flex Purifica[on System (Thermo Fisher Scien[fic Inc., USA) to achieve a final elu[on 

volume of 70-100 μl. We used 350 μl of Tissue Lysis Buffer and 20 μl of Proteinase K to lyse [ssue and then 

heated the samples overnight at 55°C. DNA quan[fica[on and quality assessment were performed using 

NanoDropTM 2000 Spectrophotometer (Thermo Fisher Scien[fic Inc., USA) and 2.0% agarose gel 

electrophoresis, respec[vely. Library prepara[on and sequencing were conducted at the Genome Quebec 

Innova[on Centre (McGill University) on the Illumina HiSeq 2500 system, genera[ng a total coverage of 

(27X per bee) for 364Mb Cera7na calcarata genome. We performed quality control on all samples to assess 

the read length, quality and other standard parameters using Qualimap2 (OKONECHNIKOV et al. 2016). We 

employed previously published pipelines for alignment and SNP calling (HARPUR et al. 2019; IMRIT et al. 2020; 

HARPUR AND REHAN 2021). Briefly, raw reads were trimmed with TRIMMOMATIC v0.32, aligned to the 

Cera7na calcarata ASM165200v1 genome (REHAN et al. 2016) using NextGenMap v0.4.12 (SEDLAZECK et al. 

2013), and duplicates were removed with Picard v1.8 MarkDuplicates 

(h\p://broadins[tute.github.io/picard/). Indel realignment was performed with Genome Analysis Toolkit 

(GATK v3.5)(VAN DER AUWERA et al. 2014). Single nucleo[de polymorphisms (SNPs) were iden[fied using 

GATK HaplotypeCaller through an exis[ng pipeline (DOGANTZIS et al. 2018). 

Samples were filtered based on GATK (v3.5) recommenda[ons (MappingQuality < 20, 

QualitybyDepth < 2.0, FisherStrand > 60, StrandOddsRa[o > 3.0, ReadPosRankSum < -8.0, 

MappingQualityRankSum < -12.5, MappingQualityRankSum > 12.5)(VAN DER AUWERA et al. 2014). SNPs were 
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further filtered according to read depth, with upper and lower limits determined as 1.5x the interquar[le 

range and an average coverage threshold of 5 reads per base pair per individual, respec[vely (KAPHEIM et 

al. 2019; IMRIT et al. 2020). Low-frequency SNPs (minor allele frequency < 0.05) were also excluded from 

the sample set (KAPHEIM et al. 2019) as well as sites with more than 30% missing data or mul[-allelic sites 

with several alterna[ve alleles (genotypes ‘0/2’, ‘0/3’, ‘1/2’,’1/3’,’2/3’, ‘2/2’,’3/3’)(MOHD-ASSAAD et al. 2018). 

Mul[-allelic sites o�en arise in areas of the genome that are complex (such as repe[[ve regions)(YAO et al. 

2021) which can be prone to sequencing or alignment errors and thus are considered to be less reliable 

(CAMPBELL et al. 2016).  

Identifying SNPs with synonymous and nonsynonymous changes and the MK Test 

To carry out a McDonald-Kreitman test using SnIPRE, we first iden[fied all synonymous and 

nonsynonymous changes within the protein-coding sequences of the Cera7na calcarata reference genome. 

This analysis requires both the expected number of synonymous and nonsynonymous sites per gene and 

the observed synonymous and nonsynonymous SNPs. The expected number of synonymous and 

nonsynonymous sites establishes a baseline for the expected number of synonymous and nonsynonymous 

changes for each coding sequence, which is important for accurately detec[ng of selec[on. To es[mate the 

expected number of synonymous and nonsynonymous sites, we downloaded all protein coding regions 

from NCBI Cera7na calcarata genome annota[on file 

(h\ps://�p.ncbi.nlm.nih.gov/genomes/all/annota[on_releases/156304/101/). We then parsed from the 

CDS FASTA file using custom bash/python scripts to divide them into codons. Briefly, coding sequences were 

extracted from the FASTA headers, genes lacking a start codon (‘ATG’) were removed, and for genes with 

mul[ple transcript isoforms we retained the longest coding sequence whose length was divisible by three. 

The remaining nucleo[de sequences were then divided into consecu[ve, non-overlapping three-base 

triplets beginning at the first base of the coding sequence, such that each CDS was par[[oned into codons 

for downstream site-coun[ng analyses. We also used SnpEff (CINGOLANI et al. 2012) to help iden[fy any SNP 

within a protein coding sequence that was missing a stop codon, contained mul[ple stop codons or iden[fy 

where the reference sequence did not match the genome, and remove these from the dataset. For the 

remaining genes, we es[mated the expected number of synonymous and nonsynonymous sites using the 

coun[ng method (WRIGHT 1992). Briefly, each codon posi[on was assigned a probability that a single 

polymorphism would result in a synonymous or non-synonymous change. These probabili[es were then 

summed (total synonymous changes and total nonsynonymous changes) across each protein coding 

sequence.   
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Iden7fying genes under posi7ve selec7on  

We used SnpEff (CINGOLANI et al. 2012) to determine if SNPs within protein coding genes were a 

synonymous change (no change to the amino acid made, S) or a non-synonymous change (change to the 

amino acid made, R) for both the target (Cera7na calcarata, n=40) and outgroup (Cera7na strenua, n=4). 

Variants that were labeled as ‘synonymous_variant’ were considered synonymous muta[ons whereas 

variants labeled ‘missense_variant’, ‘stop_retained_variant’, ‘ini[ator_codon_variant’ and 

‘nonsynonymous_variant’ were considered nonsynonymous muta[ons in accordance with their defini[ons 

within the SnpEff documenta[on (CINGOLANI et al. 2012). We then iden[fied if muta[ons were fixed (F) 

meaning that all C. calcarata SNPs had one variant whereas all C. strenua had a different variant, or 

polymorphic (P) where either species has a mix of variants. We then combined this informa[on and 

categorized each SNP as fixed or polymorphic, resul[ng in four categories: fixed synonymous (FS), 

polymorphic synonymous (PS), fixed nonsynonymous (FR), and polymorphic nonsynonymous (PR). We 

added this up across the protein coding gene to get the total number of FS, FR, PS, and PR SNPs per coding 

region. This, combined with the total predicted synonymous and nonsynonymous changes found above, 

formed the input table for tes[ng posi[ve selec[on. 

The McDonald-Kreitman test is a powerful method to detect selec[on by comparing nucleo[de 

diversity within and between species at synonymous (neutral) and non-synonymous (selected) muta[ons 

(MCDONALD AND KREITMAN 1991; BOOKER et al. 2017). To es[mate selec[on, we used SnIPRE, a Bayesian 

implementa[on of the McDonald-Kreitman test (EILERTSON et al. 2012). This approach u[lizes genome-wide 

data without requiring prior knowledge of divergence parameters to es[mate gamma (g), the average 

popula[on-scaled selec[on coefficient on non-synonymous muta[ons in a gene (g = 2Nes)(EILERTSON et al. 

2012). Typically, posi[ve selec[on ac[ng on a gene leads to higher a ra[o of non-synonymous to 

synonymous divergence (or fixed muta[ons) (FR/FS) rela[ve to the ra[o of non-synonymous to synonymous 

polymorphism (PR/PS). A gamma (g) value of zero, or below -1 or 1, indicates neutral, or nearly-neutral 

evolu[on, respec[vely (TORGERSON et al. 2009) and g >1 or < -1 indicate posi[ve or nega[ve selec[on, 

respec[vely.  

Enrichment for genes under posi7ve selec7on 

We used HymenopteraMine QueryBuilder to iden[fy orthologous Drosophila melanogaster 

GeneIDs to C. calcarata genes in our dataset (WALSH et al. 2022). We then we used Flybase ID validator 

(h\ps://flybase.org/convert/id)(GRAMATES et al. 2022) to iden[fy the D. melanogaster genes in the form of 

“FBgn” to be used for ontology analysis. All orthologs were used as “background genes” for gene ontology 
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enrichment analysis and orthologous genes exhibi[ng posi[ve selec[on were used as the “target gene” 

group. We used DAVID GO 2022 (SHERMAN et al. 2022) to inves[gate biological processes 

(GOTERM_BP_FAT), molecular func[ons (GOTERM_MF_FAT), and cellular components (GOTERM_CC_FAT) 

associated with genes under strong posi[ve selec[on (g > 1). We then used GOrilla to visualize the 

rela[onship between enriched genes among genes with strong posi[ve selec[on (EDEN et al. 2009).  

Categorizing genes based on genomic phylostra7graphy  

 The OrthoDB v11 database categorizes genes and proteins based on taxonomic levels (KUZNETSOV 

et al. 2022). Flat files were downloaded from the OrthoDB site, filtered for Cera7na calcarata annota[ons 

(NCBI taxonomic ID: 156304), and merged based on common column criteria to focus on relevant orthologs 

for C. calcarata. The total number of orthologs for each gene was quan[fied and the lowest, most stable 

taxonomic classifica[on was used for gene categoriza[on. Taxonomic classifica[ons included Eukaryota 

(NCBI Taxonomic ID: 2759), Metazoa (33208), Arthropoda (6656), Hexapoda (6960), Insecta (50557), 

Holometabola (33392), Hymenoptera (7399), Aculeata (7434), and Apoidea (34735). We then overlapped 

this total list of genes, including their taxonomic classifica[on, with our list of genes containing a selec[on 

value, focusing on those under strong posi[ve selec[on (g > 1). A G test of independence was performed 

to determine enrichment among genes with strong posi[ve selec[on rela[ve to the en[re distribu[on at 

the levels of Apoidea and Aculeata. 

Overlap genes under strong posi[ve selec[on with other studies 

Genes under strong posi[ve selec[on were compared to SNPs exhibi[ng high Fst associated with 

behaviour (BRENMAN-SUTTNER et al. 2025) to find genes with both posi[ve selec[on and  high differen[a[on 

between social and subsocial behavioural groups. We plo\ed the overlap of genes with high Fst associated 

with behaviour and genes under posi[ve selec[on using venn3 for Python 2.0 (HUNTER 2007). We then 

converted the overlapping genes to Drosophila melanogaster genes and performed gene ontology analysis 

using DAVID GO (SHERMAN et al. 2022).   

