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Connecting social polymorphism to single nucleotide
polymorphism: population genomics of the small
carpenter bee, Ceratina australensis
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How do social insects expand and adapt to new ranges and how does sociality per se contribute to their success (or
failure)? These questions can become tractable with the use of population genomics. We explored the population
genomics of the socially polymorphic small carpenter bee, Ceratina australensis, across its range in eastern and
southern Australia to search for evidence of selection and identify loci associated with social nesting. We sampled
and sequenced fully the genomes of 54 socially and solitarily nesting C. australensis within Queensland, Victoria and
South Australia, yielding 2 061 234 single nucleotide polymorphisms across the genome. We found strong evidence of
population-specific selection and evidence of genetic variants associated with social nesting behaviour. Both the sets
of associated loci and differentially expressed ‘social’ genes had evidence of positive selection, suggesting that alleles
at genes associated with social nesting might provide different fitness benefits.
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INTRODUCTION

Social insects are among the most successful animals
on the planet; they have expanded onto and established
on every continent, except for Antarctica. Despite their
success, there are few examples of how social species
have adapted genetically to their ranges, nor the
adaptive value of sociality per se. Although sociality
can be adaptive (Leadbeater et al., 2011), its rarity
across the animal kingdom (Wilson, 1971) suggests
that there are high tolls along the road to becoming
eusocial and that the benefits of being social might
be context specific (Rehan et al.,2014; Rehan & Toth,
2015; Kennedy et al., 2018).

The questions of how adaptive sociality is and what
costs it might have become tractable through the
careful selection of model species (Rehan & Toth, 2015)
and the combined insights of behavioural ecology
and population genomics (Sugg et al., 1996; Harpur
et al., 2014, 2017). The small carpenter bee, Ceratina
australensis, provides a useful model system to explore
the adaptive value of social vs. solitary living (Rehan,
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2020). Ceratina australensis is socially polymorphic,
living either solitarily or in small social groups
(Michener, 1974). It colonized Australia > 18 000 years
ago and since then has expanded to occupy a range
that constitutes wet subtropical forests, semi-arid
scrub and southern temperate coastal dunes (Fig. 1A;
Dew et al., 2016; Oppenheimer et al., 2018).

Across this range, C. australensis is socially
polymorphic (Rehan et al.,2010). Approximately 13% of
all nests in a given year will be social across the species
range (Rehan et al., 2010). This is surprising given
that social nesters have lower lifetime reproductive
success than solitary nesters (Rehan et al.,2010,2014).
How then has sociality been maintained across such
a wide range of habitats? It has been hypothesized
that social nesters have higher fitness than solitary
nesters during periods of high parasitism (Rehan
et al., 2010). In this case, parasites are small chalcid
wasps that enter the nest while females are away
foraging for provisions and lay their eggs in brood
cells (Rehan et al., 2014). In solitary nests, there is
greater per capita brood production but also elevated
parasitism rates, and some nests experience total
nest failure owing to complete parasitism of all brood
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Figure 1. A, sampling locations for Ceratina australensis used in this study and the bioclimatic regions from which they
were sampled. The map depicts the Australian Bureau of Meteorology climate classification, a modification of Képpen’s
classification. Data are from bom.gov.au (image credit: Martyman, CC BY-SA 3.0). B, population-level admixture among
C. australensis populations as determined through ADMIXTURE at K = 2 and K = 3 (K = populations or genetic groups).
For all three independent runs, the most likely K = 3 (average coeffiction of variation error = 0.281). Black lines separate
sampling populations. C, a principal components (PC) analysis supports the division of C. australensis into three distinct
populations. D, Venn diagram of overlapping selection on genes within the analysis.

within the nest. Social nests have a secondary female
that remains in the nest to guard while the primary
female forages. Social nests are protected from total
nest failure during high parasitism and thus have a
fitness advantage in unpredictable parasitism rates in
the environment (Rehan et al., 2014). This bet-hedging
strategy of maintaining both solitary and social
reproductive strategies in sympatry is thought to
persist via balancing selection (Kennedy et al., 2018).
Solitary nesting is advantageous in periods of low to
moderate parasitism, but social nesting is maintained

owing to the survival advantages during stochastically
high parasitism experienced by populations (Rehan
et al., 2014). If true, this hypothesis predicts selection
acting on ‘social loci’ (loci that contribute additive
genetic variation to the expression of social nesting)
in years of high parasitism and negative selection in
years of low parasitism.

