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Abstract

Recently diverged taxa often exhibit heterogeneous landscapes of genomic differentiation,
characterized by regions of elevated differentiation on an otherwise homogeneous background.
While divergence peaks are generally interpreted as regions responsible for reproductive isolation,
they can also arise due to background selection, selective sweeps unrelated to speciation,
and variation in recombination and mutation rates. To investigate the association between
patterns of recombination and landscapes of genomic differentiation during the early stages of
speciation, we generated fine-scale recombination maps for six southern capuchino seedeaters
(Sporophila) and two subspecies of White Wagtail (Motacilla alba), two recent avian radiations in
which divergent selection on pigmentation genes has likely generated peaks of differentiation.
We compared these recombination maps to those of Collared (Ficedula albicollis) and Pied
Flycatchers (Ficedula hypoleuca), non-sister taxa characterized by moderate genomic divergence
and a heterogenous landscape of genomic differentiation shaped in part by background selection.
Although recombination landscapes were conserved within all three systems, we documented a
weaker negative correlation between recombination rate and genomic differentiation in the recent
radiations. All divergence peaks between capuchinos, wagtails, and flycatchers were located in
regions with lower-than-average recombination rates, and most divergence peaks in capuchinos
and flycatchers fell in regions of exceptionally reduced recombination. Thus, co-adapted allelic
combinations in these regions may have been protected early in divergence, facilitating rapid
diversification. Despite largely conserved recombination landscapes, divergence peaks are specific
to each focal comparison in capuchinos, suggesting that regions of elevated differentiation have
not been generated by variation in recombination rate alone.
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During population divergence and speciation, the level of genetic
differentiation among closely related taxa can vary widely across
the genome, a pattern referred to as heterogeneous genomic diver-
gence (Nosil et al. 2009). Regions of elevated differentiation are
often thought to harbor barrier loci responsible for reproductive
isolation, while regions of low differentiation are attributed to the
homogenizing effects of gene flow or a lack of divergence (Turner
etal. 2005). Accordingly, researchers routinely rely on genomic scans
(e.g., F; outlier tests) to identify loci whose genetic differentiation
exceeds neutral expectations and that are therefore assumed to be
under divergent selection (Nosil et al. 2008). However, a growing
body of literature indicates that genomic landscapes of differenti-
ation are much more complex and difficult to interpret than pre-
viously thought (Cruickshank and Hahn 2014; Burri et al. 2015;
Stankowski et al. 2019). For example, background selection, se-
lective sweeps unrelated to speciation, and variation in recombin-
ation and mutation rates can contribute to patterns of heterogeneous
genomic divergence by altering levels of within-population diversity.
These forces can thereby confound the findings of genomic scans
and potentially yield high false positive rates when searching for
speciation loci under divergent selection (Charlesworth et al. 1993;
Ravinet et al. 2017; Booker et al. 2020).

While chromosomal rearrangements and their corresponding
suppression of recombination in heterozygotes have long been
known to promote genomic differentiation (Rieseberg 2001), the
contribution of genome-wide variation in recombination rate to
patterns of heterogeneous genomic divergence during speciation
has received comparatively less attention (Butlin 2005; Roesti et al.
2012). Recently, the greater availability of whole-genome sequence
data and advances in algorithmic methods for estimating recombin-
ation have provided the opportunity to investigate the chromosomal
features that generate variation in patterns of recombination across
the genome (Smukowski and Noor 2011). Studies have documented
substantial variation in recombination rate among different genomic
regions, according to factors such as chromosome type (e.g., large
autosomes, microchromosomes, or sex chromosomes), distance to
centromere and chromosome center, gene density, and GC content,
and demonstrated that recombination estimates can differ among
closely related taxa (Smukowski and Noor 2011; Berner and Roesti
2017; Stapley et al. 2017). In addition, these studies have revealed
the presence of recombination hotspots, or regions that shuffle gen-
etic variation at higher rates than the rest of the genome (Lichten
and Goldman 19935; Singhal et al. 2015), emphasizing the need to
consider variation in local recombination rate when interpreting pat-
terns of elevated genomic differentiation.

In genomic areas of low recombination, the reduction in diver-
sity at linked sites due to background selection and selective sweeps
(i.e., linked selection) and the effects of drift can extend over phys-
ically larger regions than in areas of high recombination, elevating
estimates of genomic differentiation between populations. Indeed,
empirical studies in a variety of systems have detected a negative re-
lationship between Fg and recombination rate (Stephan et al. 1998;
Keinan and Reich 2010; Renaut et al. 2013), supporting the idea
that linked selection in regions of low recombination can generate
heterogeneous differentiation landscapes even in the absence of se-
lection against gene flow. However, few studies have investigated the
association between patterns of recombination and landscapes of
genomic differentiation during the earliest stages of the speciation
process (Smukowski and Noor 2011). Often, incipient species are
only differentiated by a handful of genomic regions (Martin et al.
2013; Marques et al. 2016). In several avian systems, in particular,

the few regions of elevated genomic differentiation between closely
related taxa contain genes involved in plumage patterning and col-
oration, suggesting that divergent selection on plumage traits used
in mate choice and territorial defense has played a key role in speci-
ation (Poelstra et al. 2014; Toews et al. 2016; Campagna et al. 2017,
Cooper and Uy 2017; Stryjewski and Sorenson 2017; Semenov et al.
2021; Turbek et al. 2021). Nonetheless, in systems such as these, it
is unknown whether regions containing pigmentation genes are as-
sociated with particularly high, low, or average recombination rates,
and, consequently, the role of recombination in generating peaks of
differentiation associated with reproductive isolation early in diver-
gence remains unclear.

