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ABSTRACT

Understanding the genetics of adaptation and speciation is critical for a complete picture
of how biodiversity is generated and maintained. Heterogeneous genomic differentiation
between diverging taxa is commonly documented, with genomic regions of high differentiation
interpreted as resulting from differential gene flow, linked selection, and reduced recombination
rates. Disentangling the roles of each of these non-exclusive processes in shaping genome-wide
patterns of divergence is challenging but will enhance our knowledge of the repeatability of
genomic landscapes across taxa. Here, we combine whole-genome resequencing and genome
feature data to investigate the processes shaping the genomic landscape of differentiation for a
sister-species pair of haplodiploid pine sawflies, Neodiprion lecontei and Neodiprion pinetum.
We find genome-wide correlations between genome features and summary statistics are
consistent with pervasive linked selection, with patterns of diversity and divergence more
consistently predicted by exon density and recombination rate than the neutral mutation rate
(approximated by dS). We also find that both global and local patterns of Fgr, dxy, and & provide
strong support for recurrent selection as the primary selective process shaping variation across
pine sawfly genomes, with some contribution from balancing selection and lineage-specific
linked selection. Because inheritance patterns for haplodiploid genomes are analogous to those
of sex chromosomes, we hypothesize that haplodiploids may be especially prone to recurrent
selection, even if gene flow occurred throughout divergence. Overall, our study helps fill an
important taxonomic gap in the genomic landscape literature and contributes to our

understanding of the processes that shape genome-wide patterns of genetic variation.

Keywords: genomic landscape, linked selection, speciation genomics, Neodiprion, haplodiploid
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42 INTRODUCTION

43 A core goal in speciation genomics is to use genome-scale data from closely related

44  populations and species to make inferences about the genetic underpinnings, evolutionary

45  mechanisms, and demographic context of speciation (Wolf and Ellegren 2016; Han et al. 2017,
46  Stankowski et al. 2019; Shang et al. 2023). Technological advances over the last two decades

47  have made it possible to characterize the genome-wide landscape of genetic variation in virtually
48 any organism. A deluge of such genomic landscapes has revealed highly heterogeneous patterns
49  of genetic variation across genomes as well as variable landscapes across taxa (e.g., Martin et al.
50 2013; Burri et al. 2015; Irwin et al. 2016, 2018; Ma et al. 2018; Han et al. 2017; Talla et al. 2019;
51  Stankowski et al. 2019; Sun et al. 2022; Bendall et al. 2022; Jiang et al. 2023; Shang et al. 2023).
52  As more and more data accrue, an emerging challenge is to identify factors that reliably predict
53  genomic landscape characteristics. To this end, three general frameworks have emerged to

54  interpret patterns of genomic variation: (1) exploration of relationships between genome features
55  and genetic summary statistics; (2) exploration of relationships among different genetic summary
56  statistics; and (3) comparison among taxa differing in features that are likely to affect genomic
57 landscapes of differentiation.

58 The first framework for interpreting genomic landscapes incorporates decades of

59 theoretical work that describe how the interplay of mutation, gene flow, selection, and

60 recombination affects levels of genetic variation and differentiation (Ravinet et al. 2017; Burri
61 2017a). For example, purifying selection purges deleterious mutations while positive selection
62 fixes advantageous mutations (Charlesworth et al. 1993; Maynard Smith and Haigh 1974;

63  Rodrigues et al. 2023). Importantly, neutral loci that are physically linked to the deleterious

64  and/or beneficial mutations are also affected: the haplotype background on which the mutation
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arose is either lost (background selection) or sweeps to high frequency or fixation (selective
sweep), resulting in the loss of most or all other haplotypes. Thus, both background selection and
selective sweeps, collectively referred to as “hitchhiking” or “linked selection”, lead to a loss of
local within-species genetic diversity () and increased differentiation (Fgr) between species
(Charlesworth et al. 1993; Charlesworth 1998; Fay and Wu 2000; Via and West 2008; Cutter and
Payseur 2013; Rougemont et al. 2019; Han et al. 2017). That said, recent theoretical work
suggests that selective sweeps lead to a greater loss of genetic diversity compared to background
selection (Matthey-Doret and Whitlock 2019; Schrider 2020).

The abundance of different types of polymorphic sites will also be affected by linked
selection. For example, both background selection and selective sweeps are expected to produce
a deficit of mid-frequency neutral variants surrounding selected sites (Tajima 1989;
Charlesworth et al. 1995; Cutter and Payseur 2013; Burri et al. 2015). Moreover, an expectation
unique to selective sweeps is an excess of high-frequency derived variants (Fay and Wu 2000;
Burri et al. 2015). Because linked selection is expected to be most pronounced in low-
recombination and gene-dense regions of the genome, widespread linked selection predicts
genome-wide correlations between genetic variation summaries (7, Fsr, dxy, and summaries of
the site-frequency spectrum such as Tajima’s D and Fay and Wu’s H) and both recombination
rate and gene density (Table 1A, Cutter and Payseur 2013; Comeron 2017; Rougemont et al.
2019; Stankowski et al. 2019; Chase et al. 2021).

Variable mutation rates can also contribute to heterogeneity in diversity and
differentiation across genomes (Ravinet et al. 2017). On the one hand, as the ultimate source of
new variation, mutation rate is expected to correlate positively with diversity (Castellano et al.

2019). On the other hand, because most non-neutral mutations are deleterious (Muller 1950),
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genomic regions with high mutation rates may be more likely to be targeted by background
selection, resulting in low diversity and high differentiation (Ohta 1992; Eyre-Walker and
Keightley 2007; Ravinet at al. 2017). Other features of the genomic landscape can have similarly
nuanced effects on genetic variation. For example, centromeric regions are often subject to
unique selection pressures (Henikoff et al. 2001; Padmanabhan et al. 2008; Fishman and
Saunders 2008; Hofstatter et al. 2021) and often have higher mutation rates and lower
recombination rates and gene densities than non-centromeric regions (Bensasson 2011; Ravinet
etal. 2017). Accordingly, some studies found that within-species genetic diversity is lower and
differentiation is higher near centromeres (e.g., Begun et al. 2007; Gore et al. 2009), while other
studies found that within-species genetic diversity is higher near centromeres (e.g., Branca et al.
2011; Clark et al. 2007). Overall, many genomic variables—which are also expected to correlate
to varying degrees with one another—are predicted to affect genome-wide patterns of genetic
variation. Evaluating their contribution to observed genomic landscapes requires high quality,
annotated genomes with complementary data for inferring mutation and recombination rates.
When such data are available, multiple linear regression can be used to evaluate the explanatory
power of each genomic predictor variable relative to other sources of variation for each genetic
summary statistic (e.g., Burri et al. 2015; Samuk et al. 2017; Stankowski et al. 2019; Kartje et al.
2020).

The second framework for interpreting patterns of genomic variation examines
relationships among genetic summary statistics [differentiation (Fsr); between-population
pairwise nucleotide distance, commonly referred to as absolute divergence (dxy); and within-
species pairwise nucleotide diversity (7)] at both local and genome-wide scales to make

inferences about the selection scenario(s) shaping observed genomic landscapes (Table 1B-C).
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Due to recombination, each bout of selection should affect only selected sites plus tightly linked
sites. Thus, different selection scenarios are expected to give rise to different local patterns of
Fsr, dxy, and . Although most genomic landscapes are almost certainly shaped by multiple
types of selection, examining genome-wide relationships among genetic summary statistics can
reveal whether a particular type of selection scenario has tended to predominate. The four
primary evolutionary scenarios considered under this framework are divergence-with-gene-flow,
allopatric selection, recurrent selection, and balancing selection (Han et al. 2017; Irwin et al.
2016, 2018; Shang et al. 2023).

In the first scenario, divergence-with-gene-flow, loci that contribute to reproductive
isolation, as well as any linked neutral loci, experience restricted gene exchange between the
diverging lineages. This results in locally reduced n and elevated Fst (Han et al. 2017). Due to
the locally restricted gene flow, average coalescent times between lineages of the two
populations are older, leading to locally elevated dxy (Charlesworth 1998; Cruickshank and
Hahn 2014). Other parts of the genome are homogenized by gene flow, thereby reducing both
Fsrand dxy (Irwin et al. 2018). The remaining three scenarios are similar in that they do not
explicitly include gene flow, but they differ in the primary selection pressures shaping genome-
wide variation.