Here, we have taken a bottom-up, population genetic
approach to understand where and how selection
has acted on the genome of C. australensis across
its Australian range. We created a large population
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genomic dataset with representative samples from each
of three environmental zones within Australia. Within
each population, we sampled individuals from solitary
and social nests. Using this dataset, and integrating
previously collected transcriptomic evidence (Rehan
et al., 2018), we uncovered a candidate set of ‘social
loci’, quantified how selection has acted on these loci
and found sets of genes with evidence of population-
specific selection.

MATERIAL AND METHODS
SAMPLING

Ceratina australensis nests were collected from dead,
broken stems in Warwick, QLD (28.24°S, 152.09°E),
Mildura, VIC (34.15°S, 142.16°E) and Adelaide, SA
(34.94°S, 138.50°E) during the summer reproductive
season in January 2016. Nests were split lengthwise
and adult individuals flash frozen in liquid nitrogen in
the field and transported to the laboratory for future
DNA extraction. Nests included in this study were
> 5 km apart.

We also collected two female Ceratina japonica
samples for genome sequencing to be used as a sister
species for phylogenetic comparison. These samples
were collected from dead broken stems of hydrangea
bushes in Sapporo, Japan in July 2015.

SEQUENCING, VARIANT CALLING, FILTRATION AND
FUNCTIONAL PREDICTION

Whole bodies of 54 adult C. australensis females were
used for DNA extraction. DNA was extracted using
a Qiagen Genomic-tip 20/G kit (Valencia, CA, USA),
following the standard protocol. Genomic DNA was
then used to generate 150 bp, paired-end (PE) libraries
for Illumina sequencing, performed at Genome Quebec.
Fifty-four PE libraries were constructed and sequenced
on Illumina HiSeq 2500, producing 328 145 Mb read
data. Reads were trimmed of the adapter sequence
with TRIMMOMATIC v.0.35 (Bolger et al., 2014),
aligned with BWA v.0.7.12 (Li & Durbin, 2009) to
the C. australensis genome (Rehan et al., 2018) and
re-aligned around indels with GATK v.3.5 (McKenna
et al., 2010), with duplicate reads removed by
PICARD v.1.123 MARKDUPLICATES. Single nucleotide
polymorphisms (SNPs) were detected and genotyped
using the GATK HAPLOTYPECALLER pipeline.

Our samples had an average of 12x coverage across
the entire genome (range of 5x—17x). After SNP calling
and genotyping with GATK, we removed all sites
flagged as ‘LowQual’ and obtained 4 075 576 predicted
sites. We applied several manual filters to identify
and remove low-quality sites and genotype calls.

Sites that deviate significantly from Hardy—Weinberg
equilibrium can be indicative of a poor genotype
prediction owing to low depth or complexity of the
sequence (Moskvina et al., 2006). In addition, sites in
highly repetitive regions of the genome (and difficult
to genotype) can have high sequence variability among
samples (Magi et al., 2013). In our dataset, the 29 275
sites that deviated significantly from the expectations
of Hardy—Weinberg equilibrium (P <1 x 10-°) had
significantly greater depth and greater variation in
depth among individuals than the rest of the genome
(P < 0.000001); therefore, we flagged them for removal.
Given that these sites had elevated variation in depth
across individuals, we flagged all 275 202 sites that
had high variation in depth among individuals (> 90%
of site—depth variability across the genome; SD > 35)
for downstream removal, as an added precaution.
We removed 113 782 sites with very high variation
(> 95% of our data; 23 reads) and 185 716 sites from
the 9788 scaffolds with < 500 variable sites because,
upon visual inspection, alignment appeared poor in
these gene-sparse scaffolds. We removed all of these
sites along with indels and sites that were not biallelic
using VCFTOOLS (Danecek et al., 2011) and included
filters to remove low-frequency alleles (--maf 0.01) and
genotype calls with low average depth and with fewer
than five reads (--min-meanDP 5 --minDP 5). We did
not allow genotyping calls at sites with genotyping
quality < 20 (--minGQ 20), and we did not allow sites
with > 10 individuals missing a genotyping call. Our
final dataset of 2 061 234 sites had an average of 14.7
reads per site and contained no sites with more than
two individuals missing coverage. We used SNPEFF
v.3.1 (Cingolani et al., 2012) to identify predicted amino
acid-changing mutations (non-synonymous mutations)
across all protein-coding genes within the genome.
All sequencing data generated for this study can be
accessed via NCBI SRA (BioProject: PRINA407923).

