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Abstract

Whilst genes can drive social traits, social traits themselves can create and maintain genetic
variation in populations. The resulting underlying genetic variation can shape how individuals
respond to challenges (e.g., stress, undernutrition) and/or predict how rapidly populations adapt to
changing environments (e.g, climate change, habitat destruction). Here, we investigate how a
social behaviour, parental care, can shape molecular genetic variation in the subsocial insect
Nicrophorus vespilloides. Using whole genome sequencing of populations that have evolved in the
presence or absence of parental care for 30 generations, we show that parental care can increase
levels of standing genetic variation. In contrast, under a harsh environment without care, strong
directional selection causes a reduction in genetic variation. Furthermore, we show that adaptation
to the loss of care is associated with genetic divergence between populations at loci related to
stress, morphological development and transcriptional regulation. These data shed light on the
genetic processes that shape and maintain genetic diversity in response to parental care within

populations and the mechanisms of adaptation to stressors in the face of the extreme loss of care.
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Introduction

While much attention has been paid to identifying genes that drive social behaviours [1,2],
relatively few studies have focused on how changes in social behaviour could affect the
accumulation and maintenance of genetic variation. Yet, social living is associated with large-scale
restructuring and the evolution of genome organization and architecture [3]. In humans, benevolent
social activities, such as modern health care, are thought to have led to the accumulation of
deleterious mutations within populations [4,5]. Moreover, the capacity for co-operative brood care
in insect societies to maintain and/or buffer against extreme changes in effective population size is
thought to be a key determinant of population stability [6—8]. Therefore, the extent to which genetic
variation is affected by social behaviour has implications for the health of populations and their
capacity to rapidly adapt to environmental perturbations. Here we investigate how a cooperative
social behaviour, namely the supply of parental care, contributes to genome-wide levels of genetic
variation. We focus on parental care in a subsocial pair-breeding insect, rather than more
elaborate forms of sociality, to avoid the confounding effects of extreme reproductive skew on
genetic variation, which is common in cooperative insect societies.

Cooperative social interactions often function to shield social partners from a harsh physical
environment and the same is true for parental care [9,10]. Without cooperation generally, and care
specifically, individuals would be exposed to strong, frequently directional, selection pressures
from the abiotic environment, which would favour the evolution of new adaptations and cause an
associated reduction in genetic variation. On the other hand, the presence of cooperative care
relaxes selection from this wider environment, theoretically allowing genetic variation to
accumulate. Indeed, several lines of evidence have shown that cooperative social behaviours,
including care, are sufficient to allow mildly deleterious mutations to accumulate within populations
[11-15]. In this way, parental care, could shift the ‘mutation-selection’ balance by relaxing selection
and preventing the elimination of new spontaneous mutations. The resulting increase in genetic
variation could emerge in the form of single nucleotide polymorphisms (SNPs) and/or other
structural genetic variants (e.g., indels, transposable elements and/or recombination events)
depending on the natural mutation rate of such variants. Such “cryptic” variants could then be
maintained in the population with a combination of environmentally-induced genetic capacitors,
epigenetic modifications and/or RNA-mediated signals [16]. Despite the widespread suggestion
that changes in parental care can shape genetic variation, we still have a poor understanding of
how and where such changes might occur on a molecular genetic level.

Here we use evolving populations of burying beetles (N. vespilloides) to explore how
parental care affects levels of standing genetic variation and how populations may adapt in the
face of its loss. In natural populations of this locally abundant subsocial insect, burying beetle
parents raise their young on a carrion nest, formed from a small dead animal, such as a mouse or
songbird. There is continuous variation in the level of parental care supplied, with some parents

leaving before their young have even hatched [17]. We exploited this natural variation in care to
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establish two types of experimentally evolving populations in the laboratory, which varied only in
the family environment that larvae experienced during development, and where the same family
environment was created for successive generations within populations. In Full Care populations
(FC), parents remained with their young throughout development; whereas in No Care populations
(NC), parents were removed just prior to hatching. We have previously shown that No Care
populations evolved adaptively [18] and divergently from Full Care populations in the extent of the
pre-hatching care behaviours [19], the extent of sibling cooperation [20,21] and in their larval
morphology [22]. We use pooled whole-genome re-sequencing of these populations to document
genetic variation at the molecular level when care was present and when it was prevented
experimentally. First, we determined the effect of care on within-population genetic variation (SNP
diversity; theta and pi). Second, we identified the genetic loci that had diverged to the greatest
extent following the removal of care by looking for regions of high genetic differentiation (Fsr)

between experimental populations.