Under what has been referred to as the allopatric selection scenario, selective sweeps
associated with local environmental conditions and background selection occur independently in
geographically separated populations. This results in local reductions of w and elevated Fgr at
selected and linked neutral loci (Irwin et al. 2016; Han et al. 2017). In contrast to Fst, dxy should
be unaffected by reduced n caused by selection in isolated populations (Nachman and Payseur

2012; Burri 2017b). For this reason, dxy is expected to be similar on average between areas of
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high Fsrand low Fsrunder the allopatric selection scenario (Cruickshank and Hahn 2014; Han et
al. 2017; Irwin et al. 2018).

The last two scenarios, recurrent selection and balancing selection, are expected to
produce genome-wide correlations among summary statistics in the same directions (Table 1B),
but they produce very different local patterns of Fgr, dxy, and & (Table 1C, Shang et al. 2023).
Under the recurrent selection scenario, standing genetic variation is reduced at some regions of
the genome via selective sweeps or background selection in the common ancestor. After the
common ancestor splits into two independent lineages, these same regions that were under
selection in the ancestral population are also targeted by selection in the descendant lineages
(Irwin et al. 2018). This scenario is expected to produce localized reductions of & and elevated
Fsr due to selection in descendant lineages. The recurrent selection scenario is also expected to
produce localized reductions in dxy due to selection in the common ancestor, which reduces
coalescence times between descendant lineages (Han et al. 2017; Irwin et al. 2018; Stankowski et
al. 2019). These effects will be most pronounced in gene-dense and low-recombination regions,
predicting correlations between dxy and these genome features that are unique to linked selection
in ancestral populations (Table 1A).

Finally, under the balancing selection scenario, ancestral polymorphism is maintained in
the two descendant lineages (Charlesworth 2006). Under this scenario, selected loci will have
elevated m and reduced Fsr. Maintenance of ancestral polymorphism in the descendant lineages
will also increase coalescence times, causing elevated dxy at loci with a history of balancing
selection. Importantly, this balancing selection scenario does not refer to lineage-specific
balancing selection, which does not necessarily generate elevated dxy, or the case where

divergent ancestral haplotypes are sorted rather than maintained in the descendant lineages,



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Molecular Ecology

which would cause elevated dxy and Fgr, thereby mirroring the pattern produced by differential
gene flow (Han et al. 2017; Guerrero and Hahn 2017).

The third framework for interpreting genomic landscapes uses a comparative approach to
identify whether patterns of genomic variation differ consistently across taxa and divergence
time points (e.g., Burri et al. 2015; Stankowski et al. 2019; Chase et al. 2021; Shang et al. 2023)
and/or between autosomes and sex chromosomes (e.g., [rwin et al. 2016; Wong Miller et al.
2017; Talla et al. 2019; Fiteni et al. 2022). For example, many studies have found that patterns of
variation differ markedly between sex chromosomes and autosomes: on sex chromosomes, 7 is
usually lower, and thus Fgris usually higher, which could simply reflect the lower effective sizes
of sex chromosomes (e.g., Nachman and Payseur 2012; Irwin et al. 2016; Wong Miller et al.
2017; Talla et al. 2019; Fiteni et al. 2022; Moreira et al. 2023). Yet, this observation is consistent
with the hypothesis that sex chromosomes are predisposed to experience recurrent selection
because all recessive mutations are expressed in the heterogametic sex, increasing the probability
that they will fix (if beneficial) or be purged (if deleterious) (Charlesworth et al. 1987; Ellegren
et al. 2012; Oyler-McCance et al. 2015; Irwin et al. 2016; Miller and Sheehan 2023).
Haplodiploid inheritance patterns resemble those of sex chromosomes: males develop from
unfertilized eggs and are haploid across their entire genome (not recombining), while females
develop from fertilized eggs, are diploid and recombine (Nouhaud et al. 2020). Thus, like sex
chromosomes, haplodiploids may be especially prone to experience repeated bouts of linked
selection, even if there is gene flow throughout divergence. As approximately 15% of all
invertebrates are haplodiploid (de la Filia et al. 2015; Blackmon et al. 2017), this taxon-specific
factor may have a widespread effect on patterns of genomic divergence in nature. However,

compared to diploid organisms, very few genomic landscapes are currently available for

Page 8 of 61
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haplodiploid organisms (but see Wallberg et al. 2015; Christmas et al. 2021; Mozhaitseva et al.
2023; Everitt et al. 2023). As a first step to evaluating the broader effects of haplodiploid
inheritance on genome-wide patterns of genetic variation, we combine whole-genome
resequencing and genome feature data from a sister-species pair of haplodiploid pine sawflies,
Neodiprion lecontei and Neodiprion pinetum.

For several reasons, N. lecontei and N. pinetum are an outstanding model for speciation
genetics and genomics (Figure 1). Like all Neodiprion (Order: Hymenoptera; Family:
Diprionidae), these sister species are conifer feeders that depend on their host plant for all stages
of their life cycle (Coppel and Benjamin 1965; Knerer and Atwood 1973; Linnen and Farrell
2008a; Herrig et al. 2024). Neodiprion lecontei and N. pinetum have largely overlapping ranges
in eastern North America (Linnen and Farrell 2008a, 2010; Glover et al. 2023), and a recent
demographic analysis suggests that they diverged in sympatry with continuous gene flow
(Bendall et al. 2022). Although the two species are frequently found at the same geographical
locations, they are adapted to different pine species with dissimilar needle morphologies. While
N. pinetum specializes on the thin-needled white pine (Pinus strobus), N. lecontei avoids white
pine and uses a variety of Pinus species that have thicker needles (Wilson et al. 1992; Linnen and
Farrell 2010; Bendall et al. 2017). In addition to their divergent host preferences, N. lecontei and
N. pinetum also differ in adult body size, female ovipositor morphology, and additional egg-
laying traits (Bendall et al. 2017; Glover et al. 2023). These divergent host-use traits contribute
to both prezygotic and postzygotic barriers to gene flow (Bendall et al. 2017, 2023; Glover et al.
2023) and map to many regions across the genome (Bendall 2020). Although reproductive
isolation between N. lecontei and N. pinetum is strong, it is incomplete: these species

occasionally hybridize in nature and viable, fertile hybrids for both sexes and cross directions
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can be produced in the lab (Bendall et al. 2017, 2022, 2023). Finally, in addition to their
experimental tractability and well-characterized ecological differences and demographic history,
N. lecontei and N. pinetum have excellent genomic resources, including annotated, chromosome-
level genome assemblies for both species and a high-quality recombination map for N. lecontei
(Linnen et al. 2018; Vertacnik et al. 2023; Herrig et al. 2024).

As host-specialized haplodiploids that diverged with gene flow and have complementary
genome-feature data available, N. lecontei and N. pinetum offer a unique opportunity to evaluate
how the demography and ecology of speciation, haplodiploid transmission genetics, and genome
features shape the genomic landscape of differentiation. To this end, we first use multiple linear
regression to determine which genomic features predict genetic diversity and differentiation and
to ask whether the data are consistent with pervasive linked selection (Table 1A). We then
examine both genome-wide and local patterns of genetic summary statistics to determine which,
if any, of the four selection scenarios have shaped patterns of variation within and between M.
lecontei and N. pinetum (Table 1B and 1C). On the one hand, based on their ecological
differences and divergence history, we might expect our genomic data to exhibit patterns
consistent with divergence-with-gene-flow. On the other hand, due to the increased efficacy of
selection in hemizygous males (Avery 1984; Charlesworth et al. 1987; Presgraves 2018; Bendall
et al. 2022), we might instead expect our genomic data to support a recurrent selection scenario.
A third possibility is that a mixture of selection scenarios obscures genome-wide patterns but is
evident in local patterns of variation (Irwin et al. 2016, 2018; Stankowski et al. 2019; Shang et
al. 2023). When interpreted in light of these a priori predictions, our findings have implications
for the predictability of genomic landscapes of differentiation, which we consider further in the

discussion.