RELATEDNESS, POPULATION GENETIC METRICS AND
POPULATION STRUCTURE

We ran ADMIXTURE v.1.22 using an unsupervised
model for K = 1-5 (K = populations or genetic groups)
three times with 10 000 randomly selected SNPs and 20
cross-validation steps. For all three independent runs,
the most likely K = 3 [average coefficient of variation
(CV) error = 0.28]. We performed principal components
analysis using EIGENSOFT (Price et al., 2006). For
all the following analyses, unless otherwise stated,
we treated populations individually. We estimated
relatedness across the genome, within populations
(¢; the probability of two alleles being identical by
descent), using the VCFTOOLS --relatedness2 option
(Manichaikul et al., 2010).
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We estimated the average differentiation among
populations using F,, the pairwise fixation index (Weir
& Cockerham, 1984), as executed in VCFTOOLS (--weir-
fst-pop). We also used VCFTOOLS to estimate Tajima’s D
(Tajima, 1989) in 1000 bp windows across the genome.
To search for evidence of local adaptation within each
of the three populations, we used a haplotype-based
approach: the integrated haplotype score (iHS; Voight
et al., 2006). The iHS measures the amount of extended
haplotype homozygosity along ancestral and derived
alleles. Alleles that arise and fix owing to selection will
have extended haplotype homozygosity. The iHS is a
standardized measure across the genome and provides
a means to identify unusually large haplotypes around
a given ancestral or derived SNP. We estimated iHS and
its significance using the R package REHH (Gautier et al.,
2016). The ancestral allele was identified by integrating
genomic data from C. japonica and assuming that the
allele with the highest frequency within this population
is the ancestral allele. Phasing was performed with
SHAPEIT v.2.12 (Delaneau et al., 2014) for all sites with
an allele frequency > 0.05 and which were independently
segregating within a 50 bp window (plink --indep 50 5
2). A reference panel is not available for C. australensis,
but phasing in this way is regularly used for non-model
bee genomes (Chen et al., 2018) and should not be biased
by relatedness (Delaneau et al., 2014). We used phased
data only to estimate iHS. We estimated decay of linkage
disequilibrium using POPLDDECAY (Zhang et al., 2019).

LOCT ASSOCIATED WITH SOCIALITY

We estimated aspects of the genetic basis of social
nesting (as a binary trait: social vs. solitary nesting)
through the use of a multilocus Bayesian sparse
linear mixed model (BSLMM) and a standard
linear mixed model (LMM) using GEMMA v.0.98.1
(Zhou & Stephens, 2012) for all sites with an
allele frequency > 0.1. GEMMA includes a kinship
matrix as a random effect in order to control for
linkage disequilibrium (LD) and relatedness among
individuals. It also allows for estimation of the
amount of total phenotypic variation explained by all
SNPs, the number of SNPs (IV) where the genotypic
effect on the phenotype () is non-zero, and the effect
size of all significantly associated SNPs as fy. The
BSLMM model was run with 5 000 000 burn-in
iterations followed by 50 000 000 sampling iterations,
recording every 100 iterations (-bslmm 1 -km 2 -w
5 000 000 -s 50 000 000 -rpace 100 -wpace 100). We
ran an LMM with GEMMA that included all samples
across all sites. We repeated this same analysis for
samples only from Queensland. We found significant
correlation in the associated P-values for both models
(r =0.58; P <0000001). We assumed all associations
with P < 0.001 to be significant.

GENE ONTOLOGY

We determined the putative functional role of
locally adapted genes (any with iHS P < 0.05) and
genes associated with social nesting using the R
package topGO (Alexa & Rahnenfuhrer, 2010) using
Gene Ontology (GO) for the most recent build of
the C. australensis genome (Rehan et al., 2018). We
examined enrichment of all ontology terms (cell
component ‘CC’, molecular function ‘MF’ and biological
process ‘BP’) using the default parameters and Fisher’s
exact test. We assumed all associations with P < 0.05
to be significant.