To further investigate the interplay between recombination rate
and divergent selection at various stages of the speciation process,
we generated fine-scale recombination maps for southern capuchino
seedeaters (Sporophila) and White Wagtails (Motacilla alba), two
recent avian radiations with well-characterized landscapes of gen-
omic differentiation and a history of ongoing or recent gene flow.
We compared the patterns observed in these radiations to those de-
tected in Collared (Ficedula albicollis) and Pied Flycatchers (Ficedula
hypoleuca), non-sister taxa that exhibit moderate genomic diver-
gence but still occasionally interbreed (Burri et al. 2015). These three
systems were chosen because there is ongoing gene flow within each
taxon and their landscapes of genomic differentiation have been
shaped by known selection pressures (Burri et al. 2015; Hejase et al.
2020; Semenov et al. 2021). Collared and Pied Flycatchers differ in
male plumage coloration, song, and various life-history traits, and
hybridize at low frequencies in areas of sympatry in eastern Central
Europe and the Baltic Islands of Gotland and Oland (Qvarnstrém
et al. 2010; Ellegren et al. 2012). While female F1 hybrids are en-
tirely sterile, male hybrids experience reduced fitness as a result of
sexual selection against intermediate plumage patterns (Svedin et al.
2008).

In contrast to Ficedula flycatchers, southern capuchino seed-
eaters constitute one of the most recent and rapid avian radiations
and comprise ten predominantly sympatric species that are ecologic-
ally and genomically similar, yet exhibit striking differences in male
plumage patterning and song (Campagna et al. 2012, 2017). Of the
few genomic regions that differentiate the species, many contain pig-
mentation genes involved in the melanogenesis pathway (Campagna
et al. 2017) and are associated with recent, species-specific selective
sweeps (Hejase et al. 2020). In addition, two syntopic capuchino
species (S. hypoxantha and S. iberaensis) mate assortatively in Iberd
National Park in Corrientes, Argentina, where pre-mating isolation
appears to be based on plumage coloration and song (Turbek et al.
2021). Similar to capuchino seedeaters, White Wagtails (Motacilla
alba) are a recent radiation consisting of nine subspecies charac-
terized by variation in plumage and body size, but little genomic
divergence (Harris et al. 2018; Semenov et al. 2018). Two subspe-
cies, M. a. alba and M. a. personata, form a hybrid zone in cen-
tral Siberia, where social pairs mate assortatively by head plumage
(Semenov et al. 2017), a trait with a relatively simple genetic basis
that maps to two small autosomal regions of elevated genomic dif-
ferentiation (Semenov et al. 2021). Thus, divergent mate preferences,
combined with selection on genes encoding plumage pigmentation,
appear to underlie the maintenance of phenotypic differentiation in
both capuchino seedeaters and White Wagtails.

The genomic landscapes of differentiation between Ficedula
flycatchers, capuchinos, and wagtails are highly heterogeneous,
with regions of elevated and reduced divergence (Ellegren et al.
2012; Campagna et al. 2017; Semenov et al. 2021; Turbek et al.
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2021). However, while capuchinos and wagtails are character-
ized by an extremely low level of background genomic differen-
tiation [capuchinos: genome-wide F,. = 0.008 (Campagna et al.
2017), wagtails: genome-wide Fi. = 0.046 (Semenov et al. 2021)]
punctuated by few narrow divergence peaks [capuchinos: mean
peak width = ~243 kb (Campagna et al. 2017), wagtails: mean
peak width = ~175 kb (Semenov et al. 2021)], Collared and Pied
Flycatchers exhibit a much higher background of differentiation
(autosomal F = 0.350) and have comparatively wide divergence
peaks (mean peak width = 625 kb) that are more abundant and scat-
tered throughout the genome (Ellegren et al. 2012). Most of these
F,, peaks are found repeatedly in the same genomic regions among
populations within Ficedula species and among independent lineages
of Ficedula flycatchers, suggesting that some of the more prominent
features of the heterogeneous landscape of genomic differentiation
between Collared and Pied Flycatchers evolved as a result of back-
ground selection (Burri et al. 2015), though selective sweeps due to
positive selection in regions of low recombination have also played a
role (Chase et al. 2021). The three systems also differ in their poten-
tial for admixture, which occurs more frequently in genomic regions
with high recombination rates (Schumer et al. 2018; Martin et al.
2019). Wagtails and capuchinos are largely undifferentiated across
the genome and have a high potential for gene flow as evidenced by
field observations, admixture and ABBA-BABA tests (Semenov et al.
2021), and demographic modeling (Turbek et al. 2021), while Pied
and Collared Flycatchers experience a detectable, yet relatively low,
rate of introgression (Wiley et al. 2009; Ellegren et al. 2012). By
comparing Ficedula flycatchers to the recent capuchino and wagtail
radiations, we can therefore examine the degree of conservation of
recombination landscapes among closely related species and assess
the location of known divergence peaks relative to recombination
rates at various stages of speciation. Background selection is thought
to explain accentuated genomic differentiation among more diver-
gent taxa, while positive selection may play a more prominent role
in generating regions of elevated differentiation early in divergence
(Burri 2017); however, few studies have evaluated this hypothesis
by comparing landscapes of heterogeneous genomic differentiation
throughout the speciation process (but see Burri et al. 2015; Van
Doren et al. 2017; Delmore et al. 2018).