10
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MATERIALS AND METHODS

Sampling, sequencing and read processing

We collected Neodiprion lecontei and N. pinetum mid- to late-instar larval colonies from
Lexington, Kentucky and surrounding areas (Table S1). To confirm sex (and therefore ploidy),
we reared the larvae to adults in the lab using standard lab protocols (Harper et al. 2016; Bendall
et al. 2017). The adults were either preserved in 100% ethanol (stored at -20 °C) or flash frozen
and stored at -80 °C. To avoid sampling close relatives, we selected one individual from each
larval colony (each colony typically represents a group of siblings). In total, we sampled 20 M.
lecontei females and 18 N. pinetum females. We extracted DNA from head and thorax tissue
with a Qiagen DNeasy Blood & Tissue Kit. We followed the standard manufacturer protocol for
insects, including an optional RNase A step. DNA concentration was measured with a Quant-iT
dsDNA High-Sensitivity fluorescence assay (Invitrogen). A single library was prepared using a
Tn5 tagmentation protocol following Bendall (2020). Whole-genome resequencing was
performed with 150bp paired-end sequencing technology in an Illumina Hi-Seq X sequencer at
Admera Health (Plainfield, NJ). The library was first run in a single lane of the sequencer. A
subset of samples that had low read counts were then re-pooled and run on a second lane.

Demultiplexed reads were cleaned using trimmomatic v0.39 (Bolger et al. 2014) with the
following criteria: (a) remove adapters, (b) perform sliding window trimming where a sequence
is cut when a window (4bp) drops below a quality threshold (15), (c) remove low quality bases
(quality score < 3) from the beginning and end of each read. Then, for each lane separately, the
cleaned reads were mapped to the high-quality chromosome-level N. lecontei reference genome

(iyNeoLecol.1, GCA 021901455.1; Herrig et al. 2024) using the BWA-MEM algorithm in bwa

11
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v0.7.17 (Li and Durbin 2009). We used samtools v1.13 (Li et al. 2009; Danecek et al. 2021) to
mark PCR duplicates (‘markdup’) and remove ambiguously mapped reads/secondary alignments
(‘view -F 1284 -f 0x02’). We then used samtools to merge the filtered reads from the two lanes

(‘merge’) and index the resulting bam files (‘index’).

Estimates of summary statistics

All genetic summary statistics were calculated in ANGSD v0.933 (Korneliussen et al.
2014), a program that is suitable for low coverage whole-genome resequencing data because it
incorporates genotype likelihoods (rather than hard-called genotypes) and information contained
in the site frequency spectrum (which contains variant and invariant sites) to calculate summary
statistics following equations in Fumagalli et al. (2013) and Korneliussen et al. (2013). To
estimate Fgracross the genome using the Hudson et al. (1992) estimator, we first created a
sample allele frequency file for each species (-dosaf 1 -uniqueOnly 1 -remove bads 1 -
only proper pairs I -trim 0 -baq 1 -minMapQ 20 -minQ 20 -setMinDepth 14 (for N. lecontei)/11
(for N. pinetum) -setMaxDepth 210 (for N. lecontei)/165 (for N. pinetum) -minind 14 (for N.
lecontei)/11 (for N. pinetum) -doCounts 1 -GL 1’°). We included the genome of another
Neodiprion species (N. virginiana; Herrig et al. 2024) as an outgroup in the ANGSD runs so that
we could polarize SNPs and generate unfolded site frequency spectra. The resultant outputs were
used to generate an unfolded site frequency spectrum for each species separately as well as an
unfolded pairwise joint site frequency spectrum using the ‘realSFS’ function. The sample allele
frequency files and joint site frequency spectrum were then used as input files to calculate per-
site Fgrusing ‘realSFS’, which was then used as an input file to calculate Fgrin 50kbp non-

overlapping windows ( “win 50000 -step 50000"). We chose this window size because it is larger

12
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than the distance at which linkage disequilibrium has decayed to approximately zero (Figure S1).
These and all other scripts for subsequent analyses can be found on DRYAD (Glover et al.
2024).

To estimate window-based within-species pairwise nucleotide diversity (m), Tajima’s D,
and Fay and Wu’s H across the genome, we first performed ANGSD runs for each species
separately to calculate per-site “pairwise differences” theta. These runs included the same
parameters above but with an additional ‘-doThetas I’ command and the unfolded site frequency
spectrum generated for the Fgranalysis as input (“-pest’). The resulting per-site theta files were
then used to calculate 50kbp windowed statistics (-win 50000 -step 50000°) using the ‘thetaStat’
function.

To estimate dxy across the genome, we used a custom script by Josh Penalba

(https://github.com/mfumagalli/ngsPopGen/blob/master/scripts/calcDxy.R) with the following

modification: we removed the SNP-calling flags in the ANGSD runs so that invariant sites were
included in addition to variant sites. We first calculated allele frequencies in ANGSD ( *-
uniqueOnly 1 -remove_bads 1 -only _proper pairs 1 -trim 0 -baq 1 -minMapQ 20 -minQ 20 -
setMinDepth 25 -setMaxDepth 375 -minlnd 25 -doCounts 1 -GL I -doMajorMinor I -doMaf 1 -
doGlf 4°) and then used the resultant output as input for the custom R script. We averaged the
resulting per-site dxy across 50kbp windows in R version 4.1.0 (R Core Team 2021).

To ensure that our results and conclusions were not biased by choice of window size, we
also calculated Fgr, dxy, and m in 25kbp and 100kbp non-overlapping windows. Finally, to
reduce biases due to poor mapping/genotyping error, we filtered out windows where the number
of called sites (invariant + variant) fell below the 10™ percentile (i.e., windows that had < 921

sites). We chose this cutoff based on the distribution of site counts per window (Figure S2).

13
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Finally, note that of all summary statistics considered, only Fay and Wu’s H depends on
polarizing ancestral states. Hence, misidentification of ancestral and derived states is not
expected to affect our conclusions, which was confirmed by repeating the analyses with the

folded SFS for all other summary statistics.

Genome features

We measured recombination rate, exon density (a measure of gene density), and
synonymous substitution rate (dS; a proxy for the neutral mutation rate) in each 50kbp window
and measured the distance of each window from the centromere. We obtained recombination
rates (cM/Mb) from a previously published high density linkage map generated from a cross
between divergent N. lecontei populations (Linnen et al. 2018; Herrig et al. 2024).

To estimate exon density, we first extracted all exons from the Neodiprion lecontei
genome annotation (GCF _021901455.1 iyNeoLecol.l genomic.gtf; Herrig et al. 2024).
Because many genes have more than one transcript, we retained the transcript with the most

exons. We then used a custom R script from Samuk et al. (2017,

https://github.com/ksamuk/gene flow linkage/blob/master/ev prep scripts/eene density calc b

uild.R) to calculate the proportion of each 50kbp window containing exon sequence.

To estimate mutation rate, we calculated the synonymous substitution rate (dS) in 50kbp
windows. We first inferred orthologous gene groups between Neodiprion lecontei, N. pinetum,
and N. virginiana using Broccoli v1.2 (Derelle et al. 2020). For this analysis, we used annotated
genes from reference-quality genomes for the three species

(GCF _021901455.1 iyNeoLecol.1 genomic.gff;

GCF _021155775.1 iyNeoPinel.1 genomic.gff; GCF 021901495.1 iyNeoVirgl.1 genomic.gff;

14
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Herrig et al. 2024). Genes from these three species were matched to 10,686 orthogroups using
maximum likelihood (‘-phylogenies ml”). We excluded 24 orthogroups that were located on
unplaced scaffolds prior to downstream analysis. Before alignment, orthogroups were checked
for the presence of multiple isoforms. If multiple isoforms were present, only the longest isoform
for each species was retained. Then, filtered orthogroups were aligned using the L-INS-I method
in MAFFT v7.509 (Katoh and Standley 2013). With these aligned sequences as input, we
calculated the synonymous substitution rate for each orthogroup using codeml with model = 0
and Nsites = 0 (one omega ratio for all branches) in PAML v4.10.6 (Yang 2007). We then
filtered out orthogroups where the estimated dS for any species was greater than or equal to two
standard deviations above the mean. Next, we used a custom script from Samuk et al. (2017;

https://github.com/ksamuk/gene flow linkage/blob/master/ev prep scripts/ds dn 7 recomb an

alysis.R) to assign the mutation rate estimates to S0kbp windows for each species. Finally, we
calculated the average dS between N. lecontei and N. pinetum for each window to produce a
single mean dS value for each window.