RESULTS

VARIANT IDENTIFICATION, POPULATION GENETIC
PARAMETERS AND STRUCTURE

Our analysis revealed distinct populations
of C. australensis across Australia (Fig. 1;
Supporting Information, Fig. S1). We estimated
F, at all 2 061 234 sites across the genome among
populations and between social and solitary groups
within and between each population (Table 1). We
identified mutations within 19 269 protein-coding
gene regions and identified 170 028 predicted amino
acid-changing (non-synonymous) mutations in the
genome and 307 056 synonymous mutations. Mean
F,, was highest between Queensland and South
Australia (Fg, = 0.083) and lowest between South
Australia and Victoria (Fg, = 0.045). Nucleotide
diversity was highest within Queensland (;t = 0.11)
and lowest in South Australia (;t = 0.052; Table 1).
We found significantly lower relatedness among
samples within Queensland (¢ = 0.094 + 0.0045
SE) and Victoria (¢ = 0.059 + 0.0016 SE) relative
to South Australia (¢ = 0.12 + 0.00091 SE; ANOVA
F,, =176, P<0.00001; Tukey’s HSD for all
comparisons < 0.05). Additionally, we found evidence
of inbreeding within both Victoria (¥ = 0.17 £ 0.24
SE) and South Australia (F, = 0.46 = 0.007 SE),
but not within Queensland (¥ = -0.079 = 0.018
SE). Differences in F,, among populations were
all significant (pairwise Wilcoxon rank test;

Table 1. Pairwise fixation index (mean F;) among
Ceratina australensis populations, with nucleotide
diversity (7) within populations on the diagonal

Queensland Victoria South
Australia
Queensland n=0.11
Victoria 0.054 mt=0.085
South Australia 0.082 0.045 7t =0.052
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P <1 x 1077). Finally, we found that LD decayed
very rapidly in all three populations (Supporting
Information, Fig. S1), which is likely to reflect the
high recombination rates observed in bees more
generally (Wilfert et al., 2007). We found the highest
levels of LD within South Australia and the lowest
in Queensland (Supporting Information, Fig. S1).

We ran ADMIXTURE for K = 1-5 on three randomly
drawn SNP datasets. For all three independent runs,
the most likely K = 3 (average CV error = 0.281; Fig.
1B). As K decreased to K = 2, Queensland remained
distinct from Victoria and South Australia. We never
observed social populations segregating from solitary
populations (Fig. 1B; Supporting Information, Fig.
S1). A principal components analysis-based approach
supported the division of C. australensis into three
distinct populations and the close relationship
between the two southernmost populations relative to
Queensland (Fig. 1C).

EVIDENCE OF POPULATION-SPECIFIC
NATURAL SELECTION

Each sampled population resides in a distinct
microclimatic region: Queensland being subtropical,
Victoria grassland and South Australia temperate
(Fig. 1). Each population might therefore harbour
distinct adaptations. To detect putative genes that
have contributed to divergence between C. australensis
populations, we used iHS across the genome within
each population individually and extracted significant
outlier iHS regions as those putatively acted on by
selection (see Material and Methods). We found that
the most highly significant iHS regions of the genome
(P <1 x 107®) also had lower Tajima’s D than all non-
significant regions of the genome (mean Tajima’s D
-1.7 vs. =1.3; P = 4.4 x 10*), indicative of positive
selection. In total, we found 287 sites across 140
scaffolds with evidence of positive selection (iHS
P <1 x 1073 Supporting Information, Table S1) and an
average of 96 within each population.

There was evidence of population-specific
enrichment for GO terms within each population,
largely for protein binding (Supporting Information,
Table S2). Finally, positively selected variants were
distributed evenly among functional classes (e.g. non-
synonymous, introns; Fisher’s exact test, P > 0.1 for all
comparisons; Supporting Information, Table S1).

poo
|

—log10(P value)

VARIANTS ASSOCIATED WITH NESTING CONDITIONS
ARE PLENTIFUL AND OF WEAK EFFECT

Several lines of evidence suggest that genetic variation
contributes to the expression of social nesting within
C. australensis. First, using a genome-wide association
approach, we identified 350 sites significantly
associated with social nesting (Fig. 2). Second, we found
that these SNPs had higher F, (mean = 0.21) between
solitary and social nesters in Queensland than all
SNPs across the genome (mean = 0.029; P < 0.00001).
Finally, we found that 31% of the phenotypic variation
was explained by all SNPs, which is significantly
more variation than a permuted-phenotype dataset
(consisting of the same genotypic data but with
phenotypes exchanged among samples, randomly;
F =24 207; P <2 x 1076).