Given that recombination breaks up favorable allele combi-
nations, potentially imposing fitness costs early in divergence, we
expected to observe a statistical association between regions of low
recombination and high F in all three systems. While this pattern
is well-established later in the speciation process due to the accu-
mulating effects of background selection (Cruickshank and Hahn
2014; Burri 2017), and should therefore be supported in Ficedula
flycatchers, it may not be detectable in the earliest stages of speci-
ation. If the time to divergence in capuchino seedeaters and White
Wagtails is too recent for this pattern to be detected, we expected
little to no connection between recombination rate and genomic
differentiation in capuchinos and wagtails, in contrast to Ficedula
flycatchers. The genetic architecture of phenotypic differentiation in
both capuchinos and wagtails is relatively simple, involving only a
few narrow genomic regions, and could potentially persist regardless
of broader (e.g., chromosome-scale) recombination patterns. Finally,
F,, outliers in capuchino seedeaters and White Wagtails could fall
in regions of high recombination. While recombination breaks up
co-adapted genetic combinations, it also generates new variation
upon which natural selection can act (Ortiz-Barrientos et al. 2016)
and can increase the effectiveness of selection by reducing the linkage
disequilibrium between loci under selection (i.e., Hill-Robertson

interference), thereby facilitating adaptation in natural populations
(Hill and Robertson 1966; Comeron et al. 2008). High recombin-
ation in regions containing pigmentation genes could thus generate
novel associations among alleles and/or elements in their regula-
tory network, leading to new plumage patterns, and make it easier
for natural selection to operate on individual loci that contribute
to phenotypic diversity. Therefore, while genes underlying plumage
patterning could occur throughout the genome, pigmentation genes
located in genomic regions of high recombination may be dispropor-
tionately found in divergence peaks.

Materials and Methods
Sampling

To calculate recombination rates for each system, we used pub-
lished whole-genome sequencing data from southern capuchino
seedeaters (Campagna et al. 2017; Turbek et al. 2021), White
Wagtails (Semenov et al. 2021), and Ficedula flycatchers (Burri
et al. 2015). The capuchino dataset included 123 individuals of
10 southern capuchino seedeater species and 4 individuals of two
outgroup species: the Tawny-bellied Seedeater (S. hypoxantha;
n = 28), the Ibera Seedeater (S. iberaensis; n = 21), the Black-bellied
Seedeater (S. melanogaster; n = 12), the Black-and-tawny Seedeater
(S. nigrorufa; n = 12), the Marsh Seedeater (S. palustris; n = 12),
the Pearly-bellied Seedeater (S. pileata; n = 12), the Chestnut
Seedeater (S. cinnamomea; n = 3), the Rufous-rumped Seedeater
(S. hypochroma; n = 4), the Dark-throated Seedeater (S. ruficollis;
n =15), the Copper Seedeater (S. bouvreuil; n = 4), and the outgroups
Chestnut-bellied Seedeater (S. castaneiventris; n = 2) and Ruddy-
breasted Seedeater (S. minuta; n = 25 Table S1). The Tawny-bellied
Seedeater and Iberd Seedeater datasets included a combination of
males and females, while only males were included for the other
capuchino species. For White Wagtails, we examined sequences
from ten males of M. a. alba and ten males of M. a. personata that
were sampled from allopatric populations in western Siberia and
Uzbekistan, respectively, as well as five individuals of the Forest
Wagtail (Dendronanthus indicus) and four individuals of the Gray
Wagtail (Motacilla cinerea) as outgroups (Table S1). The Ficedula
dataset contained ten males each of the Collared (E albicollis) and
Pied Flycatcher (E hypoleuca) that were sampled in a zone of sym-
patry in the Czech Republic, along with single individuals of two
outgroup species, the Red-breasted Flycatcher (E parva) and the
Snowy-browed Flycatcher (E hyperythra) (Table S1).

Whole-Genome Sequencing and Variant Calling

Raw sequencing reads were processed as described in Turbek et al.
(2021) for capuchinos and Ficedula flycatchers and Semenov et al.
(2021) for wagtails. Briefly, we used AdapterRemoval (capuchinos:
v.2.1.7, flycatchers: v.2.3.1) to trim capuchino and Ficedula reads
with a Phred quality score below 10, remove adapter sequences,
and merge overlapping paired-end reads (Schubert et al. 2016). We
aligned the capuchino reads to a reference genome of S. hypoxantha
(Campagna et al. 2017) and the Ficedula reads to the chromosome-
level Collared Flycatcher genome assembly FicAlb1.5 (Kawakami
et al. 2014) using the very sensitive, local option in Bowtie2
(capuchinos: v.2.3.4, flycatchers: v.2.4.2) (Langmead and Salzberg
2012). For wagtails, we used the default settings in Trimmomatic
v.0.39 to trim poor-quality reads and remove Illumina adapters
(Bolger et al. 2014). We then used a chromosome-level assembly of
M. alba alba (NCBI BioProject PRINA662706) to align the reads
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using bwa mem (v.0.7.17-r1188) within the Sentieon wrapper (Freed
et al.2017).

Following alignment, we used SAMtools (v.1.7) to sort and index
the capuchino and flycatcher data and Picard Tools (capuchinos:
v.2.17.10, flycatchers: v.2.23.8) to mark PCR duplicates, realign
around indels, and fix mate pairs (Li et al. 2009; Broad Institute
2018). Variant calling was performed with HaplotypeCaller in
GATK (capuchinos: v.3.8.0, flycatchers: v.4.1.9) (McKenna et al.
2010). We merged the resulting G.VCF files with CombineGVCFs
and genotyped the data with GenotypeGVCFs. For wagtails,
we ran duplicate removal, HaplotypeCaller (GATK 4.1), and
GenotypeGVCFs (GATK 4.1) using the Sentieon wrapper tools
(Freed et al. 2017). Next, we used VariantFiltration in GATK to filter
out variants based on the following parameters: QD < 2.0, FS > 60.0,
MQ < 30.0, MQRankSum < -12.5 and ReadPosRankSum < -8.0 for
capuchinos and flycatchers and QD < 2.0, FS > 60.0, MQ < 40.0,
and MQRankSum < -12.5 for wagtails. Finally, we used VCFtools
(capuchinos: v.0.1.13, wagtails and flycatchers: v.0.1.15) to remove
individuals with more than 20% missing data (3 S. hypoxantha, 3
S. nigrorufa, 2 S. palustris, 2 S. pileata) and exclude variants that
had a minor allele frequency less than 0.05, more than 10% missing
data, or were not biallelic (Danecek et al. 2011). We additionally
filtered out sites that had a quality score below 20 and mean depth
of coverage less than 4 or greater than 75 (for wagtails) and sites
with a mean depth of coverage less than 2 or greater than 50 (for
capuchinos and flycatchers). This pipeline yielded 10 638 161 SNPs
after filtering for capuchinos, 37 215 097 SNPs for wagtails, and
15 072 062 SNPs for Ficedula flycatchers. Although we followed
different pipelines to call variants for each system, it is unlikely that
this affected our downstream analyses, as our comparisons are made
within, rather than between, species complexes.