To estimate distance from the centromere, we first used Juicebox v1.11.08 (Durand et al.
2016) to visualize the HiC contacts for each chromosome (Figures S3-S9, Herrig et al. 2024) and
estimated the midpoint of each centromere by identifying the local maximum delta in the number
of contacts between adjacent loci within each chromosome. These points were also identified
visually and were supported by depressed levels of repeat density, HiC read coverage, GC
content, and gene density (Figures S3-S9). We then calculated the distance of each window from
the centromere by taking the absolute value of the midpoint of each window subtracted from the

midpoint of the centromere.
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Finally, we also wanted to consider the potential effect of local genotyping error on
patterns of genetic variation. Due to variation in base composition, repetitive sequence content,
and sequence divergence, some regions of the genome are more prone to sequencing, mapping,
and genotyping error. As a rough metric for this error, we used site counts for each S0kbp
window, which are the number of invariant and variable sites that were called after quality
filtering. Because ANGSD directly calculates windowed Fsr, , Tajima’s D, and Fay and Wu’s
H as well as provides the called site count for each window (i.e., the number of sites used to
calculate the statistic in each window), site counts were taken directly from ANGSD outputs for
each of these windowed summary statistics. However, ANGSD does not directly calculate dyy.
Therefore, to obtain the number of called sites used to calculate dxy in each window, we used a
custom R script that takes the per-site dxy file and counts the number of called sites in each
50kbp window. Our assumption here is that more error-prone regions of the genome would have
lower site counts. As noted above, windows with the lowest site counts were filtered out prior to

analysis, but the remaining windows still exhibited substantial variation in site counts.

Correlation and regression analyses of summary statistics and genome features

To explore evolutionary processes shaping genome-wide patterns of genetic variation, we
first examined the genome-wide correlations among differentiation, absolute divergence,
diversity, and features of the genome. We estimated Pearson’s correlation coefficients between
pairs of these statistics and calculated p-values using the correlation v0.7.1 package (Makowski
et al. 2020) in R version 4.1.0 (R Core Team 2021); p-values were adjusted for multiple testing
using the Holm (1979) method. We then used the corrplot v0.90 package (Wei and Simko 2021)

to visualize the correlation matrix. Second, to investigate relationships between summary
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statistics and genome features, we used a multiple regression approach in R version 4.1.0 (R
Core Team 2021). We first normal-quantile transformed all predictor variables to ensure they
were on the same scale. Then, using the 50kbp windows as data points, we fit multiple linear
regression models (“Im” function) for our genetic summary statistics (Fsr, dxy, @, Tajima’s D,
and Fay and Wu’s H) using the following form: summary statistic ~ recombination rate + exon
density + mutation rate + distance from the centromere + window site count. After fitting each
model, we used a type II analysis of variance (ANOVA) implemented in the car v3.1.0 package

(Fox and Weisberg 2019) to evaluate the significance of model terms.

Local patterns of summary statistics

In addition to the global analyses, we also examined local patterns via identifying
windows that exhibited patterns of Fgr, dxy, and m matching one of the four evolutionary
scenarios: divergence-with-gene-flow, allopatric selection, recurrent selection, and balancing
selection (Table 1C, Han et al. 2017; Irwin et al. 2016, 2018; Shang et al. 2023). For Fgr, dxy,
and wt, we considered windows with elevated values to be those with estimates above the 95t
percentile and windows with decreased values to be those with estimates below the 5 percentile.
We considered windows with average dxy to be those with estimates that fell within the
interquartile range (for the allopatric selection scenario) following Shang et al. (2023) and

Piatkowski et al. (2023).

RESULTS

Genomic landscape of differentiation between Neodiprion lecontei and N. pinetum
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Whole-genome resequencing of 38 Neodiprion lecontei and N. pinetum individuals
resulted in an average read count of 5,876,752 (range: 3,114,858 — 11,143,016). After excluding
females with < 5 million reads (to balance data quality and sample size), we retained 14 N.
lecontei and 11 N. pinetum individuals with an average site depth of 4.97x. Despite their recent
divergence and continued gene exchange (Bendall et al. 2022), N. lecontei and N. pinetum
exhibited substantial genomic divergence. Average genome-wide Fgr was 0.61 and dxy was 3.16
x 103, Average m was 1.78 x 1073 for N. lecontei and 1.51 x 1073 for N. pinetum. Average
Tajima’s D was -1.19 for N. lecontei and -1.25 for N. pinetum. Average Fay and Wu’s H was -
0.20 for N. lecontei and -0.36 for N. pinetum. Overall, all statistics were highly heterogeneous
across the genome, with the most extreme values tending to occur in the putative centromeres
(Figure 2). Notably, these putative centromeric regions also had the lowest number of called sites
per window (Figure S10) and thus comprised the majority of the 570 windows that were filtered

out and excluded from analysis for low site counts.

Relationships between genomic features and genetic summary statistics

The effects of linked selection on genetic variation are expected to be most pronounced in
gene-dense and low-recombination regions (Ravinet et al. 2017; Stankowski et al. 2019),
producing genome-wide correlations among recombination rate, gene density, within-species
genetic diversity, and differentiation (Table 1A). While most of our genomic variables are
themselves correlated (Figure 3), our multiple regression models were nevertheless able to tease
apart some of their individual contributions to variation in each summary statistic (Table 2).
Looking first at patterns of within-species variation, we found significant and negative genome-

wide correlations between m and exon density in both N. lecontei and N. pinetum (Figure 3) and a
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significant and negative relationship between exon density and © in multiple regression models
for both species (Table 2). Although we did not detect a significant genome-wide correlation
between recombination rate and © for N. lecontei (Figure 3), our multiple regression model
revealed a significant and positive relationship between recombination rate and & in N. lecontei
after taking into account other genomic variables (Table 2). For N. pinetum, however, the
relationship between within-species diversity and recombination rate was significant and
negative (Figure 3; Table 2). We consider possible explanations for this and other results that did
not fit predictions of linked selection (Table 1A) in the discussion.

We also examined the relationship between genome features and two summary statistics
derived from the site-frequency spectrum within each species. For Tajima’s D, we found a
significant and negative relationship between exon density and Tajima’s D in both N. lecontei
and N. pinetum (Table 2), supporting the prediction that signatures of linked selection (negative
Tajima’s D) are more pronounced in gene-dense regions. As expected, we also found a
significant and positive relationship between recombination rate and Tajima’s D in N. lecontei
(Table 2). We did not recover a significant relationship between recombination rate and Tajima’s
D in N. pinetum (Table 2). For Fay and Wu’s H, for which negative values are indicative of
selective sweeps (Burri et al. 2015), we found a significant and positive relationship between
exon density and Fay and Wu’s H in both species (Table 2), implying that signatures of selective
sweeps are most pronounced in gene-poor regions. Our multiple regression models also
recovered a significant and negative relationship between recombination rate and Fay and Wu’s
H in N. lecontei, indicating more evidence of selective sweeps in high-recombination regions.
We did not recover a significant relationship between recombination rate and Fay and Wu’s H in

N. pinetum.
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Looking at patterns of differentiation between species, we found a significant and
positive genome-wide correlation between Fgrand exon density (Figure 3) and a significant and
positive relationship between exon density and Fgrin our multiple regression model (Table 2).
Additionally, we found a significant and negative genome-wide correlation between Fgr and
recombination rate (Figure 3) and a significant and negative relationship between recombination
rate and Fgrin our multiple regression model (Table 2). These findings support the prediction
that Fgr will be highest in gene-rich and low-recombination regions of the genome (Table 1A).
For dxy, we found that absolute divergence was highest in gene-poor and low-recombination
regions. These findings provide mixed support for linked selection in ancestral populations
(Table 1A, see below).

In addition to exploring the relationship between gene density and recombination rate and
genetic summary statistics, we also examined the impact of site count, distance from the
centromere, and mutation rate (approximated with dS). Site count predicted variation in all
summary statistics except Fgr (Table 2). Whereas Fay and Wu’s H tended to increase as site
count increased, m, dxy, and Tajima’s D decreased as site count increased. We detected
significant relationships between distance from the centromere and all summary statistics except
Fsr and V. lecontei m; when significant, all relationships were negative except for N. lecontei
Tajima’s D: divergence and genetic diversity declined as distance from the centromere increased
and signatures of linked selection tended to be found on chromosome arms (Table 2). We note,
however, that when significant relationships were detected for site count and distance from the
centromere, their effect sizes tended to be smaller than those estimated for exon density (Table
2). Finally, for mutation rate (dS), we only detected a significant relationship for N. lecontei ©

and N. lecontei Tajima’s D, with both relationships being positive (Table 2). Estimated effect
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sizes for mutation rate (dS) also tended to be smaller than those of all other predictor variables
(Table 2).