1,675 098

GENES WITHIN NESTING STRATEGY-ASSOCIATED
REGIONS HAVE DISTINCT FUNCTION AND EVIDENCE OF
SELECTION

The 350 variants associated with nesting strategy
overlapped with 281 protein-coding genes (Supporting
Information, Table S3). We found no evidence
of enrichment within any particular functional
mutational class (e.g. non-synonymous; Fisher’s exact
test P > 0.1). We did, however, find that associated
genes overlapped with those found to be expressed
differentially between naturally occurring social and
solitary nesting individuals (Rehan et al., 2018). This
was significantly morethan expected by chance (Fisher’s
exact test P = 0.026). Ten of the candidates were found
to be upregulated in social females, and one was found
to be upregulated within solitary nesting females
(Supporting Information, Table S3). One candidate,
Caust.v2_004417, a core promoter and histone-
binding protein (NSL1), was significantly associated
with social nesting in our study and was also found
to be upregulated in social females relative to solitary
females (Rehan et al., 2018). NSL1 is differentially
expressed between socially founding and solitarily
founding queen ants (Manfredini et al., 2013). As a set,
the social-associated genes were significantly enriched
for 26 GO terms (Supporting Information, Table S4).
Previous investigations discovered 337 significantly
enriched GO terms for genes expressed differentially
between and among social and solitary behavioural
classes in C. australensis (Rehan et al., 2018).

i

N

i 0

Figure 2. Manhattan plot showing genome-wide association analyses identifying significant SNP sites associated with

social nesting behaviour.
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Of the 26 significant GO terms we discovered in our
study, six (GO:0004252, GO:0005201, GO:0005509,
G0O:0005581, GO:0005992 and GO:0008021)
overlapped with the 337 found previously (Supporting
Information, Table S4). These terms have been
associated with social behaviour across many studies
(Supporting Information, Table S4).

We found some evidence that alleles within
associated genes might be acted on by positive
selection. Of the set of 281 genes we identified
tentatively to be associated with social nesting, 18 also
had significant evidence of positive selection in at least
one population (Supporting Information, Tables S1
and S3). Additionally, a single gene (Caust.v2_003367),
which is expressed differentially between social and
solitary nesters (Rehan et al., 2018), shows evidence of
positive selection (Supporting Information, Table S1).

DISCUSSION

Our bottom-up, population genomic approach allowed
us to examine patterns of genetic diversity, identify
putatively selected loci and identify a tentative list
of loci contributing variation to the expression of
social nesting within populations of C. australensis.
We have provided gene lists for future functional
analyses to target and explore both the fitness effects
of candidates and their role in social behaviour. The
latter list is a particularly important contribution
because it represents the first genome-wide association
for nesting behaviour in small carpenter bees. Most
importantly, we have demonstrated that by careful
selection of a model species, integrating natural
history and novel genome-wide approaches, we can
begin to disentangle the role of genetics and ecology in
the evolution of facultative sociality.

POPULATION STRUCTURE, DIVERSITY AND NATURAL
SELECTION IN C. AUSTRALENSIS

Here, we study three genetically distinct populations of
C. australensis within Australia. Populations currently
present in Victoria and South Australia are likely to be
younger and/or have experienced greater demographic
changes than in Queensland (Fig. 1). Our data, along
with those of two previous studies using mitochondria-
(Dew et al., 2016) and microsatellite-based methods
(Oppenheimer et al., 2018), strongly support a
migration of C. australensis out of Queensland and into
Victoria and South Australia. The three populations
are likely to represent a large, core population in
Queensland and two marginal populations in South
Australia and Victoria. As expected of marginal
populations, both Victoria and South Australia have
reduced genetic diversity and elevated population

differentiation relative to their source population (Le
Corre & Kremer, 1998; Eckert et al., 2008).