To avoid conducting a large number of pairwise comparisons,
we restricted the capuchino dataset to six species and also removed
species that lacked the minimum necessary number of individuals
to calculate recombination rate (we discarded S. cinnamomea,
S. bypochroma, S. ruficollis, and S. bouvreuil for these reasons). We
created separate VCF files for each species in order to estimate recom-
bination rate (for the ingroups) or infer the ancestral allele at each
variable site (for the outgroups). Although the wagtail and Ficedula
references genomes were assembled to chromosome level, our refer-
ence for S. hypoxantha was not a chromosome-level assembly. We
therefore estimated recombination rate for each capuchino scaffold
individually, reoriented and ordered the scaffolds according to their
alignment to the zebra finch assembly (Taeniopygia_guttata-3.2.4),
removing scaffolds that had a cumulative matching sum <5 kb,
and merged the LDhelmet output for scaffolds assigned to each
chromosome.

Recombination Rate Estimation

We computed recombination rate over 50-kilobase (kb) windows
using LDhelmet v.1.10 (Chan et al. 2012). LDhelmet infers re-
combination rates by examining patterns of linkage disequilib-
rium (LD) across phased haplotypes and requires 1) an estimate
of 0, the population mutation rate, 2) a set of phased haplotypes,
3) knowledge of the ancestral allele at each segregating site, and
4) a 4 x 4 mutation matrix containing counts of mutation types
(Chan et al. 2012). We estimated the population mutation rate for
each system by calculating Watterson’s 0 per-chromosome using a
custom Python script modified from Shanfelter et al. (2019) (https://
github.com/georgysemenov/wagtails). The script used the R package
PopGenome (Pfeifer et al. 2014) to estimate Watterson’s 6 over 2-kb

windows with a sliding window of 1 kb and averaged all windows
together for each chromosome. Given that estimates of Watterson’s
0 were very similar among taxa within each system (x0.001), we
used the same population mutation rate estimate within capuchinos,
wagtails, and Ficedula flycatchers. A previous study found that small
changes in 6 have little influence on the resulting recombination es-
timates generated in LDhelmet (Stukenbrock and Dutheil 2018).
To infer haplotypes, we phased each chromosome (or scaffold for
capuchinos) independently with read-aware phasing in Shapelt2,
which uses reads that span at least two heterozygous sites (i.e., phase
informative reads) to improve phasing accuracy (Delaneau et al.
2013). Shapelt2 requires a minimum of ten individuals for phasing.
Given that three individuals of S. nigrorufa had more than 20%
missing data and were excluded from the VCE we included one in-
dividual of hypoxantha with those of S. nigrorufa for the phasing
step, as capuchino seedeaters exhibit little neutral genomic struc-
ture, and subsequently removed this S. hypoxantha individual from
the phased VCF for downstream analyses. For capuchino species
with more than ten individuals following filtering (S. hypoxantha,
S. iberaensis, and S. melanogaster), we excluded birds with more
than 10% missing data prior to phasing each scaffold, as recom-
mended to improve phasing accuracy. All wagtail and flycatcher in-
dividuals had low rates of missing data and were therefore retained
in the phasing analysis.

We used two outgroup species per system to infer the ancestral
allele at each variable site. If the outgroup taxa were homozygous
for the same allele at a particular locus, the nucleotide carried by
the outgroups was assigned a prior probability of 0.91, while the re-
maining three nucleotides were assigned prior probabilities of 0.03
to account for uncertainty in ancestral allele reconstruction, as in
Singhal et al. (20135). For all other sites (for which a polymorphism
was segregating among the outgroup species), each nucleotide was
assigned a prior probability derived from the overall frequency of
that particular nucleotide on the chromosome (Singhal et al. 2015).
We estimated mutation matrices for each species by quantifying the
total number of each type of mutation away from the ancestral al-
lele at all positions for which an ancestral allele could be inferred.

Table 1. Pearson’s correlation (r) between the recombination land-
scapes of closely related taxa of capuchino seedeaters, White Wag-
tails, and Ficedula flycatchers. Each row refers to a chromosome
that contained at least one divergence peak between the two spe-
cies. Adjusted P < 0.05 (Benjamini and Hochberg method) for all
comparisons