Taken together, our results suggest that background selection has played an important but
not exclusive role in shaping the heterogeneous landscape of differentiation between N. lecontei
and N. pinetum: there are numerous regions across the genome for both species that exhibit
signatures of selective sweeps (i.e., extremely negative Fay and Wu’s H values; Figure 2), with
Fay and Wu’s H tending to be lower when Fgris high (Figure S11). Additionally, there are
multiple windows for both species where estimates of Tajima’s D and Fay and Wu’s H are
strongly negative, suggesting that the low values for Tajima’s D in those windows is driven by

selective sweeps and not background selection (Figure S12).

Genome-wide correlations between summary statistics

Genome-wide, we found a significant and negative correlation between Fgrand dxy, a
significant and negative correlation between Fgy and mean &, and a significant and positive
correlation between dxy and mean &t (Figure 3). These correlations were not sensitive to our
choice of window size (Figure S13). Collectively, these results are consistent with either the
recurrent selection or balancing selection evolutionary scenarios (Table 1B). Lending further
support to the recurrent selection scenario, we also found a significant and negative relationship
between exon density and dxy in both our genome-wide correlations (Figure 3) and multiple
regression model (Table 2). Together, these results are consistent with widespread linked
selection in the ancestral population reducing coalescent times—and therefore dyy—between

descendant lineages.
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Local patterns of variation

As an additional method for distinguishing between recurrent selection and balancing
selection—as well as to identify windows with variation patterns that deviate from the primary
genome-wide pattern—we also examined local patterns of Fgr, dxy, and m. We found that most
windows with unusually high or low values for our focal summary statistics fit the recurrent
selection evolutionary scenario (60.7% for N. lecontei m and 49.5% for N. pinetum m; Figures 4,
S14-S20). Genomic regions matching the balancing selection evolutionary scenario were the
second most frequent (31.5% for N. lecontei m and 48.5% for N. pinetum ), and these windows
were located primarily in or near centromeres (Figures 4, S14-S20). The remainder of the
detected windows (7.9% for N. lecontei m and 2.0% for N. pinetum =) fit the allopatric selection
evolutionary scenario, in which high Fgt was the result of low © and not high dxy. We did not
detect any windows that fit the divergence-with-gene-flow evolutionary scenario for either
species. In the discussion, we consider possible limitations of the predictions outlined in Table

I1C.

DISCUSSION

Genome-wide patterns of variation in pine sawflies support pervasive linked selection
Over 50 years ago, Kimura (1968) proposed the neutral theory of molecular evolution,
which posits that differences between species are due to neutral substitutions and that within-
species polymorphism is governed by mutation-drift equilibrium dynamics. As genome
assemblies and population genomic datasets became available, genome-wide patterns of
polymorphism and divergence and their relationship with genome features have featured

prominently in debates about whether modern data support neutral theory. Under neutrality,
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variation in the neutral mutation rate across the genome is expected to produce a strong positive
correlation between interspecific divergence and intraspecific polymorphism. By contrast, except
for the potential mutagenic effect of recombination (Pratto et al. 2014; Arbeithuber et al. 2015),
recombination environment is expected to have no effect on levels of polymorphism under
neutrality (Hudson 1983). Under selection, however, polymorphism levels should relate to
recombination rate (with lower recombination rates having stronger effects on linked neutral
sites; Stankowski et al. 2019). For this reason, the positive correlations between polymorphism
and recombination that have been observed in several taxa (Cutter and Payseur 2013) have been
interpreted as evidence that neutral theory does not adequately explain modern genomic data
(Hahn 2008; Kern and Hahn 2018; but see Jensen et al. 2018). Meanwhile, others have argued
that the number of species with relevant data—i.e., high quality reference genomes and
independent estimates of recombination rate (e.g., from crosses)—remain too limited to support
this claim (Jensen et al. 2018). Additionally, while it is uncontroversial that linked selection
affects patterns of polymorphism (Maynard Smith and Haigh 1974; Charlesworth et al. 1993),
the proportion of the genome affected and the relative importance of background selection versus
selective sweeps remains debated (Jensen et al. 2018; Kern and Hahn 2018; Pouyet et al. 2018).
Ultimately, more data are needed to characterize genomic landscapes across diverse taxa.
Interpreting these landscapes in light of neutral theory requires well-annotated reference
genomes, recombination rate data, and adequate controls for genotyping error.

Consistent with neutral expectations, we found a strong positive correlation between
interspecific divergence (dxy) and intraspecific polymorphism (7) in both N. lecontei and N.
pinetum (Figure 3). However, the synonymous substitution rate (dS; our proxy for the neutral

mutation rate) tended to have the smallest estimated effect size among our genomic predictor
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variables and was not significant after accounting for other variables in most of our multiple
regression models (Table 2). By contrast, and as observed in other taxa including in other
invertebrates (Wallberg et al. 2015; Christmas et al. 2021; Herrig et al. 2024), vertebrates (Burri
et al. 2015; Rettelbach et al. 2019; Kartje et al. 2020; Chase et al. 2021; Rougemont et al. 2019;
Rodrigues et al. 2023; Moreira et al. 2023), and plants (Flowers et al. 2012; Stankowski et al.
2019; Shang et al. 2023), we found significant relationships between intraspecific polymorphism
and recombination rate, although not always in the direction predicted under simple models of
linked selection (Figure 3; Tables 1A, 2; see below). Another line of evidence consistent with
expectations under linked selection is that exon density—which should correlate positively with
the density of selected sites (Payseur and Nachman 2002)—was negatively correlated with
intraspecific polymorphism in both species (Figure 3; Table 2). In fact, exon density often had
the largest effect size of all variables in our multiple regression models (Table 2). Overall, these
data suggest that neutral mutation rate alone cannot explain our observed positive correlations
between divergence and polymorphism. Instead, we argue that these patterns result from
selection repeatedly targeting the same regions in ancestral and descendant populations (i.e.,
recurrent selection, see below). In further support of pervasive linked selection in ancestral
populations, a recent analysis of genealogical variation across the genomes of 19 eastern North
American Neodiprion species (including the focal species here) revealed that concordance with
the estimated species tree tended to be highest in low-recombination and gene-dense regions
(Herrig et al. 2024). These patterns are expected under linked selection because when ancestral
polymorphism is reduced, phylogenetic discordance via incomplete lineage sorting will also be

reduced (Pease and Hahn 2013).
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Although most of our results fit the patterns expected from widespread linked selection,
some patterns deviate from expectations. Specifically, we found that both 7 in N. pinetum and
dxy tended to be lower in high-recombination regions of the genome. Indeed, studies in other
animal and plant taxa have revealed a mixture of correlations between m and recombination rate
ranging from strong positive correlations (e.g., Wallberg et al. 2015; Burri et al. 2015;
Rougemont et al. 2019; Stankowski et al. 2019), to minimal or no correlations (e.g., Payseur and
Nachman 2002; Flowers et al. 2012; Kartje et al. 2020), to negative correlations (e.g., Flowers et
al. 2012). Here, we consider three non-mutually exclusive explanations for unexpected negative
correlations between recombination rate and polymorphism (Table 1A). Before doing so, we first
note that absolute divergence (dxy) between two species is the combination of the amount of
variation that existed in the ancestral population at the time of the speciation event (i.e., ancestral
7) and the accumulation of substitutions post-speciation (Cruickshank and Hahn 2014). For
recently diverged species, dxy largely reflects ancestral diversity.

One potential explanation for the negative correlation between recombination rate and
diversity in N. pinetum (1) and in the N. lecontei/N. pinetum ancestor (dxy) is that we quantified
exon density using a N. lecontei genome annotation and used a genetic map from a N. lecontei
cross to quantify recombination rate across the genome, potentially leading to incorrect
inferences about local gene density and recombination rate in N. pinetum and in the shared
ancestor. However, chromosome-level assemblies for N. lecontei and N. pinetum indicate that the
two genomes are colinear (Herrig et al. 2024), and recombination rate estimates from
interspecific genetic maps recapitulate patterns in our N. lecontei genetic map (unpublished
data). For these reasons, we expect very similar patterns of local gene density and recombination

rates in the two species, making it unlikely that the unexpected correlations with recombination
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rate can be explained by our use of N. lecontei genome feature data. Nevertheless, local
recombination rate sometimes varies between closely related species (McGaugh et al. 2012, but
see Burri et al. 2015; Rodrigues et al. 2023; Wang et al. 2022; Moreira et al. 2023; Shang et al.
2023), so an intraspecific recombination rate map in N. pinetum would be necessary to rule out
this potential explanation.