The marginal populations in Victoria and South
Australia also suffer from reduced genetic diversity
and inbreeding, which might reduce their likelihood
of persistence (Zayed & Packer, 2005). The effects of
population expansion might have been exacerbated
further in South Australia by a recent bottleneck.
Previous studies have linked this bottleneck to
habitat fragmentation (Oppenheimer et al., 2018).
Regardless of the cause, evidence of inbreeding
within the southern margins of C. australensis
(the first documented evidence to date) might have
important implications for the persistence of the
species. Inbreeding can be particularly harmful to
bee populations owing to their mechanism of sex
determination (Van Wilgenburg et al., 2006; Harpur
et al., 2013). In many bees, sex is determined by the
genotype at autosomal sex loci (a system call the
complementary sex determination pathway), with
eggs heterozygous at sex loci becoming female and
hemizygous eggs developing into males (Whiting, 1933,
1943). When a diploid egg is homozygous at sex loci,
a diploid male develops. Across many species diploid
males are sterile, and their presence increases the
probability of a population becoming locally extirpated
or extinct without an influx of genetic diversity
(Zayed & Packer, 2005; Harpur et al., 2013). In large
populations, the number of alleles at complementary
sex determination loci should be sufficiently large to
make it unlikely to produce homozygosity (Yokoyama
& Nei, 1979); however, small bee populations can be
at risk of both inbreeding and diploid male production
(Zayed & Packer, 2005; Van Wilgenburg et al., 2006).
Recent observations of diploid males in South
Australia (Oppenheimer & Rehan, 2020), along with
our genome-wide evidence of inbreeding (above) and
annotated versions of complementary sex determiner
(csd) and feminizer in the C. australensis genome
(Rehan et al., 2018), suggest that this population
might be at risk of extirpation without an influx of new
genetic diversity. Future laboratory-based breeding
trials in this species would help to elucidate the risk of
diploid male production in this group and the number
and identity of sex-determining loci (Van Wilgenburg
et al., 2006; Harpur et al., 2013).

VARIANTS ASSOCIATED WITH NESTING CONDITION

The three populations of C. australensis each harbour
social and solitary nests; ~13% of nests in a given year
will be social (Rehan et al., 2010). We have uncovered
the first evidence that social nesting behaviour in
C. australensis might be associated with genetic
variation. There was no single large-effect locus that
could provide the sole explanation for the variation
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in social nesting. Although social nesting might be a
heritable trait, its expression is influenced by several
hundred loci across the genome, each with a very
small effect.

We note that the genome association we performed,
as with all genome scans, is highly tentative.
Although we used some of the best available
techniques to control for relatedness among samples
and population structure, our sample size is smaller
than that of a typical genome-wide association
study (Nishino et al., 2018; Pardinas et al., 2018).
Unfortunately, it is biologically unrealistic to obtain
sample sizes even an order of magnitude larger for
Ceratina because their cavities can be difficult to
find and are often limited to one or a few per site
(Rehan et al.,2010). We believe that our data present
a good starting point for further genetic analysis. The
genes we identified overlap with previously reported
genes expressed differentially in this species (Rehan
et al., 2018; Steffen & Rehan, 2020) and they overlap
with GO terms associated with social behaviours in
several other species (Supporting Information, Table
S4). Future functional genomic work along with
controlled crosses will be able to test the hypothesis
that these genes are indeed associated with social
nesting.

Although it is common to score social behaviour as
binary (social vs. solitary), it is crucially important
to recognize that sociality is a complex trait. In
C. australensis, social colonies contain a primary
female, who forages and reproduces, and a secondary
female, who remains within the nest and delays
reproduction until the following season (Rehan et al.,
2010). Unlike other social insect species, there are no
differences in size between primary and secondary
nest mates (Sakagami & Maeta, 1984, 1987; Maeta,
1995; Rehan et al., 2009, 2015). However, the social
secondary female does not forage and has smaller
ovaries than her social primary (Rehan et al., 2010).
It has been suggested that a reproductive primary
might only ‘tolerate’ a non-reproductive, non-foraging
nest mate (Rehan et al., 2010) and that a secondary
female might have different dispersal abilities from
a solitary female or primary (Rehan et al., 2014). The
genetic influence on social nesting could therefore
be multifactorial. In the social secondary, loci might
contribute to variation in ovarian development,
dispersal or general flight ability. In the primary,
loci might contribute to variation in the tolerance
of accepting a social secondary. It therefore seems
unsurprising in terms of both quantitative genetic
expectations and our understanding of the natural
history of this species that many loci exhibit
genetic variation associated with social nesting
behaviour. Furthermore, in at least one other socially
polymorphic bee species the nesting strategy seems