Comparison Chr Pearson’s r
S. hypoxantha vs. S. iberaensis 1 0.88
S. bypoxantha vs. S. iberaensis 11 0.90
S. hypoxantha vs. S. iberaensis 7 0.72
S. nigrorufa vs. S. melanogaster 1 0.76
S. nigrorufa vs. S. melanogaster 1A 0.88
S. nigrorufa vs. S. melanogaster 11 0.84
S. nigrorufa vs. S. melanogaster 20 0.85
S. nigrorufa vs. S. melanogaster Z 0.69
M. a. alba vs. M. a. personata 1A 0.87
M. a. alba vs. M. a. personata 20 0.70
E albicollis vs. E hypoleuca 1 0.82
E albicollis vs. E hypoleuca 1A 0.86
E albicollis vs. E. hypoleuca 11 0.80
E albicollis vs. E. bypoleuca 20 0.62
E albicollis vs. E hypoleuca zZ 0.79
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Figure 1. (A, B) Fine-scale recombination maps across chromosomes 1, 11, and Z in (A) S. hypoxantha and (B) S. iberaensis. Dashed gray lines indicate genomic

regions containing divergence peaks. Recombination estimates were averaged over 100-kb windows and are reported in p/bp, where p is the population-
scaled recombination rate (4N r) and r is the per-generation mutation rate (i.e., the probability of a recombination event occurring during meiosis). (C, D)
The relationship between mean F, calculated over 25-kb windows, and recombination rate in (C) S. hypoxantha and (D) S. iberaensis. Windows containing
divergence peaks are depicted as black circles and Pearson’s correlation coefficient between mean F_ . and recombination rate is shown in the upper right corner

of each plot. All plots are colored by recombination rate.

Ancestral allele probabilities and mutation matrices were generated
using a custom Perl script modified from Shanfelter et al. (2019).
We converted the VCF file for each ingroup species into SNP se-
quence and SNP position files with the flag “-ldhelmet” in VCFtools.
For each chromosome of interest, we used the find_confs module
in LDhelmet with a window size of 50 SNPs (-w 50) to create one
haplotype configuration file. Next, we generated one likelihood
lookup table per chromosome with the table_gen command using
the recommended grid of p values (-r 0.0 0.1 10.0 1.0 100.0) and
our estimate of Watterson’s 6 for each system (-t; capuchinos: 0.01,
wagtails: 0.00435, flycatchers: 0.004). Additionally, we ran the pade
module to generate Padé coefficient tables with our estimate of
Watterson’s 0 (—£) and the recommended 11 coefficients (—x11).

LDhelmet uses a reversible-jump Markov chain Monte Carlo
(rfMCMC) scheme to approximate the posterior distribution of re-
combination rates, as the prior on the recombination map is a step
function with an unknown number of change points (Chan et al.
2012). For the rjmcmc step, we followed Singhal et al. (2015) and
ran the Markov chain for the recommended 1 000 000 iterations,
discarding 100 000 iterations as burn-in, to estimate recombination
rate for each chromosome (or scaffold in capuchinos) individually
over the recommended window size of 50 SNPs (-w 50 -burn_in
100000 -n 1000000). The rjmcmc procedure also requires specifica-
tion of the block penalty, a penalty assigned to the likelihood when
the recombination rate changes across the genome. A previous study
that used LDhelmet to generate recombination maps in birds found
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Figure 2. (A, B) Fine-scale recombination maps across chromosomes 1, 1A, 11, 20, and Z in (A) S. nigrorufa and (B) S. melanogaster. Dashed gray lines
indicate genomic regions containing divergence peaks. Details as in Figure 1. (C, D) The relationship between mean F, calculated over 25-kb windows, and
recombination rate in (C) S. nigrorufa and (D) S. melanogaster. Other details as in Figure 1.

that a block penalty of 5 maximizes the power to detect hotspots,
while a block penalty of 100 generates the most accurate recombin-
ation maps over longer distances (Singhal et al. 2015). As we were
interested in broader-scale patterns of recombination, we ran each
chromosome with a block penalty of 100 (-b 100) in all three sys-
tems. Finally, we extracted population-scaled recombination rates
using the post_to_text command in LDhelmet. Recombination rates
are reported in p/bp, where p is the population-scaled recombination
rate (4N ) and r refers to the per-generation recombination rate (i.e.,
the probability of a recombination event occurring during meiosis).

We estimated recombination rates for chromosomes con-
taining the main divergence peaks between the focal species (1,
1A, 11, 20, and Z in capuchinos and 1A and 20 in wagtails). For
Ficedula flycatchers, we generated recombination maps for all five
of the analyzed chromosomes in the focal species, as each of the five
chromosomes contains a divergence peak between Pied and Collared
Flycatchers (Ellegren et al. 2012). Given that we do not make ex-
plicit comparisons between capuchinos, wagtails, and flycatchers, we
did not determine synteny among the species complexes. However,
chromosomal synteny is high among songbirds (Ellegren 2010), and
the analyzed chromosomes are therefore likely similar across the
three systems.

Statistical Analyses

For each chromosome, we filtered out recombination estimates
between SNPs that were located greater than 5 kb apart, as SNP
density was likely too low to have the necessary power to detect re-
combination events, and averaged recombination rate (p) over 100-
kb windows with a 100-kb step using the R package WindowScanR
(Tavares 2021). In addition, we used VCFtools to calculate F  over
25-kb windows between the species pairs within each system. We

note that excluding invariant sites has been shown to bias estimates
of nucleotide diversity statistics (Korunes and Samuk 2021); how-
ever, it is unclear how the use of variant-only SNP data may affect
windowed estimates of F or p. To examine the extent to which re-
combination landscapes are conserved within systems, we calculated
Pearson’s correlation coefficient (r) between the windowed p esti-
mates of species pairs and adjusted the resulting p-values for multiple
comparisons with the Benjamini and Hochberg method (Benjamini
and Hochberg 1995; Pike 2011). We also computed Pearson’s r be-
tween recombination rate and F for each chromosome of interest
to compare the association between regions of elevated genomic dif-
ferentiation and patterns of recombination in Ficedula flycatchers
and the recent capuchino and wagtail radiations. We note that
the correlation coefficients and associated P values are affected by
pseudoreplication, as loci are genetically linked and therefore not
independent; however, we included the correlations in the study to
illustrate and summarize the genome-wide patterns.