Methods

Breeding design & Experimental Evolution

We sampled DNA from experimental populations of Nicrophorus vespilloides that had been
evolving under different regimes of parental care, and which were founded from a genetically
diverse founding population generated by interbreeding beetles from multiple wild populations
across Cambridgeshire. These populations have been described in detail previously [18], and
comprise a total of 4 populations: two blocks (Block 1 and Block 2; separated by 1 week)
containing two populations evolving with (FCpop) or without parental care (NCpop). On the 29"
generation, when individuals were sexually mature, we paired 15 males and females within each
population (N=60 pairs in total). Each pair was placed in a separate breeding box with moist soil
and a thawed carcass (10-12g). We then placed each breeding box in a cupboard and allowed
parents to prepare the carcass and for the female to lay the clutch of eggs. After 53h, populations
were split such that both parents were either removed (in keeping with the procedure experienced
by the NCpror). Approximately 80h after hatching we randomly selected 4 larvae from each family

for DNA extraction.

Larval tissue dissection, DNA extraction & Whole-genome sequencing

For each family, DNA from heads of first instar larvae were pooled and extracted using a modified
version of the Qiagen DNEasy Mini Kit. Total DNA quality was checked using gel electrophoresis
and yield was quantified using a Qubit DNA Assay Kit (Thermo Fisher). Families were pooled in
equimolar concentration to generate 4 libraries: FC1, FC2, NC1, and NC2 with pool sizes of 82,

104, 104, 118 individuals, respectively. Each family was represented equally within the sequencing
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library. Whole genome re-sequencing libraries were constructed and sequenced (150bp paired-

end) at a depth of 100x using an lllumina Novaseq 6000 platform by Novogene (Hong Kong).

Bioinformatic Analyses

Reads were trimmed using TrimGalore (0.5.0; https://github.com/FelixKrueger/TrimGalore) to

remove adaptor sequences, perform quality trimming and discard low-quality reads. Reads were
aligned in paired-end mode using the burrows-wheeler aligner (bwa) to the N. vespilloides
reference genome (NCBI Refseq Assembly: GCF_001412225.1) [23,24]. See Supplementary
Table 1 for read mapping statistics. Duplicates were removed using PicardTools
(http://broadinstitute.github.io/picard/) and indels were filtered using the Popoolation toolbox [25].
We used pi and theta to measure levels of standing genetic variation within populations. To
measure the extent of standing genetic variation within populations, pi and theta statistics were
calculated for non-overlapping 1000bp windows across the genome using tools from Popoolation.
To measure the extent of genetic divergence between populations, we used Popoolation2 [26] to
calculated the pairwise fixation index (Fsr) for all combinations of population pairs across 500bp
sliding windows (250bp overlap) across the genome. SNPs were called using sites with read
counts between 40 and 400. To find windows where evolving populations may have diverged,
controlling for random drift, we computed a relative Fsr ratio of the geometric mean of the between-
population comparisons (i.e., FC1;NC1, FC1;NC2, NC1;FC2, FC2;NC2) to the arithmetic mean of
the within-population Fst's (FC1;FC2, NC1;NC2) ); in other words, we focussed on windows with
small differences between populations under the same selection regime but large differences in
populations with different regimes. The top 1% of Fsr ratios were selected as regions of interest.
Additionally, we extracted genome-wide Fsr using the R package poolfstat [27] and population
structure of all SNPs using the core model of BayPass version 2.1 [28] to estimate scaled
covariance (Q) matrices. All subsequent statistical analyses were performed in R version 4.1.2
using the core R stats package [29]. Data wrangling and visualisations were performed using the

tidyverse suite [30].

Functional Annotation

Functional enrichment analyses were conducted using the topGO R package version 2.38.1 [31] to
identify over-representation of particular functional groups within the DEGs in response to the
removal of care as well as the evolved response to the removal of care, based on GO
classifications using Fisher’s exact test. GO terms were annotated to the N. vespilloides genome
using the BLAST2GO (version 5.1.1) workflow to assign homologs to the Drosophila non-

redundant protein databases [32].