We compare genes under posi[ve selec[on found here with those previously found to be under 

posi[ve selec[on in Apis mellifera (advanced eusocial)(MICHENER 1974), Bombus impa7ens (primi[vely 

eusocial) (PLATH 1934), and Polistes dominula (primi[vely eusocial) (WEST-EBERHARD 1969) quan[fied using 

the same MK methods used herein. We used Hymenopteramine 

(h\ps://hymenopteramine.rnet.missouri.edu/hymenopteramine/begin.do) to find orthologs of Cera7na 

calcarata in other species. We then overlapped our list of genes under strong posi[ve selec[on (g > 1) with 

a previous study that inves[gated genes under posi[ve selec[on in pairs of species (DOGANTZIS et al. 2018) 
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with our C. calcarata genes under posi[ve selec[on. We used venn3 for Python 2.0 (HUNTER 2007) to make 

Venn diagrams of overlapping genes under posi[ve selec[on among pairs and groups of species.  

We used the Flybase ID validator (h\ps://flybase.org/convert/id) (GRAMATES et al. 2022) to convert 

overlapping genes to Drosophila melanogaster IDs for gene ontology enrichment analysis using DAVID GO 

(SHERMAN et al. 2022). This allowed us to inves[gate the func[on of genes under strong posi[ve selec[on 

in Cera7na that overlap with Polistes, Apis, and Bombus. We then visualized the results using a bar chart 

using matplotlib  (HUNTER 2007). For overlap analyses with too few genes for ontology analysis, we iden[fied 

gene descrip[ons using NCBI (h\ps://www.ncbi.nlm.nih.gov). We also assessed the significance of the 

overlap using a Fisher’s exact test.  

Results 

Genes under positive selection in C. calcarata  

Using a Bayesian implementa[on of the McDonald-Kreitman test (SnIPRE), we were able to 

es[mate selec[on coefficients scaled by the effec[ve popula[on size, gamma (g), for 8,060 genes of 

Cera7na calcarata. We found an average g of 0.550 ± 1.781 within the nearly-neutral range. We found 1,123 

genes under strong posi[ve selec[on and 3 genes with strong nega[ve selec[on (g < -1; Figure 5-1, 

Supplemental Table S5-1). For further analysis, we only consider genes under strong posi[ve selec[on as 

the target for comparison and ontology analysis.  

Gene ontology of genes under positive selection  

We were able to iden[fy Drosophila melanogaster orthologs for 5,673 of the C. calcarata protein-

coding genes with a g value, represen[ng 70.38% of our dataset (Supplemental Table S5-2). Among these, 

4,453 orthologs evolved at nearly-neutral rates, while 835 genes were under strong posi[ve selec[on. We 

conducted gene ontology clustering analysis on the orthologs with strong posi[ve selec[on and found 

significant annota[ons in the highest cluster related to the regula[on of transcrip[on, RNA metabolic 

processes, DNA binding, transcrip[on factor ac[vity, and biosynthe[c processes (enrichment score = 7.177; 

Supplemental Table S5-3). The most common annota[ons included regula[on of gene expression, DNA and 

RNA processes, biosynthe[c, metabolic, and developmental processes, as well as binding ac[vi[es and 

regula[on of cellular ac[vi[es (Figure 5-2, Supplemental Table S5-4).  

Genes under positive selection in C. calcarata are evolutionarily ancient 

A total of 5,872 genes were analyzed across all taxa, of which 833 showed evidence of posi[ve 

selec[on at the level of Eukaryota. Within Metazoa, 111 out of 908 genes in C. calcarata were under posi[ve 
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selec[on. Arthropoda contained 337 genes, with 52 showing posi[ve selec[on, while Insecta comprised 

292 genes, of which 57 were posi[vely selected. Within Hymenoptera, 32 of 292 genes showed signatures 

of posi[ve selec[on, represen[ng a smaller propor[on than observed in broader insect and arthropod 

groups. Holometabola included 47 genes, with six under posi[ve selec[on, while Hexapoda contained 48 

genes, of which 13 were posi[vely selected. In contrast, the most derived groups showed very limited 

evidence of posi[ve selec[on. Aculeata contained 37 genes, but only one was under posi[ve selec[on. No 

posi[vely selected genes were detected in Apoidea among the 55 genes analyzed. 

Sta[s[cal tests showed that several ancient evolu[onary groups exhibited significant devia[ons 

from random expecta[ons in the distribu[on of posi[vely selected genes (Eukaryota (G = 894.444, p = 1.584 

× 10⁻¹⁹⁶), Metazoa (G = 116.106, p = 4.506 × 10⁻²⁷), Arthropoda (G = 54.201, p = 1.810 × 10⁻¹³), Hexapoda 

(G = 12.812, p = 3.444 × 10⁻⁴), Insecta (G = 60.968, p = 5.800 × 10⁻¹⁵), Holometabola (G = 4.451, p = 3.489 

× 10⁻²). However, Hymenoptera showed a significant deple[on of posi[vely selected genes rather than 

enrichment (G = 31.772, p = 1.734 × 10⁻⁸). Evolu[onarily younger groups, however, were either not 

significant such as in Aculeata (G = 0, p = 1.000), or did not have any genes under posi[ve selec[on, as in 

the case of Apoidea (Figure 5-3; Supplemental Table S5-5). Together, these results indicate that posi[ve 

selec[on is more commonly detected in older taxonomic groups and is rare in the most recently derived 

lineages. 

Genes associated with social behaviour are adaptively evolving in Ceratina calcarata 

A recent study iden[fied genes with outlier levels of gene[c differen[a[on (top 5% of the 

distribu[on) among social and subsocial Cera7na calcarata (BRENMAN-SUTTNER et al. 2025). We examined 

the genes present in the intersec[on of both gene sets (7,798 genes) and then filtered the dataset to include 

only genes under strong posi[ve selec[on and genes with outlier levels of gene[c differen[a[on (Fst) among 

social and subsocial behaviour groups in C. calcarata and we iden[fied 20 genes (Table 5-1, Supplemental 

Table S5-6). This overlap was also significant based on a chi-square test (chi2 sta[s[c = 360.41, p = 2.29-80). 

Notable genes with high Fst and γ values include ubiqui[n thioesterase otubain-like (g = 6.667, Fst = 0.052), 

proline-rich protein 2-like (g = 4.358, Fst = 0.054), and facilitated trehalose transporter Tret1-like (g = 3.706, 

Fst = 0.063). Gene ontology enrichment analysis of these overlapping genes revealed significant enrichment 

for regula[on of signal transduc[on and communica[on, histone acetyltransferase components, and 

chroma[n remodeling. 



 81 

Gene under positive selection in Apis, Bombus, Polistes and Ceratina  

We iden[fied orthologous genes under strong posi[ve selec[on in Cera7na calcarata, Apis 

mellifera, Bombus impa7ens, and Polistes dominula. We found 5,297 reciprocal blast hits with Apis mellifera, 

of which, 54 had strong posi[ve selec[on in both Cera7na and Apis, which is considered a significant (p= 

1.20-4) overlap using a fisher’s exact test (Supplemental Table S5-7). We found 5,675 orthologs between 

Cera7na calcarata and Bombus impa7ens, with 51 overlapping genes that were under strong posi[ve 

selec[on in both species, which was almost a significant overlap (p= 0.067). There were 1,815 orthologs 

between Polistes dominula and Cera7na calcarata but only seven genes were found to be under strong 

posi[ve selec[on in both species (p=0.439).  

We tested the hypothesis that genes under posi[ve selec[on in Cera7na calcarata would show 

greater overlap with genes under posi[ve selec[on in Bombus impa7ens and Polistes dominula compared 

to Apis mellifera. This hypothesis stems from the idea that posi[ve selec[on is more likely to act on similar 

sets of genes in species that share similar behavioural traits, such as sociality, rather than those that are 

more closely related gene[cally (DOGANTZIS et al. 2018). We found more genes than expected in the overlap 

between Apis and Cera7na (p=1.19-4) but not in the overlaps of either Polistes and Cera7na (p=0.439) or 

Bombus and Cera7na (p=0.067) (Figure 5-4). We performed gene ontology enrichment analysis using the 

overlapping genes under strong posi[ve selec[on compared to all genes that overlapped between Cera7na 

calcarata and Apis mellifera, Bombus impa7ens, and Polistes dominula individually, to determine their 

func[on but only report the results of Apis and Cera7na as the overlap was significant. For the Cera7na and 

Apis overlap, we found that genes were primarily involved transmembrane transport, amino acid 

metabolism, cilium and binding of heme and its components (Supplemental Table S5-8A). We also looked 

for common genes in all other possible groupings of these 4 species and while we did find some genes that 

overlapped in groups of 3, these overlaps were not significant, and no genes were found to be under strong 

posi[ve selec[on across all four species.  We iden[fied 5 genes under strong posi[ve selec[on across Apis, 

Bombus and Cera7na (Supplemental Table S5-9). These genes were found to be involved in signaling such 

as  neurotrimin-like and  atrial natriure[c pep[de receptor 1 and feline leukemia virus subgroup C receptor-

related protein 2-like, in addi[on to the gene mitochondrial uncoupling protein 2-like which is important 

for ROS media[on (BASU BALL et al. 2011) and a gene  mito[c apparatus protein p62-like which is important 

for cell division (YE AND SLOBODA 1997). We also found one gene, dual oxidase, to be similarly under strong 

posi[ve selec[on in Apis, Polistes and Cera7na. This gene is known to be involved in innate immunity in 

genera[ng reac[ve oxygen species to combat pathogens and structural maintenance (JANG et al. 2021). We 

did not find any significant overlap in the number of genes under strong posi[ve selec[on.  
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Discussion 

In this study, we quan[fied the strength of posi[ve selec[on ac[ng on the protein coding genome 

of Cera7na calcarata since its divergence from C. strenua. Phylogene[c reconstruc[ons indicate 

that ancestral Cera7na was likely social (GROOM AND REHAN 2020), sugges[ng that the divergence between 

these species reflects a difference in the degree to which sociality has been retained or elaborated. 