To determine whether divergence peaks in capuchino seedeaters
and White Wagtails that are known to be under divergent selection
fall in regions of exceptionally high or low recombination, we car-
ried out randomization tests for M. a. alba versus M. a. personata
and the capuchino species that exhibited the highest (S. nigrorufa
vs. S. melanogaster; F = 0.008) and lowest (S. hypoxantha vs.
S. iberaensis; F.. = 0.005) genomic differentiation (mean genome-
wide Fg,
comparisons represent the extremes of geographic overlap within

ST
calculated for 25-kb windows). These two capuchino

the radiation, as S. hypoxantha and S. iberaensis are syntopic while
S. nigrorufa and S. melanogaster are found in allopatry, and likely
reflect the current probability of gene flow among the species. For
each chromosome, we calculated mean p within the divergence
peaks and randomly chose a region of the same size (i.e., the same

220z KelN 60 U0 1senB Aq ¥6.29€9/587/9/2 | L/2101IE/PaISY (/00" dNO oIS PEDE//:SAY WO PAPEOUMOC



Journal of Heredity, 2021, Vol. 112, No. 6

491

A5 M. alba alba ‘k
X 250 Chr 20 = Chr1A |
& v !
@ 2001 1501 .
@ :
c 1501 100 :
= 100 '
- 50
8 50
8 oL ; : L : £
L 0 50 100 150 0 200 400 600
Position (Mb) Position (Mb)
= M. alba personata __
Bsg ®
= 90 -
L 1001
o
c 60
=
£ 30
e
& ol . | o I n .ol
2 0 50 100 150 0 200 400 600
Position (Mb) Position (Mb)
M. alba alba
C o2l s 2 r=-0.144 < r= -0.038
. 0.3
LLVJO,15. . °
= . 0.2 1
S o010{
= .2 L
005 o 0.1
“
0.001 .. ' ‘.’ ot ~. 0.0 M".
0 100 150 200 250 100 150
Recomblnatlon rate (p/kb) Reoombmatlon rate (p/kb)
D M. alba personata
0.201 o r= -0.153 2 r= —0.089
0.3
= . 0.2
S 0.101 :
= °
0.051 O] . 3
0.00-. w""““ £ o m-u- i
100 0 30 60 )

Recomblnatlon rate (p/kb)

Recombination rate (p/kb)
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regions containing divergence peaks. Details as in Figure 1. (C, D) The relationship between mean F_, calculated over 25-kb windows, and recombination rate in

(C) M. a. alba and (D) M. a. personata. Other details as in Figure 1.

number of windows as the divergence peaks) 10 000 times, with re-
placement. We computed mean p for the randomly selected region
and calculated the two-tailed P value as 2 x the number of times
the mean p of the randomly selected region fell below the mean
observed p within the divergence peaks, divided by the number of

replicates. To determine the statistical significance of each test, we
adjusted our P values for multiple comparisons with the Benjamini
and Hochberg correction. The randomization tests examined the
null hypothesis that the average p of the divergence peak was equal
to the chromosome-wide average p. Divergence peaks were defined
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as described in Campagna et al. (2017) for capuchino seedeaters and
Semenov et al. (2021) for White Wagtails. We also repeated the ran-
domization tests for Ficedula flycatchers, where peaks of divergence
have been produced through a combination of background selec-
tion and positive selection in regions of low recombination (Burri
et al. 2015; Chase et al. 2021), to compare the patterns observed in
each system. Divergence peaks in Ficedula flycatchers were defined
as 25-kb windows in the top 1% of the F distribution for each of
the relevant chromosomes (see Figures S1 and S2 for examples of
divergence peaks). All analyses were carried out in R v.3.6.2 (R Core
Team 2018).

Results

Closely Related Species are Characterized by

Similar Recombination Landscapes

On average, recombination landscapes were highly correlated within
capuchino seedeaters, wagtails, and Ficedula flycatchers, indicating
that recombination rates are fairly conserved among closely related
avian species (Table 1, Figure S3). Correlation coefficients for wag-
tails, Ficedula flycatchers, and the capuchino species exhibiting the
highest and lowest genomic differentiation are provided in Table 1,
while correlation coefficients among all capuchino species are pro-
vided in Figure $4. Pearson’s correlation across chromosomes ranged
from 0.37 to 0.96 in capuchino seedeaters (five chromosomes), 0.70
to 0.87 in White Wagtails (two chromosomes), and 0.62 to 0.86 in
Ficedula flycatchers (five chromosomes). Removing a single out-
lier chromosome in S. pileata (Chr 11) increased the lower bound
of the range to 0.63 in capuchinos. Although divergence peaks are
specific to each focal comparison of capuchino species (i.e., not all

capuchinos exhibit the same divergence peaks; see example in Figure
S2) (Campagna et al. 2017), recombination rate was similar among
capuchino species (Figures S3 and S4). Males and females can differ
in their fine-scale recombination patterns (Sardell and Kirkpatrick
2020); however, S. hypoxantha and S. iberaensis exhibited similar
recombination estimates to the other capuchino species despite the
fact that our sampling included a combination of males and females
(Figure S3).