A second potential explanation for the negative correlation between diversity metrics
involving N. pinetum (m and dxy) and recombination rate is that we mapped all sequencing reads
to the N. lecontei reference genome. Although synteny plots constructed from annotated gene
sets indicate that V. lecontei and N. pinetum genomes are colinear (Herrig et al. 2024), alignment
errors for the non-reference species could be elevated in the repeat-rich centromeric regions,
which also have the lowest recombination rates in the genome. Indeed, the highest dxy and V.
pinetum 1 values tended to be observed in and around centromeres (Figure 2). To control for
variation in genotyping error across the genome, we excluded genomic windows with unusually
low site count and included both distance from centromere and site count (a proxy for local
genotyping error) in our regression models (Table 2). Despite these efforts, it is possible that our
data remain insufficient to fully tease apart the effects of minimal recombination and increased
genotyping error in centromeric regions. Long-read population genomic data and re-analysis
using a N. pinetum reference genome would be informative for evaluating the accuracy of
diversity estimates obtained using the N. lecontei reference genome.

A third potential explanation for the negative correlation between genetic diversity and
recombination rate in N. pinetum and the shared ancestor, but not N. lecontei, is that the former
lineages experienced more intense Hill-Robertson interference, which refers to the reduction in

the efficacy of selection stemming from selection on two or more linked sites (Hill and
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Robertson 1966). Because this reduced efficacy of selection is expected to be most pronounced
in low-recombination regions, increased recombination rates should reduce Hill-Robertson
interference and increase fixation rates for beneficial alleles (Felsenstein 1974; Comeron et al.
2008; Flowers et al. 2012). This mechanism has been proposed to explain the stronger negative
correlation between © and recombination rate (driven by lower  on chromosome arms) in
domesticated strains of rice compared to a wild strain (Flowers et al. 2012). Similarly, we
propose that pervasive Hill-Robertson interference associated with novel host-associated
selection pressures could explain the observed negative correlation between diversity and
recombination rate in N. pinetum and in the N. pinetum/N. lecontei ancestor.

The eastern North American Neodiprion clade radiated rapidly and recently onto a
variety of pine species (Linnen and Farrell 2008a,b; Herrig et al. 2024), making it likely that
ancestral populations experienced abundant novel host-associated selection pressures. Similarly,
N. pinetum recently shifted onto eastern white pine, a novel host with much thinner and less
resinous needles than other eastern North America pines (Linnen and Farrell 2010; Herrig et al.
2024). Adaptation to this novel host—which all other eastern North American Neodiprion
avoid—required changes to behavioral, physiological, and morphological traits expressed in
eggs, larvae, and adults (Bendall et al. 2017, 2023; Glover et al. 2023). By contrast, based on
host associations in other Neodiprion species, host-use patterns in N. lecontei likely resemble
those of the ancestral population (Linnen and Farrell 2010; Herrig et al. 2024). When adaptation
is highly polygenic, as is likely the case for host adaptation in these specialist pine feeders,
selection can affect a substantial proportion of the genome (Stankowski et al. 2019). Thus,
compared to N. lecontei, we might expect more of N. pinetum’s genome (and potentially the

ancestral genome) to have experienced positive selection. Consistent with this prediction, there
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are numerous regions across the genome that exhibit signatures of selective sweeps (i.e.,
strongly negative Fay and Wu’s H values) in both species, with these regions appearing to be
more numerous in N. pinetum (Figures 2, S12). Moreover, average genome-wide Fay and Wu’s
H is lower in N. pinetum (-0.36) compared to N. lecontei (-0.20). Also consistent with the
hypothesis that Hill-Robertson interference affects genome-wide patterns of variation in
Neodiprion is the observation that in both N. lecontei and N. pinetum, signatures of selective
sweeps (i.e., more negative Fay and Wu’s H estimates) tend to be found in gene-poor regions
(Table 2). Overall, these findings add to the growing body of empirical (e.g., [rwin et al. 2016;
Rettelbach et al. 2019; Stankowski et al. 2019; Chase et al. 2021; Wang et al. 2022; Shang et al.
2023; Jiang et al. 2023) and theoretical (Matthey-Doret and Whitlock 2019; Schrider 2020)
literature demonstrating that background selection alone may not be sufficient to explain the
observed patterns of diversity and differentiation. Regardless of the explanation, our study shows
that the effects of linked selection can vary in important ways even among closely related taxa,

such as N. lecontei and N. pinetum.

Pine sawfly genomic landscapes support recurrent selection, not divergence-with-gene-flow
A unique feature of the pine sawfly system is that their ecology, demography, and
haplodiploid transmission genetics (Figure 1) allow us to make competing a priori predictions
about the predominant evolutionary scenarios shaping their genomic landscape of differentiation.
Specifically, we expected to find evidence of recurrent selection, divergence-with-gene-flow, or
some mixture of the two. Examination of both global and local patterns of Fsr, dxy, and &
provided strong support for recurrent selection—i.e., when selection repeatedly targets the same

regions of the genome in both ancestral populations and descendant lineages—as the primary
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process shaping variation across pine sawfly genomes. These findings are consistent with a
growing number of studies in diverse animal and plant taxa that have also identified recurrent
selection as the primary driver of heterogeneous genomic differentiation (e.g., Irwin et al. 2016,
2018; Stankowski et al. 2019; Chase et al. 2021; Jiang et al. 2023).

While most of our local “outlier” windows fit the recurrent selection evolutionary
scenario (~50-60%), we did detect at least some windows that had patterns consistent with either
the balancing selection or the allopatric selection evolutionary scenarios (Figures 4, S14-S20).
This suggests that although many of the same regions of the genome have been targeted by
selection in the common ancestor and in both N. lecontei and N. pinetum, there are some regions
of the genome where ancestral polymorphism has been maintained and where lineage-specific
selection has occurred due to local ecological adaptation (Han et al. 2017; Shang et al. 2023).
Intriguingly, patterns of balancing selection were most evident near the centromeres (Figures 4,
S14-S20). As noted above, one potential explanation for elevated © and dxy surrounding
centromeres is that these are artifacts of increased genotyping error in and around repeat-rich
centromeres.

Signatures of balancing selection near centromeres could also be due to unique
evolutionary dynamics near centromeres. For example, in Mimulus monkeyflowers, strong
female meiotic drive has been linked to a centromere-associated repeat domain locus. Individuals
that are homozygous for the driving allele suffer reduced pollen viability; thus, balancing
selection prevents the fixation or loss of the driving allele within the population (Fishman and
Saunders 2008). More generally, there are several mechanisms by which balancing selection
maintains polymorphism, including heterozygote advantage, frequency-dependent selection,

sexual antagonism, and variation in fitness across time (including between larval and adult
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stages) and space (Llaurens et al. 2017). However, trans-species polymorphisms can also persist
due to neutral processes (Wiuf et al. 2004). Thus, additional tests (e.g., simulations) are required
to rule out neutral processes and demonstrate that trans-species polymorphisms have been
maintained by long-term balancing selection. Overall, more work is required to determine the
underlying mechanisms maintaining polymorphism in N. lecontei and N. pinetum, particularly in
Oor near centromeres.

Surprisingly, we did not recover any windows that fit the divergence-with-gene-flow
evolutionary scenario. We do not think this finding is due to incorrect inferences about the
demography and ecology of speciation in N. lecontei and N. pinetum because all existing data
strongly and consistently support ecological speciation driven by a recent host shift with
substantial gene exchange throughout divergence (Linnen and Farrell 2007, 2010; Bendall et al.
2017, 2022, 2023; Glover et al. 2023). One potential explanation for this finding is that our
observed lack of divergence-with-gene-flow windows is an artifact of how we selected and
categorized outlier windows. Recurrent selection, allopatric selection, and divergence-with-gene-
flow all predict some outlier windows with high Fgrand low &, corresponding to regions under
selection. These scenarios differ only in their predictions about whether absolute divergence
(dxy) will be high (divergence-with-gene-flow), average (allopatric selection), or low (recurrent
selection) relative to the rest of the genome. Categorization is therefore influenced by arbitrary
cutoffs for what we consider low (bottom 5%), average (interquartile range), or high (top 5%).

Additionally, the predictions for divergence-with-gene-flow windows assume that outside
of barrier loci, the rest of the genome is evolving neutrally. Based on the evidence discussed
above supporting pervasive linked selection, this assumption is almost certainly violated.