Iden[fying genes under posi[ve selec[on in C. calcarata rela[ve to C. strenua therefore provides a window 

into the molecular changes accompanying the increase in social complexity within an already social lineage. 

We found 1,123 genes under strong posi[ve selec[on. These genes were enriched for annota[on clusters 

rela[ng to regula[on of transcrip[on and gene expression, suppor[ng the several toolkit-type hypotheses 

that posit that regulatory flexibility plays an important role in the diversifica[on of behaviour and in the 

early stages of eusocial evolu[on (TRUE AND CARROLL 2002; CARROLL et al. 2005; REHAN AND TOTH 2015).  

Many genes under strong posi[ve selec[on were enriched for annota[ons related to the regula[on 

of gene expression and transcrip[on. The regula[on of gene expression has long been proposed as a crucial 

mechanism for early social evolu[on, allowing behavioural divergence to emerge from shared genomes 

(WEST-EBERHARD AND TURILLAZZI 1996; LINKSVAYER AND WADE 2005). In C. calcarata, this type of regula[on may 

encourage the behavioural flexibility that is required for subsocial individuals to express more social traits. 

These findings support theore[cal and empirical studies sugges[ng that the evolu[on of eusociality is 

underpinned by adap[ve shi�s in gene regula[on, which have been corroborated at the genomic level 

(BRENMAN-SUTTNER et al. 2025) and at the transcriptomic level (REHAN et al. 2014; SHELL AND REHAN 2019) in 

C. calcarata as well as in other species such as Polistes dominula (DOGANTZIS et al. 2018). We also iden[fied 

20 genes under strong posi[ve selec[on with highly divergent SNPs between the social and subsocial 

behavioural groups within C. calcarata. These genes were enriched for annota[ons related to histone 

acetyltransferase complexes and chroma[n remodeling. Chroma[n remodeling is an important epigene[c 

mechanism that can regulate gene expression by allowing reversible modifica[ons that help adapt 

behaviours to social contexts (KRIBELBAUER et al. 2020; RICHARD et al. 2021). These mechanisms have 

previously been shown to enable workers and queens, who share the same genome, to express different 

behavioural phenotypes at different [mes and in different loca[ons in the body to yield caste-specific 

behaviours (YAN et al. 2015; CARDOSO-JUNIOR et al. 2018), as in Camponotus floridanus, where the chroma[n 

corepressor CoREST epigene[cally reprograms Major workers into Minor-like foragers and is therefore 

important for regula[ng the division of labour (GLASTAD et al. 2020). Several studies across social insects 

have also highlighted the role of epigene[c regula[on in task specializa[on (LYKO et al. 2010; FORET et al. 
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2012; ARAUJO AND ARIAS 2021) and maternal care (REHAN et al. 2016; ARSENAULT et al. 2018). Therefore, 

selec[on on genes involved in chroma[n remodeling and histone modifica[on in C. calcarata represents an 

important regulatory route to behavioural evolu[on in this species, suppor[ng the gene[c toolkit 

hypothesis that emphasizes regulatory flexibility in early social transi[ons (WOODARD et al. 2011). 

Genes under strong posi[ve selec[on that also exhibit outlier levels of gene[c differen[a[on 

between subsocial and social Cera7na calcarata were also enriched for signal transduc[on and its 

regula[on, which have also been implicated in the molecular evolu[on of social behaviour. For example, a 

compara[ve genomic study analyzed 10 bee genomes and found that species with more complex sociality 

showed an increased abundance of transcrip[on factor binding mo[fs and signatures of DNA methyla[on, 

sugges[ng a poten[al greater capacity for gene regula[on (KAPHEIM et al. 2015). The same study also found 

that genes evolving more rapidly in advanced social species were enriched for functions related to signal 

transduction	(KAPHEIM et al. 2015). Furthermore, another study of expressed sequence tags (ESTs) from 10 

bee species with varying degrees of social behaviour revealed that signal transduc[on was among the fast-

evolving biological processes in eusocial lineages (WOODARD et al. 2011). This enrichment may reflect the 

importance of chemical communica[on in social evolu[on such as the detec[on of pheromones (FISCHMAN 

et al. 2011; VAN OYSTAEYEN et al. 2014), which is necessary in group living environments to prevent conflict, 

promote coopera[on (GONZALEZ-FORERO AND PENA 2021), recognize kin (GETZ AND PAGE 1991), and, in more 

advanced social species, allow reproduc[ve individuals to suppress reproduc[on by subordinates (STRAUSS 

et al. 2008). In the socially polymorphic Halictus rubicundus, differences in chemical profiles among social 

and solitary groups also suggested the importance of changes in sensory percep[on and signaling for 

different behaviours (STEITZ et al. 2021). The strong selec[on on and differen[a[on of signal transduc[on 

genes in C. calcarata that we found therefore points to both communica[on and behavioural plas[city as 

important adap[ve features in the evolu[on of sociality. 

We categorized all genes based on their most recent common ancestor using Orthology to 

understand the evolu[onary origins of genes under strong posi[ve selec[on. Most genes under strong 

posi[ve selec[on in C. calcarata are evolu[onarily ancient, with homologues found across broad taxonomic 

groups including Eukaryota, Metazoa, Arthropoda, Hexapoda, Insecta, Holometabola. In contrast, there was 

no significant enrichment for genes restricted to the Hymenoptera, Aculeata, and no genes under strong 

posi[ve selec[on were found to be specific to Apoidea. Furthermore, we found that the majority of our 

genes for which selec[on could be es[mated (70.38%) had a Drosophila melanogaster ortholog, sugges[ng 

that conserved genes play an important role in the evolu[on of sociality in this species. Taken together, our 

results show that the Orthology analysis does not support the novel gene hypothesis for the evolu[on of 
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sociality in C. calcarata at this [me. Instead, the pa\ern is consistent with the gene[c toolkit hypothesis, 

where ancient, conserved genes are repeatedly co-opted and regulated in new ways to generate social 

traits. This pa\ern is consistent with earlier transcriptomic studies in C. calcarata, which revealed that 

differen[ally expressed genes are also predominantly of ancient evolu[onary origin (SHELL et al. 2021). This 

conclusion contrasts with work in Apis mellifera where many genes under posi[ve selec[on are 

taxonomically restricted to more recent lineages such as Apoidea (HARPUR et al. 2014). Our findings of 

conserved, ancient genes being important for sociality in C. calcarata align with hypotheses that changes in 

gene regula[on are crucial for early social transi[ons in species with less complex social behaviour. 

We compared genes under strong posi[ve selec[on in Cera7na calcarata to those iden[fied in 

three other bee species including Apis mellifera, Polistes dominula, and Bombus impa7ens (DOGANTZIS et al. 

2018). We surprisingly found significantly more overlap than expected between genes under strong posi[ve 

selec[on in C. calcarata and A. mellifera, despite these two species having the most divergent social 

phenotypes. In contrast, overlaps between C. calcarata and either B. impa7ens, which is as closely related 

to C. calcarata and show primi[ve sociality, or P. dominula, which is distantly related but also exhibits similar 

levels of social complexity, were not significant. This pa\ern differs from Dogantzis et al. (2018), who found 

greater overlap between Bombus and Polistes. These results raise ques[ons about the mechanisms 

underlying eusocial evolu[on even among closely related bees. Although Cera7na and either Apis or 

Bombus diverged ~105 million years ago (REHAN et al. 2016), they s[ll share different sets of genes under 

strong posi[ve selec[on, which could also reflect different environmental pressures on each species. In the 

overlap among Cera7na and Apis, enrichment was found for genes involved in transmembrane transport, 

amino acid metabolism, and heme-related binding and cilium-associated func[ons. We also iden[fied only 

one gene (LOC108628573, dual oxidase) shared among Apis, Polistes, and Cera7na, a gene previously linked 

to innate immune func[on via reac[ve oxygen species produc[on. This pa\ern fits with the idea that more 

social lineages o�en rely less on broad immune gene repertoires and more on social immunity 

behaviours (BARRIBEAU et al. 2015), which may relax selec[on on some individual innate immune 

genes. Together, these results indicate that although there are isolated convergent signals of posi[ve 

selec[on across bee lineages, the iden[ty and func[on of the genes under strong posi[ve selec[on are not 

broadly conserved across species, even among those with similar social complexity. 

Our findings reveal that adap[ve evolu[on in Cera7na calcarata is primarily driven by posi[ve 

selec[on ac[ng on ancient, conserved genes involved in gene regula[on, chroma[n remodeling and signal 

transduc[on; molecular func[ons important for behavioural plas[city and social communica[on. Our 

findings are consistent with tool-kit hypotheses that propose that social evolu[on involves repurposing 
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regulatory and signaling networks found in solitary ancestors. We also iden[fied genes that were both 

adap[vely evolving and highly differen[ated among behavioural groups within C. calcarata; these provide 

a list of candidate genes for the evolu[on of eusociality in C. calcarata. Together, these findings highlight 

conserved mechanisms of eusocial evolu[on and reinforce C. calcarata as a valuable model for studying the 

gene[c basis of social complexity in bees. 

 

 

 

 

 

‘ 

 

 

 

 

 



 86 

Figures  

 
Figure 5-1. Distribu@on of the selec@on coefficient scaled by the effec@ve popula@on size (g) across the Ceratina 

calcarata genome.  

Regions highlighted in red specify loci under strong posi4ve selec4on (g >1), light grey are loci under neutral or nearly-neutral 

evolu4on (-1 <g< 1), and those in blue are loci under strong nega4ve selec4on (g<-1).  
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Figure 5-2. The top 20 gene annota@ons significantly enriched (p < 0.05) among genes with outlier Fst levels between 

social and subsocial Ceratina calcarata, focusing on gene expression and transcrip@on related to both DNA and RNA. 
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Figure 5-3. Most genes under posi@ve selec@on are evolu@onarily ancient, as iden@fied through OrthoDB. 

 The outer ring shows the total distribu@on of genes with a γ value, while the inner ring displays those under posi@ve 

selec@on. Significance was assessed using a G test of independence (ns = not significant, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001). 
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Figure 5-4. Overlap of orthologous genes under posi@ve selec@on in Apis mellifera (advanced eusocial), Bombus 

impatiens (primi@vely eusocial), Polistes dominula (primi@vely eusocial), and Ceratina calcarata (incipiently social).  