Weak Genome-wide Correlation Between
Recombination and Differentiation Early in

Speciation

Given the longer time since divergence between Collared and Pied
Flycatchers, we expected to detect an association between regions of
low recombination and high F, in Ficedula flycatchers. However, it
is unclear if this pattern is detectable in the early stages of the spe-
ciation process. Ficedula flycatchers were characterized by a much
higher background level of genomic differentiation than capuchinos
and wagtails across all chromosomes of interest (mean genome-
wide F.; S. hypoxantba vs. iberaensis: 0.005, S. nigrorufa vs.
S. melanogaster: 0.008, wagtails: 0.020, Ficedula flycatchers: 0.235).
We observed a negative correlation between mean F and recom-
bination rate in all contrasts (Figures 1-4). However, this negative
relationship was weaker in capuchino seedeaters (Figures 1 and 2;
S. bypoxantha: r = —0.047 to —-0.126, S. iberaensis: r = —0.101 to
-0.153, S. nigrorufa: r =-0.097 t0 -0.289, S. melanogaster: r = -0.13
to —0.306) and wagtails (Figure 3; M. a. alba: r = -0.038 to -0.144,
M. a. personata: r = —0.089 to -0.153) than in Ficedula flycatchers
(Figure 4; E albicollis: r = -0.383 to -0.536, E. hypoleuca: r = -0.341
to —0.526). We note that p and F can only co-vary to the degree
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Table 2. Results of randomization tests to determine if divergence peaks fell in regions with higher or lower recombination rates (p) than
expected by chance. For each chromosome, 10 000 regions with the same number of windows as the divergence peaks were randomly
sampled with replacement. The two-tailed P value reports 2 x the proportion of randomly selected regions within the chromosome that
had lower recombination rates than that of the divergence peak. Significant results (adjusted P < 0.05; Benjamini and Hochberg method)

are shown in bold

Species Chr Mean rho of peaks Mean rho of distribution Adjusted two-tailed P
S. bypoxantha 1 49.07 163.04 0.006
S. hypoxantha 11 111.83 163.16 0.382
S. hypoxantha Z 11.65 146.50 <0.0001
S. iberaensis 1 37.75 90.97 0.012
S. iberaensis 11 33.43 90.96 0.005
S. iberaensis z 2.96 83.93 <0.0001
S. nigrorufa 1 9.31 29.03 <0.0001
S. nigrorufa 1A 7.41 28.39 <0.0001
S. nigrorufa 11 2591 41.30 0.056
S. nigrorufa 20 10.62 30.00 0.022
S. nigrorufa Z 4.52 12.16 0.005
S. melanogaster 1 18.78 66.41 <0.0001
S. melanogaster 1A 5.98 73.31 <0.0001
S. melanogaster 11 97.46 118.21 0.257
S. melanogaster 20 5.50 91.30 0.004
S. melanogaster Z 12.52 34.25 0.006
M. a. alba 1A 42.04 42.82 0.953
M. a. alba 20 80.61 96.55 0.551
M. a. personata 1A 12.76 19.91 0.257
M. a. personata 20 33.74 37.96 0.670
E albicollis 1 2.10 15.50 <0.0001
E albicollis 1A 1.85 17.26 <0.0001
E albicollis 11 0.66 22.76 <0.0001
E albicollis 20 6.54 23.04 0.0004
E albicollis z 3.47 9.45 <0.0001
E hypoleuca 1 5.23 14.08 <0.0001
E hbypoleuca 1A 3.97 15.59 <0.0001
E hypoleuca 11 7.24 26.91 <0.0001
E hypoleuca 20 7.60 25.97 0.0004
E hypoleuca Z 2.81 8.34 <0.0001

that effective population size (N,) varies across the genome, as the
population-scaled recombination rate (p) depends on N..

Many Divergence Peaks Fell in Regions of Low
Recombination

Although we expected F; outliers to fall in regions of low recom-
bination in Ficedula flycatchers due to the accumulating effects of
background selection, high recombination in regions containing pig-
mentation genes could help explain the phenotypic diversity observed
in capuchinos and wagtails by generating novel associations among
alleles and/or elements in their regulatory network. Randomization
tests revealed that divergence peaks were located in regions of sig-
nificantly low recombination in 5 of 6 (83%) analyzed chromosome/
peak combinations between S. hypoxantha and S. iberaensis, 8 of
10 (80%) comparisons between S. nigrorufa and S. melanogaster,
0 of 4 (0%) comparisons between wagtail subspecies, and all 10
(100%) comparisons between Collared and Pied Flycatchers. (Table
2). While the comparisons between wagtail subspecies were not stat-
istically significant, mean p of the divergence peaks was consistently
lower than mean p of the randomly selected regions in all compari-
sons (Table 2), suggesting that peaks of differentiation tend to fall
in regions on the lower end of the recombination spectrum in all
three systems. The average difference in recombination rate between
the divergence peaks and randomly selected regions was 56.21 p/kb

for capuchinos, 7.02 p/kb for wagtails, and 13.74 p/kb for Ficedula
flycatchers.

Discussion

Genetic recombination plays a fundamental role in the evolution
of sexually reproducing organisms by generating novel allelic com-
binations that selection can act upon and breaking up associations
between loci, thereby allowing selection to remove deleterious mu-
tations that may otherwise accumulate in populations. Nonetheless,
we know little about the ways in which broad-scale variation in re-
combination rate contributes to patterns of heterogenous genomic
divergence early in the speciation process. With the development of
high-throughput genomic sequencing technology, researchers are
now able to take advantage of high-density genomic data to estimate
fine-scale recombination rates from patterns of linkage disequilib-
rium in non-model organisms. Using LD-based methods to assess the
location of divergence peaks relative to the recombination landscape
at various stages of the speciation process, we detected similarities
and differences between recent radiations and more divergent taxa.