Data Access & Code Availability
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All raw sequencing data generated have been submitted to the NCBI Gene Expression Omnibus
(GEO) under accession number (##H#H#HHHE). All code for the analyses contained within this

manuscript can be found at: https://github.com/r-mashoodh/nves dnaEvol.

Results

Standing genetic variation between populations

To determine if populations differed in the extent of standing genetic variation we commuted both
theta (theta) and pi (symbol) statistics for each population across 1000bp non-overlapping
windows. Populations that evolved under Full Care (FC1 and FC2) had higher theta values than
populations evolved under No Care (NC1 and NC2) (Block 1: H(1)=59.21, p=1.418e-14; Block 2:
H(1)=61.60, p=4.199e-15). Similarly, there were higher Pi values in FC compared to NC, though
this effect was not present in Block 1 (Block 1: H(1)=3.45, p=0.06; Block 2: H(1)=159.8, p<2.2e-
16). Together, these results suggest that FC populations maintained more SNP diversity compares
to populations evolving under NC (Table 1). However, evolving populations did not differ in their

mutation spectrum (Supplementary Figure 1).

Adaptive genetic differences between populations

Hierarchical clustering of populations was consistent with the idea that the NC populations have
diverged from their FC counterpart as there was more shared variation within replicates than
between (Supplementary Figure 2). Genome-wide pairwise Fsr differences indicated that genetic
divergence exists between experimental (NC) populations as well as between control (FC)
populations (Supplementary Table 2). To control for any random drift between populations, we
used an Fst of between and within population divergence to look for consistent divergence across
the replicates (Figure 1A; see Methods). Using this approach we identified 331 differentiated
genes (Supplementary Table 3), with 10 genes overlapping with the 5’UTR region (Figure 17?).
These genes were generally enriched for GO processes associated with morphogenesis, neural

development, immunity, and chromatin organization (Figure 1B; Supplementary Table 4).

Discussion

We found that populations with parental care had greater levels of genetic variation, in the
form of higher theta and pi diversity, than in the populations where care was prevented. This
suggests that presence of parental care can relax selection sufficiently to lead to the accumulation
of SNP variants. The majority of this accumulated genetic variation is likely to be either neutral or
mildly deleterious, since the majority of new mutations generally fall into either of these two
categories [5,33]. Indeed, we have previously demonstrated that inbreeding of these populations
resulted in faster extinction of Full Care compared to No Care populations, further suggesting that,
at least some, of the variation accumulated in the presence of care was deleterious [14]. Although

we measured only SNP variation here, genetic variants that arise through different types of
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mutation or recombination could also, in theory, be maintained in the population by parental care.
Whether care specifically favours particular mutants remains to be tested in future studies.

In contrast, the harsher No Care environment imposed strong directional selection resulting
in rapid adaptation [18,21] and reduced levels of standing genetic variation. These results are
highly suggestive of adaptation in the laboratory populations from standing genetic variation
already present in the founding wild populations who are inclined to provide care. The loss of care
in N. vespilloides is likely to be associated with greater levels of environmental stress during
development and heightened exposure to pathogens from the carrion resource [34,35]. We have
previously shown that adaptation to a No Care environment is associated with gene expression
signatures that show blunted stress responses and compensatory expression in metabolic and
developmental pathways [34]. Our data here suggest that adaptation caused the No Care and Full
Care populations to diverge genetically at loci that could promote immunity, metabolic and
behavioural stress resilience in the absence of care.

We have previously shown that larvae from the No Care populations evolved to show
greater levels of sibling cooperation than larvae from the Full Care populations [15,20]. Our finding
of divergence between the populations at the cytochrome P450 gene, which appears to be a
homolog of the Drosophila Cyp6a20 gene, is therefore of particular interest since deletions of this
gene have been previously associated with higher levels of aggression and reduced sociality in
fruit flies [36]. Furthermore, this gene is also intertwined with juvenile hormone pathways which are
known to be involved in multiple facets of behavioural and morphological development [37] and
could facilitate better access to, or use of, the carrion breeding resource. Not surprisingly, many of
the genetic differences between the populations are in upstream regions and/or genes that encode
for transcription factors or chromatin modifiers, suggesting that changes in regulatory function is a
key component of adaptation to the loss of care. Differences in regulatory functions could shape
levels of gene expression of other genes, further buffering against stress in the absence of
parental care [34]. Although we cannot identify a single gene or master regulator within the genetic
changes, these data identify candidate genes that might play key roles in conferring resilience to
the loss of care, and environmental stressors more broadly.