Significant overlap was found between genes under posi@ve selec@on in Cera@na and those in Apis (p=1.19-4) but not 

in Polistes (p=0.439) or Bombus (p=0.067).(ns = not significant, *p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p < 0.0001).  
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Table 5-1. List of genes both under posi4ve selec4on and with outlier levels of Fst among social and subsocial C. calcarata. 

One biological func4on for the first GO term is listed here. For a complete list of all possible biological func4ons and GO terms, 

please refer to Supplemental Table S5-6.  

GeneID Gamma Average 

Fst 

NCBI GO Terms  Biological Process  

LOC108625050 6.667 0.052 ubiquiOn thioesterase otubain-like GO:0006508 proteolysis 

LOC108625502 4.358 0.054 proline-rich protein 2-like     

LOC108622655 3.706 0.063 facilitated trehalose transporter Tret1-like GO:0008643 carbohydrate transport 

LOC108623572 1.747 0.074 U3 small nucleolar ribonucleoprotein protein IMP4-like GO:0006364 rRNA processing 

LOC108625019 1.576 0.178 erlin-1-like     

LOC108627874 1.56 0.054 facilitated trehalose transporter Tret1-2 homolog 
 

GO:0008643 carbohydrate transport 

LOC108632852 1.526 0.059 methyltransferase-like protein 13 GO:0032259 MethylaOon 

LOC108626635 1.504 0.092 Nck associated protein 1 Hem GO:0000902 cell morphogenesis 

LOC108623377 1.439 0.06 kinesin-like protein KIF6 GO:0007017 microtubule-based process 

LOC108622404 1.364 0.054 uncharacterized LOC108622404     

LOC108628187 1.323 0.056 uncharacterized LOC108628187 GO:0055085 transmembrane transport 

LOC108628446 1.27 0.066 CDK-acOvaOng kinase assembly factor GO:0000079 regulaOon of cyclin-dependent protein 

serine/threonine kinase acOvity 

LOC108624986 1.252 0.066 receptor-binding cancer anOgen expressed on SiSo cells     

LOC108625966 1.174 0.055 trichohyalin-like     

LOC108622527 1.066 0.076 F-box only protein 28 GO:0000209 protein polyubiquiOnaOon 

LOC108629327 1.056 0.067 transmembrane emp24 domain-containing protein eca GO:0006886 intracellular protein transport 

LOC108629428 1.055 0.082 histone H2A-like     

LOC108623578 1.054 0.059 ruvB-like 1 GO:0000492 box C/D snoRNP assembly 

LOC108623883 1.04 0.057 zinc finger protein 76-like GO:0006357 regulaOon of transcripOon by RNA polymerase II 

LOC108622777 1.013 0.053 uncharacterized LOC108622777 GO:0006629 lipid metabolic process 
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Supplemental Tables 

All supplemental tables can be found in the supplemental disserta[on file 
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Chapter 6 Patterns of mutation and recombination rate in 

aging honey bees (Apis mellifera)  

Summary 

Queen honey bees (Apis mellifera) have the remarkable ability to live for several years and remain 

reproduc[vely ac[ve. Aging can influence genome stability but its effect on honey bee gene[cs and genome 

biology has not been fully inves[gated. Honey bees are haplodiploid, producing haploid males through 

arrhenotokous parthenogenesis. Here, we tested whether maternal age influences muta[on rates and 

pa\erns across the genome by sequencing queens of different ages and their haploid sons. We found that 

muta[on rates did not differ across age groups or in the types of muta[ons observed (transi[ons, 

transversions or their ra[o). Novel muta[ons in adult drones were less frequently found in genic regions 

(introns and exons) rela[ve to non-genic regions (upstream, downstream, or intergenic), which is consistent 

with purifying selec[on. GC content also did not differ between genomic windows containing at least one 

muta[on and those without and did not change across age groups. Recombina[on rates inferred from 

linkage disequilibrium also did not change with aging, but windows that contained at least one muta[on 

tended to occur in regions with higher recombina[on rates than matched control windows. Taken together, 

our results demonstrate that maternal age has li\le effect on the muta[on rates or muta[on types in honey 

bees. Instead, the distribu[on of muta[ons across the genome appears to be shaped mainly by 

recombina[on and purifying selec[on.  

Introduction  

Muta[on provides the raw source of gene[c material for evolu[on, but the rate at which muta[ons 

arise can be shaped by various biological processes such as DNA replica[on (LUJAN et al. 2014; HUNTER 2015; 

SPISAK et al. 2024) and repair (SUPEK AND LEHNER 2015). Across insects, muta[on rates appear to be rela[vely 

constant, with similar rates observed in Drosophila melanogaster (2.8 × 10⁻⁹)(KEIGHTLEY et al. 2014), 

Heliconius melpomene (2.9 × 10⁻⁹)(KEIGHTLEY et al. 2015), bumblebees (3.6 × 10⁻⁹)(LIU et al. 2016), and honey 

bees (3.4 × 10⁻⁹)(LIU et al. 2016) per haploid genome per genera[on. Despite this apparent similarity across 

species, muta[on rates can vary across the genome and may be influenced by meio[c recombina[on. 

During meiosis, crossover between homologous chromosomes involves double-stranded breaks and DNA 
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repair, which have each been implicated in elevated muta[on rates (HUNTER 2015). For example, in humans, 

crossover regions show elevated muta[on rates and a strong Adenine/Thymine (A/T) bias (ARBEITHUBER et 

al. 2015). In C. elegans, genomic regions with higher recombina[on rates were enriched for indels, 

indica[ng that recombina[on contributes to processes of muta[on beyond what is expected from 

replica[on alone (HWANG AND WANG 2023). However, evidence for a direct rela[onship between 

recombina[on and muta[on remains mixed, as other studies have reported weak or no associa[on 

between these processes (LIU et al. 2016).  

One life-history factor that may further modulate muta[on and recombina[on is parental age 

(KONG et al. 2012; WONG et al. 2016). Extended reproduc[ve lifespans involve repeated rounds of germline 

cell division and prolonged exposure of germ cells to endogenous sources of DNA damage, poten[ally 

increasing the opportunity for replica[on errors and other muta[onal events to accumulate over [me (KONG 

et al. 2012; GAO et al. 2019). Consistent with this idea, maternal age in humans is correlated with both 

changes in recombina[on rate and an increased occurrence of de novo muta[ons near crossover events 

(HALLDORSSON et al. 2019), suppor[ng a link between aging, recombina[on, and mutagenesis. Despite this, 

direct empirical tests of aging-related changes in muta[on and recombina[on remain scarce, par[cularly in 

systems with long-lived, highly fecund females that reproduce con[nuously over mul[ple years.  

Honey bees (Apis mellifera) provide a powerful system in which to inves[gate the effects of how 

aging and recombina[on shape processes of muta[on. Advanced eusocial insects, including honey bees, 

display a characteris[c set of behaviours including a reproduc[ve division of labour, coopera[ve brood care 

and overlapping genera[ons (MICHENER 2007).  A. mellifera queens mate only once early in life with mul[ple 

male drones and store sperm in a specialized organ called the spermatheca for future use (SCHLÜNS et al. 

2005; MICHENER 2007). Queens will produce all of the eggs for the colony con[nuously over several years, 

which previous studies have reported can last up to three years (ROBERT E. PAGE JR 2001), and she can even 

control the quan[ty of her reproduc[ve output depending on colony condi[ons (AAMIDOR et al. 2022). 

Whereas many insects complete their reproduc[on cycle over a short adult lifespan, honey bee queens can 

sustain con[nuous gamete produc[on for several years, crea[ng an opportunity for age-related changes in 

muta[on and recombina[on to accumulate. Notably, es[mates for honey bee muta[on rates have been 

previously derived from drones generated from one year old queens (LIU et al. 2016), which leaves ques[ons 

regarding the stability of muta[on rates as queens age. No study to date has conclusively inves[gated aging-

related genomic changes in honey bee queens, likely reflec[ng the logis[cal challenges of maintaining and 

studying long-lived queens over mul[ple years.  
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In addi[on to their extreme reproduc[ve longevity, honey bees also exhibit some of the highest 

recombina[on rates known among animals. Recombina[on rates of solitary species such as Drosophila 

melanogaster (1.6 cM/Mb)(SHE AND JAROSZ 2018) , Nasonia spp (1.5 cM/Mb) (WILFERT et al. 2007) and other 

social Hymenoptera (6.4-14.0 cM/Mb) (SIRVIO et al. 2006; SIRVIO et al. 2011; SIRVIÖ 2011; LIU et al. 2016) are 

substan[ally lower than those reported across several Apis species (17.4 - 37 cM/Mb, (THE HONEYBEE GENOME 

SEQUENCING CONSORTIUM 2006; SHI et al. 2013; LIU et al. 2015; WALLBERG et al. 2015; RUEPPELL et al. 2016). 

These excep[onally high recombina[on rates have been previously linked to the evolu[on of eusociality 

(KENT AND ZAYED 2013; KAWAKAMI et al. 2019; WAIKER et al. 2021). Beyond its evolu[onary implica[ons, 

recombina[on can also shape genome composi[on through GC-biased gene conversion (gc-BGC), in which 

mismatches in heteroduplex DNA are preferen[ally repaired in favor of Guanine or Cytosine (G/C) alleles 

over A/T alleles leading to increased genomic GC content over evolu[onary [me (DURET AND GALTIER 2009). 

Consistent with this, a compara[ve study across insects found that coding genes, especially near telomeres 

where recombina[on is more frequent, exhibit elevated GC content (KYRIACOU et al. 2024). GC-bias is also 

especially pronounced in taxa with excep[onally high recombina[on rates, such as honey bees (KENT et al. 

2012; ROSS et al. 2015; WALLBERG et al. 2015; KAWAKAMI et al. 2019). Thus, understanding how recombina[on 

rate and GC-biased genome composi[on interact with muta[ons, and how these rela[onships change with 

aging, may be key to explaining how extreme life history traits associated with eusociality evolve. 