Within systems, we found that recombination rate was highly
correlated among closely related taxa. The conservation of recom-
bination rate across the genome is perhaps unsurprising because
genomically similar organisms likely share features that correlate
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with patterns of recombination, such as gene density and GC con-
tent (Dumont and Payseur 2008; Smukowski and Noor 2011), and
chromosomal synteny is high among songbirds (Ellegren 2010).
However, in some mammalian taxa, recombination landscapes and
the position of hotspots vary substantially among closely related
species and subspecies [e.g., between subspecies of mice (Smagulova
et al. 2016) and humans and chimpanzees (Auton et al. 2012)]. This
discrepancy has been attributed to the rapid evolution of PRDM9
(Auton et al. 2012; Smagulova et al. 2016), a gene that determines
meiotic recombination hotspots in mice and apes but is absent from
other vertebrate species, including birds. The observed similarity
between the recombination landscapes of capuchino seedeaters,
wagtails, and Ficedula flycatchers is therefore consistent with the
conservation of hotspot locations reported in birds and other taxa
that lack a PRDM9 gene (Lam and Keeney 2015; Singhal et al. 2015;
Kawakami et al. 2017). In capuchino seedeaters, recombination land-
scapes were remarkably comparable among species despite the fact
that particular divergence peaks are present between some species
but not others (Campagna et al. 2017), suggesting that regions of
elevated differentiation have not been generated by variation in re-
combination rate alone. Drastic decreases in diversity (e.g., recurrent
selective sweeps) can compromise the ability of LD-based methods
to accurately infer recombination rates (Chan et al. 2012), and many
of the divergence peaks in capuchino seedeaters are associated with
recent species-specific selective sweeps (Hejase et al. 2020). However,
LDhelmet is fairly robust to soft selective sweeps, like those observed
in capuchinos (Chan et al. 2012; Hejase et al. 2020). Given the
similarity between the recombination maps produced for different
capuchino species, it is unlikely that positive selection significantly
influenced the resulting recombination estimates.

In contrast to Collared and Pied Flycatchers, which exhibited a
relatively strong negative correlation between mean Fg. and recom-
bination rate across all analyzed chromosomes, we found a much
weaker relationship between the two variables in capuchinos and
wagtails. Negative associations between F_ and recombination rate
have been reported in a variety of taxa (Stephan et al. 1998; Keinan
and Reich 2010; Renaut et al. 2013), as the reduction in intraspecific
variation due to linked selection can extend over larger distances in
regions of low recombination, thereby elevating estimates of gen-
omic differentiation. Given that the pattern of heterogeneous gen-
omic divergence in Ficedula flycatchers is thought to have evolved
due to a combination of background selection and selective sweeps
in areas of reduced recombination (Burri et al. 2015; Chase et al.
2021), we expected to find a strong negative correlation between
mean F and recombination rate in Collared and Pied Flycatchers.
In capuchino seedeaters and White Wagtails, on the other hand, the
few regions of elevated differentiation between closely related taxa
are associated with plumage patterning and are thought to have re-
sulted from selective sweeps. We likely did not find a strong relation-
ship between chromosome-wide recombination rate and genomic
differentiation in the recent radiations given the short time since
divergence between the species, and therefore limited influence of
background selection in generating the heterogeneous landscapes of
differentiation.

Divergence peaks may lie in low or high recombination regions
regardless of the strength of association between genome-wide F,
and recombination rate. Capuchino seedeaters and White Wagtails
are notable for their extensive phenotypic diversity, as both groups
have rapidly radiated to form species or subspecies characterized by
remarkable variation in plumage patterning. In capuchinos, the re-
shuffling of standing genetic variation among closely related species

is thought to have facilitated phenotypic diversification and rapid
speciation (Turbek et al. 2021). High recombination rates in regions
containing pigmentation genes could potentially allow the rapid
generation of novel plumage patterns, for example through the re-
shuffling of enhancers that regulate gene expression (Wallbank et al.
2016). Although we only documented a weak negative correlation
between recombination rate and mean Fg, in capuchinos and wag-
tails on a broad scale, we found that a large portion of the iden-
tified divergence peaks between capuchino species were located in
regions of exceptionally low recombination. The pattern observed
in capuchino seedeaters was similar to that found in Ficedula fly-
catchers but was decoupled from chromosome-level associations be-
tween divergence and recombination in capuchinos. In addition, the
mean recombination estimates of all divergence peaks in capuchinos,
wagtails, and flycatchers fell on the lower end of the distribution of
recombination estimates for their respective chromosomes.

Chromosomal inversions in capuchinos and wagtails could main-
tain divergence peaks regardless of patterns of recombination within
taxa due to a lack of recombination in hybrid individuals. However,
Campagna et al. (2017) did not detect structural variants that coin-
cided with peaks of differentiation. In addition, the narrow regions
of elevated differentiation in wagtails readily recombine in hybrids
(Semenov et al. 2021). Thus, it is unlikely that divergence peaks exist
within large chromosomal inversions in either system.

The finding that divergence peaks tended to occur in regions of
suppressed recombination early in divergence supports the results of
previous theoretical and empirical studies suggesting that adapta-
tion and divergence may be favored in regions of low recombination
when populations are subject to genetic exchange (Nachman and
Payseur 2012; Marques et al. 2016; Aeschbacher et al. 2017; Han
et al. 2017; Samuk et al. 2017; Martin et al. 2019). Recombination
can impede speciation with gene flow (which is likely ongoing in all
three systems) by breaking apart favorable allelic combinations and
homogenizing divergent populations. Thus, regions responsible for
phenotypic differences are less likely to be broken up by gene flow
early in divergence if they are located in areas of low recombination,
allowing speciation to proceed despite genetic exchange.

During population divergence and speciation, numerous fac-
tors, including selection against gene flow, background selection, se-
lective sweeps, and variation in recombination and mutation rates,
contribute to heterogeneous genomic differentiation (Ravinet et al.
2017; Semenov et al. 2019; Stankowski et al. 2019). By considering
variation in local recombination rate near peaks of divergence pro-
duced through known forces in the early stages of the speciation
process, we demonstrate that pigmentation genes that underlie re-
productive isolation tend to occur in regions of low recombination.
Co-adapted genetic combinations in these regions were likely pro-
tected from the effects of gene flow early in divergence, facilitating
rapid diversification.
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Supplementary data are available at Journal of Heredity online.
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