Importantly, when a locus experiences selection in the ancestral population, the statistical power
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to detect increased dxy between the descendant lineages at this locus due to restricted gene flow
is drastically reduced unless very high levels of gene flow occur across the rest of the genome
(Cruickshank and Hahn 2014). Thus, while examining local genomic patterns of variation
provides some additional context when interpreting genome-wide correlations—especially
distinguishing between recurrent and balancing selection—such qualitative categorizations
should be interpreted with caution.

Regardless of how we identify and categorize putative outlier windows, it is nevertheless
true that the predominant patterns in our genome-wide data do not fit published expectations for
divergence-with-gene-flow (Table 1B). One potential explanation for this finding is that genome-
wide signatures of divergence-with-gene-flow are likely to be ephemeral and N. lecontei and N.
pinetum are already too diverged to recover this pattern (Figure 2). In early stages of primary
speciation-with-gene-flow (i.e., no periods of allopatry throughout divergence), theory predicts
that gene flow will be reduced only at loci involved in reproductive isolation (i.e., “speciation
genes”’) and tightly linked loci, forming localized “islands of differentiation”, while the rest of
the genome is homogenized by gene flow (Wu 2001; Turner et al. 2005; Via and West 2008; Via
2012; Nosil and Feder 2012). As additional loci diverge, effective gene flow is reduced across
more of the genome, eventually leading to widespread genomic divergence (Nosil and Feder
2012). When this occurs, islands of differentiation become harder to detect (Via 2012; Han et al.
2017; Gauthier et al. 2018; Jiang et al. 2023) and genome-wide correlations between Fgr, dxy,
and © may become less pronounced. Moreover, as reproductive isolation increases and gene flow
declines further, diverging populations will increasingly behave as semi-independent
populations, diverging via drift and independent bouts of selection. Eventually, an initial pattern

of divergence-with-gene-flow may get “overwritten” by subsequent bouts of selection,
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increasingly producing genome-wide correlations consistent with whatever selection scenario
predominated post-divergence.

Evaluating our hypothesis that divergence-with-gene-flow signatures are ephemeral will
require characterizing the genomic landscape of divergence across multiple timepoints in the
Neodiprion speciation continuum. Indeed, this strategy is increasingly applied in other taxa and
is becoming a promising tool to investigate how genomic landscapes “evolve” as speciation
proceeds (e.g., Burri et al. 2015; Stankowski et al. 2019; Shang et al. 2023). As a complementary
approach, simulations under a wide range of selection scenarios, demographic histories, and
divergence time scales would be very useful for evaluating the robustness and temporal stability
of the qualitative predictions outlined in Tables 1B, 1C (e.g., Matthey-Doret and Whitlock 2019;
Rettelbach et al. 2019; Stankowski et al. 2019). From these studies, we can better understand the
evolutionary forces shaping the genomic landscape, further enhancing our understanding of the

genetics of adaptation and speciation.

Does haplodiploidy predict recurrent selection?

Sex chromosomes are hypothesized to be particularly prone to recurrent selection due to
expression of all recessive mutations in the heterogametic sex (Charlesworth et al. 1987,
Ellegren et al. 2012; Oyler-McCance et al. 2015; Irwin et al. 2016; Miller and Sheehan 2023).
Because haplodiploid inheritance patterns are similar to that of sex chromosomes (Nouhaud et al.
2020), we hypothesize that haplodiploids may be especially prone to recurrent selection, even if
there is gene flow throughout divergence. In support of this hypothesis, we found that recurrent
selection is likely the primary process shaping the heterogeneous landscape of differentiation

between N. lecontei and N. pinetum. Unfortunately, a taxonomic bias in the literature precludes
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us from assessing the prevalence of this pattern in haplodiploids. Although other taxa such as
birds (e.g., Burri et al. 2015; Irwin et al. 2016, 2018; Han et al. 2017; Rettelbach et al. 2019;
Chase et al. 2021; Jiang et al. 2023; Moreira et al. 2023), fish (e.g., Rougemont et al. 2019;
Wang et al. 2022; Sun et al. 2022), plants (e.g., Flowers et al. 2012; Ma et al. 2018; Stankowski
et al. 2019; Piatkowski et al. 2023; Shang et al. 2023), and other insects (e.g., Lindtke et al. 2017;
Wong Miller et al. 2017; Talla et al. 2019; Fiteni et al. 2022) are well represented in genomic
landscape studies, we only found one other comparable study (i.e., that estimates and compares
patterns of Fgr, dxy, and m across the genome so that these patterns can be matched to one or
more of the four selection-based evolutionary scenarios) in a haplodiploid system (Christmas et
al. 2021).

As in our study, Christmas et al. (2021) found that genomic windows with elevated
differentiation in Bombus alpine bumblebees tended to be found in genomic regions with high
gene density, low recombination rates, and low m. Additionally, they found evidence of recurrent
selection (low dxy in Fgroutlier windows) in an intraspecific comparison and in an allopatric
species pair. Conversely, and unlike our findings, they found evidence of divergence-with-gene-
flow (high dxy in Fst outlier windows) in a sympatric species pair. Notably, average genome-
wide Fgrin the Bombus sympatric species pair (0.41) is considerably lower than in our
Neodiprion pine sawflies (0.61). Also, it is unclear whether these sympatric Bombus species
diverged with continuous gene flow or whether they experienced periods of allopatry and
subsequent gene flow upon secondary contact. The power to detect locally elevated dxy due to
restricted gene flow is much higher when gene flow occurs upon secondary contact compared to
divergence with continuous gene flow at short divergence times (Cruickshank and Hahn 2014).

Collectively, the overall lower genomic differentiation and possibly different demographic
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history between the sympatric Bombus species compared to N. lecontei and N. pinetum could
explain the different findings between our study and Christmas et al. (2021). Ultimately,
however, more studies in diverse haplodiploid taxa are needed to determine whether this mode of

reproduction has a predictable impact on genome-wide patterns of genetic differentiation.

CONCLUSIONS

Collectively, our study makes several important contributions to the study of genomic
landscapes. First, our study adds to the growing body of literature documenting evidence of
pervasive linked selection across the genome. Second, our study highlights that even when there
is widespread linked selection, genomic predictors of variation can differ even between closely
related species. Third, although gene density and recombination rate appear to be the primary
biological sources of variation in genetic summary statistics across the genome, our study
demonstrates that it is important to consider other factors, such as genotyping error and
proximity to centromeres. Fourth, by focusing on a haplodiploid species pair, our study fills an
important taxonomic gap in the speciation genomics literature and supports the hypothesis that
patterns of variation in haplodiploids will be heavily influenced by recurrent selection.
Nevertheless, it is also clear that more genomic landscape studies from a broader range of taxa
are required to determine whether there are consistent differences in landscape features among
different taxonomic groups and divergence scenarios. Given the paucity of data from
haplodiploids, we suggest that investigation of such taxa should be a high priority for future
studies. As demonstrated here, genomic landscape studies are perhaps most informative when

there are sufficient genomic resources (e.g., high-quality reference genomes, genome
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annotations, recombination maps) and information about the study system (e.g., ecology and

divergence history) to aid hypothesis generation and data interpretation.
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TABLES
Table 1. Predicted patterns for genomic statistics under different evolutionary scenarios.
(A) Theory predicts that widespread linked selection across the genome will produce specific
genome-wide correlations between gene density and recombination rate (factors that affect the
intensity of linked selection) and genetic summary statistics. (B) Differences in the timing and
nature of selection are expected to produce distinct genome-wide correlations between Fsr, dxy,
and mean . Mean = refers to the average m for the two species included in the comparison. (C)
Expected local patterns of Fsr, dxy, and m compared to the genomic background for each of the

four primary evolutionary scenarios considered in (B).

(A) Predicted genome-wide correlations between genomic summary statistics and

genome features under linked selection

Statistic Recombination rate  Gene density
T positive negative
Tajima's D positive negative
Fay & Wu's H positive negative
Fst negative positive
dxy’ positive negative

(B) Predicted genome-wide correlations among summary statistics under four

evolutionary scenarios

Scenario Fgr vs. dxy Mean nt vs. Fgr Mean nt vs. dxy
Divergence-with-gene-flow  positive negative negative
Allopatric selection none negative none
Recurrent selection negative negative positive
Balancing selection negative negative positive

(C) Predicted local patterns of summary statistics under four evolutionary scenarios

Scenario Expected Patterns

Divergence-with-gene-flow Fgr:

high

. high
. low

Allopatric selection Fgr:

high

. average
: low

Recurrent selection Fgr:

high

: low
: low

Balancing selection Fgr:

low

: high
. high

TPredictions expected when linked selection occurred in the ancestral population.
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Table 2. Effect size estimates and type II ANOVA tables for multiple linear regression
models for genetic summary statistics. All predictor variables were normal-quantile
transformed prior to running each model. Significant p-values (p < 0.05) are indicated in bold.