Honey bees offer a unique opportunity to directly examine the products of female meiosis because 

queens can produce haploid drones that inherit their genomes en[rely from their mother, providing a 

snapshot of the queen’s meio[c output at the [me eggs are laid without any paternal gene[c contribu[on. 

Here, we inves[gate how queen aging over several years influences the genomes of their haploid sons by 

sequencing drones from honey bee queens of different ages across Canada. Using these data, we quan[fy 

de novo muta[on rates, relate them to popula[on-scale recombina[on rates inferred from linkage 

disequilibrium, and examine addi[onal genomic features associated with recombina[on. We hypothesize 

that de novo muta[on rates increase with maternal age and that these muta[ons are enriched in genomic 

regions with high recombina[on rates.  

Methods  

Sample collection 

Apis mellifera queens of varying ages along with 4-5 of their drone sons were sourced from bee 

breeders or bee researchers from across Canada; these samples were flash frozen and shipped on dry ice 

and subsequently stored at -80°c at York University (Supplemental Table S6-1). Bee breeders or researchers 
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track queen age any by applying a color mark or tag on the queen’s thorax during the year that the queen 

was produced. The universal queen breeding color scheme uses white (years 1 and 6), yellow (2 and 7), red 

(3 and 8), green (4 and 9) and blue (5 and 0) allowing beekeepers to quickly determine the age of their 

queens in years (HAGLER AND JACKSON 2001). The system, however, makes it difficult to ascertain the age of 

queens in months. We thus classified queen into different age bins as follows: We studied three queens 

aged 1 year, seven queens between the ages of 18 months and 2 years, (herein referred to as 2-year-olds), 

and four queens between the ages of 3 and 4 years (herein referred to as 3-year-olds).   

DNA extraction and Sequencing  

DNA was extracted from each bee’s thorax using op[mized protocols (CONFLITTI et al. 2022) and the 

Mag-Bind® Blood & Tissue DNA HDQ 96 Kit (Omega Bio-tek Inc., USA) that was augmented for the 

KingFisher™ Flex Purifica[on System (Thermo Fisher Scien[fic Inc., USA) to a final elu[on volume of 70-100 

μl. Tissue Lysis Buffer (350 μl) and Proteinase K (20 μl) were used to lyse [ssues before hea[ng samples at 

55°C overnight. DNA quality control and quan[fica[on was assessed using a 2.0% agarose gel 

electrophoresis and NanoDropTM 2000 Spectrophotometer (Thermo Fisher Scien[fic Inc., USA), 

respec[vely. Library prepara[on and sequencing were performed at the Genome Quebec Innova[on Centre 

(McGill University) on the Illumina HiSeq 2500 system, producing a total coverage of 260X (27X per bee) 

with 86X per queen (9 queens, 3 queens per lane) and 17X per drone (45 drones, 15 drones per lane) and 

a genome size of 240Mb. 

We used previously published pipelines for alignment and SNP calling (HARPUR et al. 2019; IMRIT et 

al. 2020; HARPUR AND REHAN 2021). Briefly, raw reads were trimmed with TRIMMOMATIC v0.32, aligned to 

the Apis mellifera Amel_HAv3.1 genome (WALLBERG et al. 2019) using NextGenMap v0.4.12 (SEDLAZECK et al. 

2013). Duplicate reads were removed using Picard v1.8 MarkDuplicates 

(h\p://broadins[tute.github.io/picard/). Single nucleo[de polymorphisms (SNPs) were iden[fied using 

GATK HaplotypeCaller through an exis[ng pipeline (DOGANTZIS et al. 2018). To avoid errors of comparing 

haploid (drone) and diploid (queen) genomes, we called all drones as diploid (-ploidy 2) and any 

heterozygous drone calls were removed as errors.  

Filtering and identifying unique mutations 

Queens and her drone samples were compiled into one file using GATK GenotypeGVCFs. SNPs and 

inser[on-dele[ons (indels) were iden[fied using SelectVariants (-selectType SNP and -selectType INDEL). 

SNPs were filtered for quality using GATK’s recalibra[on model to improve the confidence in the calls as true 

SNPs using GATK recommenda[ons (MappingQuality < 20, QualitybyDepth < 2.0, FisherStrand > 60, 
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StrandOddsRa[o > 3.0, ReadPosRankSum < -8.0, MappingQualityRankSum < -12.5, 

MappingQualityRankSum > 12.5)(VAN DER AUWERA et al. 2014). We also removed SNPs if they were within 5 

base pairs of an indel or copy number variant (CNV; GATK VariantFiltra[on --maskExtension 5). We then 

separated the queen sample from drone samples and plo\ed the sequencing depth of all SNPs in either the 

queen or the drones combined to iden[fy the threshold for which to filter out the top and bo\om 5th 

percen[le of reads that had either excep[onally low or high read depth (Supplemental Table S6-2). we then 

used these thresholds to filter SNPs using GATK VariantFiltra[on. We removed any SNP with any sort of tag 

using vc�ools (--remove-filtered-all). We also removed any SNPs present on unplaced scaffolds (grep -v 

'\QIU*') or in the mitochondrial genome (grep -v 'CM009947.2') or any SNP with missing data in any sample. 

We also removed any SNP with an alterna[ve alleles (genotypes ‘0/2’, ‘0/3’, ‘1/2’,’1/3’,’2/3’, ‘2/2’,’3/3’) 

(MOHD-ASSAAD et al. 2018). Finally, we removed any SNP within repeat regions of the genome using the 

RepeatMasker output file from NCBI 

(h\ps://�p.ncbi.nlm.nih.gov/genomes/all/GCF/003/254/395/GCF_003254395.2_Amel_HAv3.1/GCF_0032

54395.2_Amel_HAv3.1_rm.out.gz).  

We then classified unique SNPs (muta[ons from here on) as those that are present in only one 

drone and no other drones or queen using called jvarkit (java -jar jvarkit/dist/vcffilterjs.jar -f 

jvarkit/dist/select.js input.vcf > output.vcf; (LINDENBAUM AND REDON 2017)). To iden[fy the muta[on rate, we 

divided the total number of muta[ons iden[fied in each sample divided by the number of callable loci in 

each sample and averaged this number across age groups (GATK CallableLoci ; (VAN DER AUWERA AND 

O’CONNOR 2020)). We then looked at for differences in average muta[on rate across age groups using a 

Kruskal-Wallis test with Dunn’s post hoc test to look for individual differences among age groups. We also 

evaluated if there was a trend of maternal aging affec[ng the muta[on rate as a con[nuous variable using 

an ordinary least squares regression (scipy.stats, scikit_posthocs and statsmodels.formula.api for python).  

Identifying the location of unique mutations across a gene  

We tested whether muta[ons occur at different frequencies in gene bodies (introns and exons) 

compared to non-genic regions (upstream, downstream, and intergenic regions). This comparison was 

mo[vated by the expecta[on that different genomic categories experience different levels of selec[ve 

constraint. Coding regions are o�en subject to strong purifying selec[on because muta[on that alter amino 

acids are o�en deleterious, whereas intronic and intergenic regions generally experience weaker constraint 

and thus tolerate more variability (SIMOLA et al. 2013; MILLER AND SHEEHAN 2023). To test this hypothesis, we 

used SnpEff (CINGOLANI et al. 2012) to annotate each muta[on and iden[fy where it is located into simplified 

categories provided in Supplemental Table S6-3. We calculated the number of callable loci (GATK 
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CallableLoci ; (VAN DER AUWERA AND O’CONNOR 2020)) within each simplified genomic region to serve as the 

denominator for es[ma[ng muta[on rates within that specific region. To avoid pseudoreplica[on among 

drones, we pooled the number of muta[ons and callable loci across drones within each queen-level group 

(sample group) and calculated queen-level muta[on rates. Queens were then grouped by age category and 

genomic category class. For the main comparison, categories were further grouped into genic regions 

(exons and introns) and non-genic regions (upstream, downstream, and intergenic). We tested whether 

muta[on rates were lower in genic regions than in non-genic regions using a one-tailed Wilcoxon signed-

rank test applied to paired queen-level rates within each age group. Results were visualized using bar plots 

showing the mean muta[on rate and standard error of the mean across queen-level groups for each age 

group and region category. 

Transitions and transversions 

To evaluate whether muta[on type varied with queen age, we quan[fied transi[on and 

transversion muta[ons from unique muta[ons using bc�ools stat (DANECEK et al. 2021) on VCF files for each 

queen-drone family. This generated muta[on summary sta[s[cs per sample, from which we extracted the 

number of transi[ons, transversions, and calculated the transi[on/transversion (Ts/Tv) ra[o. These values 

were compiled into a single dataset along with metadata on the number of drones per family and queen 

age, grouped into the three age categories (1 year, 2 years, and 3 years). We tested whether maternal age 

was related to the number of transi[ons, transversions, or the transi[on/transversion (Ts/Tv) ra[o produced 

per drone. We fit three separate linear regression models, one for transi[ons, one for transversions, and 

one for the Ts/Tv ra[o. The queen-level group with an undefined Ts/Tv value (because it had zero 

transversions) was excluded from the ra[o analysis. All sta[s[cal tests were performed in Python using 

ordinary least-squares regression (statsmodels; (SEABOLD AND PERKTOLD 2010)). 

GC content 

To quan[fy GC content across the genome, we divided the Apis mellifera reference genome 

(Amel_HAv3.1) into non-overlapping 5 kb windows using BEDtools makewindows (QUINLAN AND HALL 2010) 

with the corresponding FASTA index file. GC content for each 5 kb window was then calculated using 

BEDtools nuc (QUINLAN AND HALL 2010), which computes the propor[on of G and C nucleo[des within each 

window based on the reference genome sequence. For each sample, the posi[on of each muta[on was 

extracted as chromosome–posi[on pairs and assigned to non-overlapping 5 kb genomic windows using an 

interval-tree–based approach in Python. To test whether GC content and maternal age predicted the 

number of muta[ons per window, we fi\ed a nega[ve binomial regression model, which is a common 
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method for over-dispersed count data (ZEILEIS et al. 2008; HILBE 2014), with muta[on count as the response 

and GC content and age as predictors. We also fi\ed a logis[c regression model to test whether a window 

contained at least one muta[on, using the same predictors under the generalized linear model (GLM) 

framework (NELDER AND WEDDERBURN 1972). To further test whether muta[on-containing windows differed 

in GC content from randomly sampled genomic windows, we performed a bootstrap comparison of the 

difference in GC content (ΔGC). Because our hypothesis predicted that muta[on-containing windows would 

have higher GC content than randomly sampled windows, we used a one-tailed bootstrap test (EFRON AND 

TIBSHIRANI 1993). The null hypothesis assumed that GC content in muta[on windows was equal to or lower 

than that in random windows, and the p-value was calculated as the propor[on of bootstrap resamples 

producing a GC difference (ΔGC) equal to or greater than the observed value. All analyses were 

implemented in Python using the statsmodels package (SEABOLD AND PERKTOLD 2010). 

