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Abstract

Next-generation sequencing has made it possible to begin asking questions about the
process of divergence at the level of the genome. For example, recently, there has been
a debate around the role of ‘genomic islands of divergence’ (i.e. blocks of outlier loci)
in facilitating the process of speciation-with-gene-flow. The Swainson’s thrush, Catha-
rus ustulatus, is a migratory songbird with two genetically distinct subspecies that dif-
fer in a number of traits known to be involved in reproductive isolation in birds
(plumage coloration, song and migratory behaviour), despite contemporary gene flow
along a secondary contact zone. Here, we use RAD-PE sequencing to test emerging
hypotheses about the process of divergence at the level of the genome and identify
genes and gene regions involved in differentiation in this migratory songbird. Our
analyses revealed distinct genomic islands on 15 of the 23 chromosomes and an accel-
erated rate of divergence on the Z chromosome, one of the avian sex chromosomes.
Further, an analysis of loci linked to traits known to be involved in reproductive isola-
tion in songbirds showed that genes linked to migration are significantly more differ-
entiated than expected by chance, but that these genes lie primarily outside the
genomic islands. Overall, our analysis supports the idea that genes linked to migration
play an important role in divergence in migratory songbirds, but we find no compel-
ling evidence that the observed genomic islands are facilitating adaptive divergence in
migratory behaviour.
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Introduction

While our knowledge of the ecological and behavioural
traits involved in the early stages of divergence has
increased steadily (Coyne & Orr 2004; Price 2008), the
tools for understanding how genomes diverge during
the process of speciation in nonmodel organisms have
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emerged only in the last few years (Metzker 2010; Sousa
& Hey 2013; Seehausen et al. 2014). As a result of
advances in sequencing technology, we are now able to
identify the genes and gene regions subject to selection
and discern how they are embedded within the ge-
nomes of wild populations (Ellegren et al. 2012; Jones
et al. 2012; Nosil & Feder 2012). At the same time, gene
expression and association studies are increasing our
understanding of the loci linked to traits involved in
adaptation and this information can then be used in
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combination with genome scans to gain a more com-
plete picture of the genomic landscape of divergence
(Smadja et al. 2012).

One hypothesis that has arisen from recent genome-
wide studies is the idea that some genomic regions,
termed genomic islands of divergence, contain higher
numbers of genes involved in speciation than other
regions (Turner et al. 2005; Nosil et al. 2009; Via 2009;
Feder et al. 2012a; Smadja et al. 2012). Speciation-with-
gene-flow theories predict that blocks of highly
diverged loci will arise as a result of strong divergent
selection, genetic linkage and reduced recombination
rates in some regions, while gene flow will break apart
linkages between more weakly selected or neutral loci
in other regions (Wu 2001; Turner et al. 2005; Feder
et al. 2012a). Alternatively, some authors have hypothe-
sized that in populations that have been isolated (allo-
patric), genetic divergence will be less heterogeneous
across the genome as both drift and selection will fur-
ther the process of differentiation unimpeded by the
disruptive effects of gene flow (Feder ef al. 2012a).

While speciation-with-gene-flow theoretical predic-
tions are supported by some empirical data (Mallet
et al. 2007; Nadeau ef al. 2012), it has also been sug-
gested that features of the underlying genomic architec-
ture may be more important than the extent of gene
flow in determining the size, location and number of
genomic islands (Renaut et al. 2013; Yeaman 2013). In
particular, regions of low recombination (chromosomal
rearrangement sites, areas adjacent to centromeres, etc.)
often show reduced intraspecific diversity and inflated
interspecific divergence as a result of background selec-
tion against deleterious mutations and/or selective
sweeps (Charlesworth et al. 1993; Charlesworth 1998;
Noor & Bennett 2010). Thus, an island-like pattern of
divergence may arise even in the absence of gene
exchange. Presently, there is a need for more empirical
data on the genomic landscape of divergence between
populations with well-described ecological and evolu-
tionary histories to further test predictions about the
role of genomic islands in the process of speciation.

Another speciation theory that can be assessed with
emerging genome-scale data is the idea that sex chro-
mosomes play a disproportionately large role in the
early stages of divergence (Dobzhansky 1974; Coyne
1985; Charlesworth et al. 1987; Ellegren 2009). The fast
X phenomenon, or ‘fast X on the Z’, in reference to
female heterogametic systems, as found in birds, pre-
dicts natural selection may be more efficient on sex
chromosomes because beneficial mutations are directly
exposed to positive selection in the heterogametic sex
(Charlesworth et al. 1987; Begun et al. 2007; Mank et al.
2007). Alternatively, it has been hypothesized that sex-
ual selection for exaggerated male traits in combination

with linkage between preference and trait genes on sex
chromosomes may accelerate the process of divergence
on the sex chromosomes (Iyengar ef al. 2002). While
both of these hypotheses can be difficult to disentangle
from the potential effect of genetic drift on sex chromo-
somes with smaller effective sizes (Mank ef al. 2010),
genome-scale data provide unprecedented opportunities
to distinguish the signature of selection from other evo-
lutionary forces on the sex chromosomes.