While we show here that parental care contributes to genetic variation through its effect on
selection, it is possible that the incidence of mutation is itself reduced by the loss of parental care.
Mutation rates have a strong genetic basis and can vary between individuals and amongst
populations [38,39]. Given that the loss of care is a major developmental stressor, and that stress
has been shown to induce mutations, adaptation to the loss of care could involve genetic
mechanisms that dampen and/or buffer the consequences of new mutations that arise [11,33].
Consistent with this hypothesis, we found high levels of genetic differentiation amongst genes
involved in DNA replication and repair (e.g., flap endonuclease 1, FEN1, and the checkpoint
protein, HUS1). Though we did not detect major biases in the mutation spectrum between

populations, these genes could facilitate efficient DNA repair and further shape the mutation rate.
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In short, each populations could favour an optimal mutation-selection balance, resulting in different

levels of standing genetic variation based on levels of care [33,40]. These data pose key new

questions for future work: Does parental care facilitate the evolution of mutation rate, and greater

standing genetic variation? And if so, does it help or hinder adaptation in a rapidly changing world?
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Figures & Tables

Table 1. Median theta and pi values for each population evolving under Full Care (FC) and No
Care (NC) for each block. Delta is difference between median values between FC and NC
computed separately for each block. All p-values have been corrected for multiple testing (*

indicated p < 0.001).

Evolving Population

Block FC NC A (FC-NC) p-value
Theta 1 0.00790337 0.00771818 1.85e-04 1.418e-14*
2 0.00745356 0.00733697 1.17e-04 3.398e-15*
Pi 1 0.00841688 0.00845359 -3.67e-05 0.063
2 0.00841374 0.00814727 2.66e-04 4.400e-16*

1Non-parametric Kruskall-Wallis test, df=1
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Figure 1. (A) Fsrratios for each 500kb overlapping windows sorte by position. Dashed red line
indicates 99" percentile. (B) Top representative enriched GO terms (biological processes) for the

most diverged genes between Full Care and No Care populations.
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Supplementary Information

Supplementary Table 1. Mapping statistics of pooled libraries for both replicates of
populations evolving in the presence of parental care (Full Care; FC1 and FC2) and in the
absence of care (No Care, NC1 and NC2).

Population Total reads Mapped reads Mapping rate Average depth
(count) (count) (%) (X)
FC1 140,310,148 122,522,219 87.32 79.86
FC2 163,923,157 143,606,777 87.61 93.34
NCA1 163,237,789 140,227,292 85.90 91.55

NC2 151,459,484 131,781,027 87.01 85.11
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Supplementary Figure 1. The proportion of each mutation class amongst each population
evolving in the presence of parental care (Full Care; FC1 and FC2) and in the absence of
care (No Care, NC1 and NC2). Error bars show multinomial 95% confidence interval.
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Supplementary Figure 2. Population structure, based on hierarchical clustering of a scaled
SNP covariance matrix derived for populations for both replicates of populations evolving in
the presence of parental care (Full Care; FC1 and FC2) and in the absence of care (No
Care, NC1 and NC2).
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Supplementary Table 2. Pairwise genome-wide Fsr for populations evolving with (FC1 and FC2)
and without parental care (NC1 and NC2) with 95% confidence intervals (Cl) of the estimate (SE)
and number of SNPs used to calculate Fst (N).

Comparison Fst estimate SE (95% ClI) N
FC1;NC1 0.141 4.042E-04 3,462,485
FC1;FC2 0.160 4.192E-04 3,462,485
FC1;NC2 0.173 4.713E-04 3,462,485
NC1;FC2 0.161 4.143E-04 3,462,485
NC1;NC2 0.174 4 674E-04 3,462,485
FC2;NC2 0.170 4.670E-04 3,462,485
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Supplementary Table 3. Genes that are adaptive sig.
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Supplementary Table 4. GO Annotations.
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