Assessing recombination rate using LDhat 
We used LDhat, a sta[s[cal gene[cs so�ware package designed to infer popula[on recombina[on 

rates (ρ) from popula[on gene[c data, par[cularly from phased haplotype sequences (MCVEAN AND AUTON 

2011). LDhat examines pa\erns of linkage disequilibrium (LD), which is non-random associa[ons between 

gene[c variants, to es[mate the popula[on recombina[on parameter (ρ) that best explains the observed 

pa\erns of LD between sites in a genome. For each sample, unique SNP (muta[on) posi[ons were extracted 

from VCF files using bc�ools query and converted to BED format. We then generated non-overlapping 5 kb 

windows centered on each novel muta[on’s posi[on (±2,500 bp) using BEDtools slop with the Apis mellifera 

reference genome index. These novel muta[on-centered windows were used to subset the full filtered VCF 

files. Variant records falling within each 5 kb window were extracted using a custom Python script 

implemen[ng an interval-tree–based lookup, and separate VCF files were generated for each window. 

Because LDhat requires phased haplotypes, all window-specific VCF files were phased using Beagle prior to 

genera[ng LDhat input files (BROWNING et al. 2021). To prepare inputs for LDhat, we generated “.sites” and 

“.locs” files using custom code (see Data Availability in Appendix A). The “.sites” file contains the haplotype 

data and segrega[ng sites, while the “.locs” file specifies the genomic posi[ons of those sites and is 

converted to megabase units to be used properly in LDhat. We used LDhat Pairwise, which es[mates the 

popula[on recombina[on rate (denoted as ρ = 4Ner, where Ne is the effec[ve popula[on size and r is the 

recombina[on rate per site per genera[on) between all pairs of polymorphic sites. This is achieved using a 

moment es[mator method, which is fast and useful for genera[ng a likelihood lookup table for further 

analysis. LDhat Pairwise also allows for hypothesis tes[ng to detect the presence of recombina[on in the 
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dataset. We then used the likelihood lookup table that was generated from LDhat pairwise as one of the 

input files along with the sites and locs files for LDhat interval.  

 For each window, LDhat interval was run using a Markov Chain Monte Carlo (MCMC) approach to 

es[mate local varia[on in popula[on recombina[on rates (ρ) along a DNA sequence. MCMC is a 

computa[onal algorithm that approximates the posterior distribu[on of model parameters (in this case, 

popula[on recombina[on rates, ρ) by sampling many possible configura[ons. During this process, 

“updates” refer to the number of itera[ons the algorithm runs to refine its es[mates. In our analyses, we 

ran LDhat Interval for 50,000,000 MCMC updates to allow sufficient explora[on of the parameter space, 

and collected samples of the recombina[on rate every 10,000 updates, ensuring we obtained a well-

sampled posterior distribu[on. We  also specified a block penalty of 1, which controls how much the  

popula[on recombina[on rate is allowed to change between adjacent regions where smaller values allow 

more frequent changes (WALLBERG et al. 2015). We then used LDhat stat with a burn-in of 10% of the 

samples applied. The mean  popula[on recombina[on rates (ρ) were extracted from the LDhat output and 

summarized across windows using custom Python scripts. In some cases, certain windows lacked sufficient 

informa[on to generate the residuals file which was needed for the program that generates sta[s[cal 

summaries called LDhat stat and are therefore not included in the final analysis. Visualiza[on of LD-inferred 

popula[on recombina[on rates (ρ) across age groups was performed in Python using NumPy and 

Matplotlib. 

To generate a null distribu[on for comparison with our empirical window sets, we constructed 

bootstrapped reference sets in 5 KB genomic windows using the Apis mellifera reference genome 

(Amel_HAv3.1) using bedtools makewindows (QUINLAN AND HALL 2010). We then randomly sampled an 

average number of windows for the that age group 100 [mes. For example, there was an average of 87 

windows containing at least one unique muta[on in the 1-year age group  so for the control 1 year 

distribu[on (which we refer to as the null distribu[on) we randomly sampled from the genome 100 sets of 

87 windows that did not contain any unique muta[ons in those windows. We con[nued this for 100 sets of 

33 windows for the 2-year age group and 100 sets of 343 windows for the 3-year age group. We then 

followed the same pipeline for running preparing files for and running LDhat pairwise, LDhat interval and 

LDhat stat.  

For the analysis, we compared the difference in the mean rho between the experimental windows 

(one value per queen-level colony) containing at least one muta[on and the control windows that did not 

have any muta[ons in the windows (100 itera[ons per queen-level colony). We then compared 

experimental and control values by subtrac[ng the mean control rho from the corresponding experimental 
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mean rho. We then computed a Δrho (difference in rho) for each paired comparison by subtrac[ng the 

control mean rho from the experimental mean rho (e.g., sample A compared to 100 itera[ons of control A, 

sample B compared to 100 itera[ons of control B, and so on). Under the null hypothesis, the experimental 

and control values do not differ, so the distribu[on of Δrho values is expected to be centered around zero, 

with approximately equal numbers of posi[ve and nega[ve values. We therefore counted the number of 

nega[ve Δrho values across all comparisons within each age group and divided this by the total number of 

observa[ons to obtain a p-value. All sta[s[cal analyses were conducted in Python using pandas, NumPy, 

SciPy, and statsmodels, and visualiza[ons were generated using Matplotlib (HUNTER 2007; SEABOLD AND 

PERKTOLD 2010; TERPILOWSKI 2019). 

Results 

Mutation rates with queen aging  

We analyzed whole-genome data from 14 queens (via 63 drones) spanning three age groups: 1 year 

(n = 13 drones, 3 queens), 2 years (n = 35 drones, 7 queens), and 3 years (n = 15 drones, 4 queens), to 

inves[gate whether muta[on rate in honey bee drones varies with queen age (Supplemental Table S6-4A). 

To avoid non-independence among drones produced by the same queen, we summarized the data at the 

queen level by averaging muta[on rates across drones that have the same queen mother within each age, 

yielding 14 queen-level mean muta[on rates used for downstream inference. 

We then examined if queen age affects the muta[on rate by evalua[ng the differences between 

muta[on rate within age groups (Figure 6-1). Because the Shapiro–Wilk tests indicated a significant 

departure from normality in the 2-year age group (p = 0.011), but not in the 1-year (p = 0.470) or 3-year (p 

= 0.238) groups (Supplemental Table S6-4B), we used a Kruskal–Wallis test to compare muta[on rates 

among age classes, with the null hypothesis that the distribu[on of muta[on rates are constant across age 

groups. The results of this test were not significant (H = 4.253, p =0.119; Supplemental Table S6-4C). None 

of the pairwise Dunn’s post-hoc tests were also significant among pairs of age groups (p > 0.05; 

Supplemental Table S6-4D). We also performed an ordinary least squares regression (OLS) where queen age 

was treated as a con[nuous predictor. We found a slightly posi[ve trend where older queens have a very 

modest increase in muta[on rate, but the rela[onship was not sta[s[cally significant (β = 1.747x10-7, p = 

0.272; Supplemental Table S6-4E).   

Location of mutations across the gene structure with queen aging 

We tested whether mutation rates differed between genic regions (introns and exons) and non-

genic regions (upstream, downstream, and intergenic). Mutation rates were consistently lower in genic 
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regions than in non-genic regions (Figure 6-2). This difference was statistically significant in the 2-year age 

group (Wilcoxon signed-rank test, p = 0.009, n = 7 queen-level groups ) and in the 3-year age group (p = 

0.034, n = 4 queen-level groups), but was only marginally significant in the 1-year age group (p = 0.054, n = 

3 queen-level groups). 

Rates of transitions and transversion across queen aging  

We examined whether maternal age influences the types of muta[ons that are generated, such as 

if more or less muta[ons are produced as transi[on muta[ons, transversion muta[ons or if the ra[o of 

transi[on-transversions (Ts/Tv)  alters with aging, meaning one type of muta[on is biased over another with 

aging (Figure 6-3; Supplemental Table S6-5A). None of the three regression models showed a significant 

effect of maternal age (Supplemental Table S6-5B,C,D). For transi[ons, the slope was posi[ve but non-

significant (β = 29.499 ± 20.217 SE, p = 0.175, R² = 0.176), indica[ng that age did not explain meaningful 

varia[on in transi[on counts. Age also did not predict the number of transversions (β = 5.748 ± 3.708 SE, p 

= 0.152, R² = 0.194). The Ts/Tv ra[o likewise showed no associa[on with age (β = −0.446 ± 0.560 SE, p = 

0.447, R² = 0.066). In all models, the 95% confidence intervals for the slopes included zero, showing no 

detectable increase or decrease in any muta[on type with increasing queen age. 

GC content across age groups 

We examined the mean GC content across 5kb windows containing at least one novel muta[on to 

iden[fy if there is a difference in GC content within these windows across aging (Supplemental Table S6-

6A). We accomplished this by tes[ng whether GC content of genomic windows containing a novel muta[on 

differed across age groups using a one-way ANOVA on queen-level means and found that they do not differ 

significantly overall (p> 0.05) or in pairwise tests (p> 0.05; Figure 6-4A; Supplemental Table S6-6B,C). We 

then used bootstrapping to compare the GC content of genomic windows containing at least one novel 

muta[on with randomly selected genomic windows that did not contain a novel muta[on. For each age 

group, GC content differences were calculated as the GC content of muta[on-containing windows minus 

the GC content of randomly selected windows across 100 bootstrap itera[ons (Supplemental Table S6-6D). 