Response Genomic predictor

variable variable Estimate Sum Sq df F value p-value

m- N

lecontei recombination rate 497x10° 8.80x10° 1 21.43 3.79 x 10°¢
exon density 2.74x 104 251x10% 1 610.43 <2.2x101¢
mutation rate 242x10° 237x10° 1 5.78 0.016
distance from centromere -2.25x 107 0 1 0.0004 0.99
site count -1.69x 104 851x10° 1 207.08 <2.2x1016
residuals 1.68x 10* 4083

m-N.

pinetum recombination rate -8.20x 10  2.38x 107 1 40.61 2.07 x 1019
exon density -1.71x10* 1.00x 10* 1 170.75 <2.2x101¢
mutation rate -251x10° 3.00x108 1 0.044 0.83
distance from centromere -1.64x10% 7.99x10° 1 136.40 <2.2x101¢
site count -142x10* 6.49x10° 1 110.67 <2.2x101¢
residuals 0.0024 4083

Tajima's D -

N. lecontei ~ recombination rate 5.36x 102 10.26 1 47.34 6.89 x 1012
exon density -2.16x 10! 155.91 1 719.67 <2.2x101¢
mutation rate 1.87 x 102 1.42 1 6.56 0.010
distance from centromere 2.30x 102 1.50 1 6.93 8.52x103
site count -1.23x 10! 44 .83 1 20692 <2.2x1016
residuals 884.56 4083

Tajima's D -

N. pinetum  recombination rate -1.58 x 10”2 0.88 1 2.55 0.11
exon density -1.57 x 107! 83.56 1 241.57 <2.2x1016
mutation rate -4.13x 104 0 1 0.0020 0.96
distance from centromere -8.77x 102 22.93 1 66.28 5.16 x 1016
site count -1.27x 10! 51.83 1 149.84 <2.2x101¢
residuals 1412.40 4083

Fay & Wu's

H-N.

lecontei recombination rate -8.13x 1073 0.24 1 4.79 0.029
exon density 2.78 x 102 2.59 1 5256 497 x10°13
mutation rate -7.12x 10 0.002 1 0.042 0.84
distance from centromere -8.62x 1073 0.21 1 4.29 0.038
site count 4.85x 102 6.98 1 14192 <2.2x1016
residuals 200.83 4083
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Fay & Wu's

H-N

pinetum recombination rate -5.67x 103 0.11 1 1.20 0.27
exon density 5.52x 1072 10.40 1 110.16 <2.2x1016
mutation rate -6.40x 103 0.17 1 1.76 0.19
distance from centromere -1.58 x 102 0.75 1 7.91 4.95x 103
site count 3.46 x 1072 3.85 1 40.81 1.87 x 101
residuals 385.31 4083

Fsr recombination rate -8.94 x 1073 0.29 1 19.70 9.31 x 10°¢
exon density 2.28x 102 1.76 1 121.94 <2.2x101¢
mutation rate 1.79 x 10 0 1 0.0090 0.92
distance from centromere -1.07x 1073 0.003 1 0.23 0.63
site count 4.14x 103 0.053 1 3.68 0.055
residuals 59.08 4083

dxy recombination rate -5.75x10° 1.18x10° 1 12.37 4.41 x 10#
exon density -2.96x 104 2.98x 10+ 1 31271 <22 x1016
mutation rate 1.49x10° 9.00x 107 1 0.94 0.33
distance from centromere -1.67x10* 835x 107 1 87.70 <2.2x1016
site count -1.77x10%  1.02x 10* 1 107.19 <2.2x1076
residuals 3.89x 103 4083
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FIGURE LEGENDS

Figure 1. Neodiprion lecontei and N. pinetum as a model speciation genomics system.
Neodiprion lecontei and N. pinetum have adapted to pine hosts with very different needle
morphology, exhibiting differences in larval and adult traits that enhance fitness on their
respective hosts (left panels show feeding larvae and ovipositing females of each species).
Neodiprion lecontei and N. pinetum also exhibit strong but incomplete reproductive isolation and
a history of divergence with gene flow (middle panel shows the best-fit demographic model
estimated in Bendall et al. (2022), with the sizes of boxes and arrows proportional to effective
population size and migration rates). Finally, Neodiprion pine sawflies are haplodiploid: females
develop from fertilized eggs and are diploid; males develop from unfertilized eggs and are
haploid (ploidy and morphology of adult females and males are shown in the last panel). Thus, in
addition to excellent genomic resources, their ecology, demographic history, and haplodiploidy
make N. lecontei and N. pinetum a good system for testing how these factors affect the genomic
landscape of differentiation. Photos by Robin Bagley and Ryan Ridenbaugh.

Figure 2. Patterns of genetic variation within and between Neodiprion lecontei and N.
pinetum. All measures of divergence (Fgst, dxy), diversity (), selection (Tajima’s D (D) and Fay
& Wu’s H (H)), recombination rate (cM/Mb), and exon density are highly heterogeneous across
the genome. Alternating white and gray boxes separate the seven chromosomes. The green
triangles and dotted purple lines indicate the estimated centromere midpoints.

Figure 3. Genome-wide correlations between pairs of statistics. Pearson’s correlation
coefficients between pairs of statistics describing genetic variation within and between
Neodiprion lecontei and N. pinetum as well as genome features. Abbreviations: ©t (L) = V.
lecontei m; m (P) = N. pinetum wt; dS = synonymous substitution rate (proxy for the neutral
mutation rate); cM/Mb = recombination rate; dist from cent = distance from the centromere.
Significant correlations are indicated with asterisks (*p < 0.05; **p <0.01; ***p <0.001).

Figure 4. Fsy, dxy, and &t for Neodiprion lecontei and N. pinetum on chromosome 4.
Windows that exhibit local patterns for all three summary statistics matching the expected
pattern for one of the four evolutionary scenarios (Table 1C) are colored with bars. In each plot,
the dotted lines represent regions where the windows were excluded from analysis due to low
site count.

57



Molecular Ecology Page 58 of 61

History of Divergence Haplodiploidy
| Y
8L O 3
O W A,y |
O
8 ;
> /
E ‘ -
) :
)
=
Q . 2 N. pinetum  N. lecontei |:| |:| |:|
Z A




Page 59 of 61 Molecular Ecology

1.00 1 i I 1 1

0.75

0.50

|:ST

0.25 I

0.00
0.04

0.03

dXY

0.01

0.00
1.6

I
1.2 !
|
|

0.8

m(x 10°2)

04 |

2 ! ! : f ! Species

‘ “ mmen = N. lecontei

D

mmm = N. pinefum

H

Exon density cM/Mb

1A A4 A A4 |

T T T
50 100 150 200 250
Position along the genome (Mbp)



|_
o0
L
d * Kk Kk
XY -0438 X
© e
FEx Kk %
mean 1t <=0.47 GEJ
* k% * * e
m(L) -0.34 ” =
=
*k* * * *k*k a?
n(P) -0.44 0.4 =
* * * * "?
dS -0.01 0.04 0.04 0.03 0.03 ¢y 2
° 3
*k*x * kK * *x * kk * kK * % c
exon density 0.2 -0.34 -0.41 -0.43 -0.28 -0.05 Q
o o
*Kkk | kkk | kkk *%* % * %% g
cM/Mb -0.07 -0.13 -0.1 0.03 -0.18 -0.03 0.07 S
O
* k% *kk kk*%k *x k% * k% * k% * k%
dlSt from Cent 001 —024 —024 —014 —026 —009 013 025
N B
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6

Molecular Ecology

Page 60 of 61



Page 61 of 61

For

dXY

1.00

0.75

0.50

0.25

0.00
0.025

0.020

0.015

0.010

0.005

0.000
0.016

0.012

0.008

0.004

0.000 ©

Molecular Ecology

| || ]
“,‘wl Ul o m‘ w;if”mf‘n"w ,»"WM B .l,tw,.\ 4 w“w‘du e W \M“h W\,

20
Position on chromosome (Mbp)

30

40

Scenario

= allopatric
selection

= balancing
selection

= recurrent
selection

Species

= N. lecontei

= = N. pinetum