to be underpinned by many loci with weak effects
(Kocher et al., 2018). At least in bees (for ants, see
Wang et al., 2013; Purcell et al., 2014), social nesting
conforms to the fourth law of behavioural genetics: for
a particular behavioural trait, there will be very many
genetic variants, each of which accounts for a very
small proportion of the heritable variation (Valdar
et al., 2006; Park et al., 2011; Savolainen et al., 2013;
Chabris et al., 2015).

Our candidates provide a useful list for further
functional validation. Of the numerous genes
associated with social nesting, few stand out as
candidates for further functional validation. Caust.
v2_004417 (NSL1) is associated with social nesting
in our study and is upregulated in social females
(Rehan et al., 2018) and ant queens that found
colonies socially (Manfredini et al., 2013). There has
been no functional analysis of NSL1 within bees, but
within Drosophila, NSL1 is required for germline cell
maintenance and oogenesis (Yu et al., 2010). Common
variants in this and other candidate genes might act
to increase the likelihood of a female being of reduced
reproductive quality in her first year and push her into
a non-foraging, non-reproducing social secondary role.
The action of those variants is yet to be understood
but could occur through apoptosis in ovarian tissue
of a social secondary. Apoptosis of ovarian tissue in
honeybee workers is crucial to regulating their non-
reproductive status (Ronai et al., 2016). How exactly
that occurs mechanistically will be an exciting avenue
for future research.

Our work provides further useful insights into
the evolution of social nesting in C. australensis
and a novel hurdle in the evolution of eusociality
in general. Across multiple years, C. australensis
has been observed to nest socially in 13% of nests
(Rehan et al., 2010). Social nesting individuals have
lower fitness than their solitary nesting conspecifics
(Rehan et al., 2010, 2014). We found tentative evidence
of positive selection at loci associated with social
nesting, supporting previous bet-hedging hypotheses
regarding the adaptive mechanisms through which
social nesting is maintained in C. australensis (Rehan
etal.,2010,2014). Why then does social nesting persist
across these populations? The genetic architecture
might contribute to the persistence of the social
polymorphism. The strength of selection acting on a
QTL allele is proportional to its effect size (Lande,
1976). Loci with a small effect are unlikely to reach
fixation unless acted on by strong positive selection
for many generations. Selection against (or for) social
nesting would therefore be inefficient at fixing the
phenotype. This effect, coupled with the possibility
of solitary nesters proliferating during years of
low parasitism, suggests that social nesting is very
unlikely to fix in C. australensis.
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CONCLUSIONS

Social species have colonized every continent
successfully. They are argued to be among the most
successful organisms on the planet (Wilson, 1971).
Despite this, we know little about the genetics of
social behaviour nor how ‘social genes’ contribute
to the adaptive divergence of lineages. Here, we
used the socially polymorphic small carpenter bee,
C. australensis, to carry out a tentative exploration
of the genetic architecture of social behaviour and
quantify adaptive selection on those genes contributing
variation to the expression of social behaviour. We put
forward that in this species, social behaviour is likely
to be controlled by many loci of very small effect. If
incipient sociality is generally controlled by many loci
of small effect (Kocher et al., 2018), this might provide
another impasse to the evolution of obligate sociality in
general, because only very strong selection events can
fix alleles in these cases. In the case of C. australensis,
empirical evidence and mathematical models suggest
that social nesting is maintained weakly during years
of high parasitism and difficult to purge during years
of low or no parasitism (Rehan et al., 2014; Kennedy
et al., 2018). This raises an intriguing question about
the evolution of social behaviour: how much (or how
little) does ‘social genetic architecture’ facilitate
the evolution of social behaviour? This question will
benefit greatly from the continued exploration of
socially polymorphic species and their social and
solitary relatives.
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