Under the null hypothesis that randomly selected windows have higher GC content than muta[on-

containing windows, this difference would be nega[ve. We therefore calculated the propor[on of itera[ons 

with nega[ve values to obtain a p-value. We did not observe a difference in GC content between muta[on-

containing windows and randomly selected windows (1 year: p = 0.326, 2 years: p = 0.312, 3 years: 

p=0.1975; Figure 6-4B-D).  
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Recombination rates are stable with maternal aging 

 We measured linkage disequilibrium in 5kb windows containing at least one unique muta[on across 

all age groups to iden[fy differences in LD with aging using LDhat. When we compared the mean linkage 

disequilibrium as represented by rho values (rho = r = 4Ner) in each age group, we did not observe a 

significant difference with aging (Figure 6-5A; Supplemental Table S6-7A,B). In pairwise comparisons of 

differences in LD between 5kb windows containing muta[ons versus windows that don’t contain muta[ons 

across pairs of age groups (1 vs 2, 2 vs 3, 1 vs 3) the strongest contrast was observed between 1-year and 

2-year (Welch t-test raw p = 0.034), but this did not remain significant a�er Holm correc[on (p = 0.102; 

Supplemental Table S6-7C). No other pairwise contrasts were significant (Holm-adjusted Welch tests: 2 vs 

3 p = 0.292; 1yr vs 3yr p = 0.194). Nonparametric pairwise tests were also consistent with these results 

(Holm-adjusted Mann–Whitney: all p ≥ 0.205; Supplemental Table S6-7D). Overall, the data provide no 

significant evidence for differences in average rho across years. 

To test the hypothesis that recombina[on is mutagenic, we compared linkage disequilibrium–

inferred recombina[on rates (ρ = 4Nₑr) in genomic windows containing at least one novel muta[on with 

those in randomly selected windows that did not contain a muta[on. For each sample and age group, we 

randomly sampled an equivalent number of 5 kb windows without muta[ons across 100 itera[ons and 

calculated the average recombina[on rate (ρ). We then averaged ρ values across muta[on-containing and 

randomly selected windows and calculated the difference in average ρ between the two groups (muta[on-

containing minus random windows; Supplemental Table S6-7E), which was visualized as a histogram. As the 

null hypothesis is that average control rho values will be higher that experimental, resul[ng in nega[ve 

values in the distribu[on (experimental minus control), we counted the number of nega[ve values found in 

this distribu[on and divided by the total number of itera[ons assessed to find the P value. For 1 year old 

samples we found 1 nega[ve value out of 300 itera[ons, resul[ng in a significant p value of 0.003, 

demonstra[ng that there is a significant departure from our null hypothesis and our experimental values 

are significantly different from our controls in that there is more LD iden[fied in experimental windows that 

contain at least one unique muta[on rela[ve to control windows that do not contain unique muta[ons 

(Figure 6-5B). We found a similar pa\ern for 2-year samples (p <0.0001; Figure 6-5B) and 3-year samples (p 

= 0.001; Figure 6-5C), showing that overall, there is a link between LD and muta[on-containing windows.  

Discussion 
We tested the hypothesis that muta[on rates are influenced by maternal longevity in the honey 

bee genome. In many organisms, muta[on rates are expected to increase with parental age due to the 
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cumula[ve effects of DNA replica[on errors, declines in repair efficiency, and the accumula[on of cellular 

damage over [me. For example, this phenomenon has been observed in the germline cells of C. elegans, 

which exhibit more crossover errors with aging (RAICES et al. 2021), and in Drosophila melanogaster, which 

shows less effec[ve double-stranded break repair in older flies (DELABAERE et al. 2017). Similarly in flies, 

although the number of muta[ons introduced during con[nual spermatogenesis remains comparable in 

young and old males, older flies exhibit diminished repair capacity, leading to higher muta[on loads (WITT 

et al. 2023). These age-related impairments in DNA repair and damage removal have been proposed as 

major contributors to reproduc[ve aging in both soma[c and germline cells (PANIER et al. 2024). Contrary 

to these expecta[ons, we found no evidence that muta[on rates differed among queens of different ages. 

We also did not detect any difference in the types of muta[on (transi[on or transversion) across queen age 

groups. Together, these results suggest that the process of muta[on itself remains largely stable across the 

reproduc[ve lifespan of honey bee queens. These queens con[nuously produce eggs throughout their 

lives (CULLEN et al. 2023), unlike the finite number of oocytes in humans, in which gametes remain arrested 

un[l ovula[on (SOLC et al. 2010). The need to sustain egg produc[on over several years may therefore 

require par[cularly robust mechanisms for maintaining germline fidelity in honey bees. However, an 

important caveat of our study is that muta[ons were detected by sequencing adult drones. As a result, we 

can only iden[fy muta[ons that successfully passed early developmental filtering. Muta[ons that cause 

lethality or severe developmental defects would not be observed because individuals carrying them would 

fail to develop into adults. Therefore, our findings should be interpreted as reflec[ng muta[ons that persist 

through development rather than the total number of muta[ons ini[ally produced in the germline. Directly 

assessing the full muta[onal input would require sequencing earlier developmental stages, such as 

unfer[lized eggs. Understanding how DNA repair and recombina[on processes are maintained throughout 

the lifespan of honey bee queens represents an important direc[on for future research. 

We next examined whether the genomic distribu[on of muta[ons differed across func[onal 

genomic regions. Pa\erns of muta[ons are not uniform across the genome but instead reflect selec[ve 

pressures ac[ng on dis[nct genomic regions. As noted above, because muta[ons were detected by 

sequencing adult drones, our dataset reflects muta[ons that persisted through development rather than 

all muta[ons ini[ally produced in the germline. Protein-coding regions and func[onally important introns 

can be subject to strong purifying selec[on because muta[ons in these regions are more likely to disrupt 

gene func[on and reduce fitness (MILLER AND SHEEHAN 2023). As a result, deleterious variants are removed 

from the genome, leading to fewer detectable muta[ons in gene bodies (HALLIGAN et al. 2004). In contrast, 

many muta[ons in non-coding regions such as intergenic DNA are more likely to be tolerated, although they 
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too can s[ll experience some constraint because they are important for regula[on (CASILLAS et al. 2007). 

There are typically very low levels of gene[c diversity in gene bodies rela[ve to intergenic areas, a pa\ern 

which has been observed across many species including ants (SIMOLA et al. 2013), flies  (CASILLAS et al. 2007; 

SINGH et al. 2008), humans (LINDBLAD-TOH et al. 2011; JABALAMELI et al. 2019; DUKLER et al. 2022) as well as 

primates and rodents (SUBRAMANIAN 2013). Our results are consistent with this broader pa\ern as muta[on 

rates were consistently lower in genic regions than in non-genic regions across queen-level groups, 

sugges[ng that purifying selec[on may help shape the distribu[on of muta[ons in the honey bee genome 

regardless of maternal age. 

Honey bees have one of the highest recombina[on rates of any metazoan genome (BEYE et al. 2006; 

MEZNAR et al. 2010). Elevated recombina[on rates have been implicated in eusocial genome evolu[on, as 

this phenomenon has been observed in phylogene[cally distant species with similarly high recombina[on 

rates and advanced social behaviour (WILFERT et al. 2007; WAIKER et al. 2021). One hypothesis for why 

recombina[on rates may be elevated in eusocial insects relates to the evolu[on of more complex forms of 

sociality, wherein reproduc[ve and worker caste are dis[nct. In these systems, effec[ve popula[on size may 

be reduced (CROZIER 1976) because rela[vely few individuals contribute genes to the next genera[on. Under 

these condi[ons, new, beneficial muta[ons may be less likely to reach fixa[on if they arise in small 

reproduc[ve popula[ons and are physically linked to deleterious alleles (MAYNARD-SMITH AND HAIGH 1974). 

This interference, known as the Hill–Robertson effect, can limit selec[on (HILL AND ROBERTSON 1966). Higher 

recombina[on rates have therefore been proposed to help alleviate this constraint by separa[ng beneficial 

muta[ons from linked deleterious muta[ons when there are few reproduc[ve individuals (HARTFIELD et al. 

2010).  

Meio[c recombina[on is ini[ated by double-strand breaks and has therefore been proposed as a 

direct source of new muta[ons. For example, in humans and other systems, crossover forma[on and 

associated double stranded break repair have been linked to higher muta[on rates near recombina[on 

hotspots (ARBEITHUBER et al. 2015), which have also been shown to increase with maternal aging 

(HALLDORSSON et al. 2019) and paternal aging (FRANCIOLI et al. 2015). If recombina[on were also mutagenic 

in honey bees, we would expect windows containing de novo muta[ons to show consistently higher 

recombina[on rates than matched-control windows. Indeed, we found that windows containing at least 

one unique muta[on were consistently associated with higher LD-inferred recombina[on rates than 

matched control windows, indica[ng that de novo muta[ons are non-randomly distributed with respect to 

the local recombina[on distribu[on. Our study thus supports the hypothesis that recombina[on is 

mutagenic by directly linking the presence of de novo muta[ons in genomic regions with high LD-inferred 
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recombina[on rates in honey bees. This link between recombina[on and muta[on also appears to be 

independent of maternal age. Although muta[on rates and the overall types of muta[ons 

(transi[on/transversions) did not change with aging in our dataset, windows with muta[ons were 

consistently found in windows with elevated LD-inferred recombina[on across all age groups. Together, 

these results suggest that the rela[onship between recombina[on and muta[on reflects a stable feature 

of genome organiza[on rather than a process that changes with maternal age, despite the extended 

reproduc[ve lifespan of honey bee queens. 

Because recombina[on can also influence nucleo[de composi[on through GC-biased gene 

conversion (gBGC), we addi[onally examined whether muta[on-containing windows differed in GC content 

from windows without muta[ons. Over evolu[onary [mescales, recombina[on can promote the fixa[on of 

G or C alleles, resul[ng in GC-rich domains that o�en coincide with regions of high recombina[on (DURET 

AND ARNDT 2008; KENT et al. 2012; PESSIA et al. 2012; WALLBERG et al. 2015). If muta[ons tend to occur in 

regions with elevated recombina[on, muta[on-containing windows might therefore also be expected to 

show higher GC content. However, we found no rela[onship between the presence of a muta[on and GC 

content in our dataset. This result suggests that GC composi[on does not provide addi[onal support for the 

recombina[on–muta[on associa[on observed here and is consistent with the view that GC pa\erns largely 

reflect long-term recombina[on processes rather than short-term varia[on in muta[on occurrence. 

In this study, we exploited haplodiploidy and the long lifespan of honey bee queens to inves[gate 

how maternal aging influences pa\erns of muta[on across the genome. Despite expecta[ons that muta[on 

rates might increase with maternal age due to the accumula[on of replica[on errors or declining DNA repair 

fidelity (GAO et al. 2016), we found no evidence that overall muta[on rates or muta[on types differed 

among age groups. Instead, our results suggest that the genomic distribu[on of muta[ons is shaped mainly 

by the underlying structure of the genome. Muta[ons were consistently less frequent in genic regions than 

in non-genic regions across queen-level groups, consistent with purifying selec[on removing deleterious 

muta[ons from func[onal parts of the genome (SINGH et al. 2008; DUKLER et al. 2022; CHEN et al. 2024). We 

also found that windows containing muta[ons tended to occur in regions with higher LD-inferred 

recombina[on than matched control windows, sugges[ng that recombina[on influences where new 

muta[ons occur in the genome. This pa\ern was observed across all age groups and was not accompanied 

by differences in GC content, indica[ng that GC composi[on reflects longer-term recombina[on processes 

rather than the short-term placement of new muta[ons. Together, these results suggest that although 

honey bee queens reproduce over several years, the processes that shape where muta[ons occur in the 

genome remain largely stable throughout the reproduc[ve lifespan of the queen. Future studies with larger 
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sample sizes, especially including older queens, will help clarify how genome structure influences muta[on 

pa\erns in eusocial insects. 
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Figures  
 

 
Figure 6-1. Muta@on rates do not significantly vary with queen age.  

Boxplots here show the distribu@on of muta@on rates within each age class. Muta@on rates were calculated per 

individual by dividing the number of observed de novo muta@ons by the number of callable loci in each genome and 

averaging across maternal age group. Overall, there is no sta@s@cal difference between age group when compared 

pairwise (p > 0.05) and there is no trend of increased muta@on rate with queen aging (p = 0.272).   

 

 

 



 108 

	
Figure 6-2. Muta@on rates in genic and non-genic regions across three maternal age groups.  

Solid bars represent genic regions (introns and exons), and hatched bars represent non-genic regions (upstream, 

downstream, and intergenic combined). Muta@on rates were consistently lower in genic regions than in non-genic 

regions. Asterisks indicate significant differences between region categories based on Wilcoxon signed-rank tests (*p < 

0.05, **p < 0.01, ***p<0.001, ****p<0.0001). 
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Figure 6-3. The Rela@onship between maternal age and muta@on types.  

The plots show the average (A) transi@ons, (B) transversions, and (C) the transi@on/transversion ra@o (Ts/Tv) plomed 

against age. Each point represents one queen-level group, with age treated as a con@nuous predictor. Lines show the 

best-fit linear regression for each muta@on type with 95% confidence intervals. No par@cular muta@on type displayed 

a significant associa@on with aging (all p > 0.10), indica@ng that the frequency of transi@ons, transversions, and the 

Ts/Tv ra@o does not change with aging. 
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Figure 6-4. GC content is not higher in windows that contain at least one muta@on  
(A) Differences in mean GC content in windows containing at least one muta@on across age groups does not 
significantly differ (p > 0.05). (B-D) Differences in GC content found in windows containing at least one unique 
muta@on versus randomly chosen windows  across age groups. The ver@cal domed line shows that in each age group 
there was no significant difference in the GC content of windows containing a novel muta@on from that of randomly 
chosen genomic windows (p > 0.05). 
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Figure 6-5 LD-inferred recombina@on changes in windows containing at least one unique muta@on with aging. 
 (A) There is no significant difference in the mean rho in windows containing at least one muta@on across age groups 
(p > 0.05). (B-D) There are significant differences in the mean rho found among experimental and control across age 
groups. The domed line at zero demonstrates the large skew in differences between experimental and control (p < 
0.05 for each). For easier visualiza@on, the 1- and 2-year age groups are divided into 100 bins for the histogram, but 
the 3-year age groups are grouped into 1000 bins to fully see the distribu@on.   
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Supplemental Tables 

All supplemental tables can be found in the supplementary disserta[on file 
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Chapter 7 Conclusions, Limitations and Future Direction  
My research has advanced our understanding of how genomic approaches can inform bee 

evolution, the genetic basis of early stages of social evolution, and how derived features of eusociality such 

as long-lived queens and high recombination rates can influence processes of mutation. In Chapter 2, I 

highlighted how recent advances in genomic technologies have transformed the study of bee evolution and 

social behaviour. Phylogenomic tools such as next-generation sequencing and ultraconserved elements 

have enabled more accurate reconstructions of bee evolutionary relationships and clarified major 

evolutionary transitions across bee lineages. Furthermore, advances in genomics and transcriptomics have 

revealed the complex molecular mechanisms underlying eusocial behaviour that can include regulatory 

processes such as alternative splicing, non-coding RNAs, and DNA methylation.	 Together, these 

developments demonstrate that integrating phylogenomics with molecular biology provides a more 

complete understanding of both the evolutionary history of bees and the molecular mechanisms underlying 

their social systems. 

In Chapter 3, I discuss how new genomic and experimental tools can be used together to better 

understand the genetics of eusocial behaviour. Combining population genomics, genome-wide association 

studies (GWAS), and CRISPR/Cas9 gene editing can allow researchers to connect genetic variation with 

social traits and directly test how specific genes influence behaviour. By pairing large-scale genomic 

analyses with experimental validation, this approach helps clarify the complex genetic basis of social 

behaviour and provides a useful framework for future studies on the evolution of sociality. Here, I argued 

for a more integrated approach once candidate genes or loci have been identified, an idea that serves as a 

useful next step to keep in mind for the findings presented in the following chapters. 

In Chapters 4 and 5, I used the facultatively social small carpenter bee Ceratina calcarata to 

investigate the genomic basis of social behaviour during the early stages of social evolution. Several 

theories propose that social behaviour can arise either through the differential regulation of existing genes, 

in which genes are turned on or off at particular times or in specific tissues to generate behavioural 

variation, as described by the genetic toolkit hypothesis (TRUE AND CARROLL 2002; WOODARD et al. 2011; 

REHAN AND TOTH 2015), or through the evolution of novel genes that become specialized for social functions 

after social behaviour has already evolved (JOHNSON AND TSUTSUI 2011). Despite major advances in genomic 

technologies, the genetic mechanisms underlying the origin and maintenance of eusociality are yet to be 

fully understood. I found that overall genetic differentiation between social and subsocial behavioural 

groups was low, indicating that these behaviours occur within a single population rather than representing 
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genetically distinct lineages. However, a small number of loci showed strong differentiation between 

behavioural groups, and these loci were primarily located in genes involved in regulatory processes such as 

transcriptional control and signaling. Similarly, genes under strong positive selection in C. calcarata were 

largely enriched for regulatory functions and were evolutionarily ancient rather than taxonomically 

restricted. The results from both chapters support the genetic toolkit hypothesis, suggesting that early 

stages of social evolution are driven largely by changes in the regulation of conserved genes rather than by 

the evolution of novel, taxonomically restricted genes. Comparisons with other social insects further 

suggest that while similar functional categories of genes may be targeted by selection, the specific genes 

involved often differ across lineages. 

In my final experimental chapter (Chapter 6), I examined genomic patterns associated with two 

derived eusocial traits in the honey bee, Apis mellifera: the extreme longevity of reproductive queens and 

the exceptionally high recombination rates observed in this lineage. Because queens reproduce 

continuously for several years and recombination can introduce mutation through double-stranded breaks 

of DNA and repair during meiosis, I tested the hypotheses that mutation rates increase with maternal age 

and that de novo mutations are enriched in genomic regions with high recombination. Overall, I did not find 

that rates of mutation change with maternal aging. However, I did find that mutations are not distributed 

randomly throughout the genome and are rather shaped by regions of high linkage disequilibrium and likely 

selection. The locations of mutations along a gene are likely influenced by processes of selection wherein 

regions that are functionally important, like introns and exons, possessed fewer mutations relative to less 

constrained regions like upstream, downstream or intergenic regions.  Furthermore, I found that mutations 

were more likely to be found in genomic windows of high linkage disequilibrium. Together, these results 

provide the first evidence of a potential link between mutation and recombination in honey bees and 

suggest that genomic processes associated with recombination may influence patterns of mutation 

accumulation in long-lived eusocial queens. 

While this dissertation provides insight into the genomic processes underlying eusocial evolution, 

several considerations should be kept in mind when interpreting these results. Across the Ceratina 

chapters, inferences about the genetic basis of social behaviour rely on population genomic patterns of 

differentiation and selection, which identify candidate loci but do not establish causal links between 

genotype and behaviour. To identify if putative loci or candidate genes are involved in these behaviours, 

future work will need to include functional validation studies with methods such as experimental 

manipulation using RNAi or gene-editing approaches such as CRISPR/Cas9 to find a mechanistic link 

between a locus and social behaviour.  
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Despite these considerations, the results of this dissertation provide a foundation for future work 

aimed at understanding the genomic mechanisms underlying social evolution. The candidate loci identified 

in the Ceratina analyses provide promising targets for functional studies that could experimentally test how 

specific genes influence social behaviour. Expanding genomic analyses to additional species across the 

spectrum of social complexity will also be important for determining how general the patterns identified 

here are and whether similar genomic mechanisms repeatedly contribute to the evolution of eusociality. 

In Apis mellifera, future work could incorporate diploid worker offspring alongside haploid drones to better 

understand how maternal aging interacts with paternal genomes and how mutation and recombination 

patterns vary among offspring with different fathers. More broadly, while this dissertation highlights 

regulatory evolution as an important mechanism associated with eusociality, continued improvements in 

genomic tools and reference genomes may reveal additional contributions from novel genes or lineage-

specific adaptations
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