The Swainson’s thrush (Catharus ustulatus) provides
a model system in which to test emerging hypotheses
about the process of divergence at the level of the gen-
ome because there is a good deal known about its
ecology and evolutionary history. Within this species,
there are two genetically distinct subspecies, a coastal
form, C. u. ustulatus, that migrates along the Pacific
Coast of North America, winters in Central America,
and has reddish-coloured plumage and an inland form,
Catharus u. swainsoni, that migrates along an eastern
route, winters primarily in South America and has
olive-coloured plumage (Fig. 1, Evans Mack & Yong
2000; Ruegg & Smith 2002; Ruegg et al. 2006b). Coales-
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Fig. 1 Range map and associated migratory pathways of
coastal (black) and inland (grey) forms of the Swainson’s
thrush. Light grey indicates regions of potential hybridization,
and the stars indicate regions where samples were collected
for genetic analysis (1 =5 for each population). Swainson’s
thrush image was provided courtesy of the Mitch Waite
Group.
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cent analyses and ecological models suggest that the
two forms probably diverged in eastern and western
refugia sometime during the last glacial maximum and
have since formed a zone of secondary contact in the
Coast Mountains of British Columbia where gene flow
is limited (Ruegg et al. 2006a; Ruegg 2008). The reason
for the barrier to gene flow remains unclear, but the
two forms differ in a number of traits known in birds
to influence reproductive isolation (Price 2008): differ-
ences in arrival times on the breeding grounds at the
centre of the hybrid zone, plumage coloration and song
(Ruegg et al. 2006b, 2012; Ruegg 2008).

To investigate the role of genomic islands and sex
chromosomes in the process of speciation, we combined
RAD-PE sequencing with an analysis of genes linked to
traits which we have an a priori reason to believe may
be important to adaptive divergence in the Swainson’s
thrush (plumage coloration, song and migratory behav-
iour). Specifically, we ask the following questions: (i)
What is the genomic landscape of divergence between
subspecies experiencing limited gene flow along a puta-
tive zone of secondary contact? (ii) What is the role of
genetic drift in generating the observed patterns of
divergence? (iii) Are loci linked to traits known to be
involved in reproductive isolation in birds, such as
song, plumage coloration and migration more divergent
than expected by chance? (iv) If yes, are these loci
located within or outside the major genomic islands of
divergence? Through the process of addressing the
above questions, we also assess the utility of RAD-PE
sequencing of individually barcoded samples for popu-
lation genomic studies in taxa with limited genomic
resources.

Materials and methods

RAD-PE sequencing and bioinformatics

We used restriction site-associated DNA paired-end
(RAD-PE) sequencing to assess the genomic architecture
of divergence in the Swainson’s thrush. RAD-PE
sequencing made it possible to build longer contigs
(~300 bp) from short-read, 100-bp Illumina HiSeq2000
data to improve downstream gene mapping and ontol-
ogy analysis (Etter et al. 2011). Twenty-five blood and
tissue samples from five populations across the breed-
ing range in North America were collected in adherence
to university guidelines for Animal Care and Use at
each institution (Table S1, Supporting information).
Genomic DNA was purified using the Qiagen DNeasy
Tissue Kit, and RAD-PE libraries were prepared at Flo-
ragenex, Inc. according to Baird et al. (2008). In short,
100 ng of genomic DNA from each individual was
digested with 2 U of Sbfl-HF enzyme (New England Bi-
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olabs, Beverly MA, USA) for 60 min at 37 °C. The reac-
tions were then inactivated by holding at 65 °C for
20 min. The P1 adapter (a modified Illumina adapter,
see Baird et al. 2008) was ligated to the products of the
restriction reactions, and the ‘barcoding’ of the various
samples was achieved with a set of index nucleotides
within the P1 adapter sequence. One microlitre of
100 nm P1 adapter was then added to each sample with
60 U T4 DNA Ligase (Enzymatics, Inc.). Reactions
were incubated at room temperature for 1 h and then
heat-inactivated by holding at 65 °C for 10 min. The
reactions were then pooled, and the products were ran-
domly sheared to a mean size of 500 bp using a Biorup-
tor NGS (Diagenode). The material was electrophoresed
through a 1.5% agarose gel, and DNA in the range of
200-700 bp was isolated using a MinElute Gel Extrac-
tion Kit (Qiagen). To remove overhangs, ssDNA ends
were treated with 1 pL High-Concentration End-Repair
Mix (Enzymatics, Inc.). The samples were purified by
passing through a MinElute column (Qiagen), and
3'-adenine overhangs were added by the addition of
50 U Klenow (3'-5' exo-) (Enzymatics) and 1 pL 10 mm
dATP. Samples were then incubated at 37 °C for
30 min. Following repurification, 1 pL of 1 um P2 adap-
ter (a modified Illumina adapter, see Baird et al. 2008)
was ligated with 600 U T4 DNA Ligase (Enzymatics,
Inc) for 1 h at room temperature. The samples were
then purified as above and eluted in a volume of 15 pL.
Following quantification using a Qubit fluorimeter (In-
vitrogen), 10 ng was taken as the template for a 100-uL
PCR containing 50 pL. Phusion Master Mix (NEB), 5 pL
10 pv P1 amplification primer and 5 pL 10 pm P2
amplification primer. The Phusion PCR settings fol-
lowed standard protocols (NEB) over 18 cycles. Ampli-
cons were then gel-purified, the size range 300-700 bp
was excised from the gel, and its DNA content adjusted
to 3.6 ng/pL.

Samples from each isolate were sequenced on an Illu-
mina HiSeq2000 (Illumina, San Diego, CA, USA) using
paired-end 100-bp sequence reads. Paired-end sequences
from each sample were collected, separated by individ-
ual, stripped of barcodes, scrubbed of sequences that
either appeared in very high read depths or that
matched a database of putative contaminant sequences
(ribosomal, prokaryotic, plastid), trimmed to 70 bp and
filtered to include only those with a Phred score >10 (see
Table S1, Supporting information for additional sum-
mary statistics on the sequencing run). The sample that
by chance received the greatest number of reads passing
the quality filter was used to create a reference set of
RAD-PE contigs against which sequences from other
samples were aligned. To create the reference, primary
reads were clustered into unique RAD tags and the
paired-end sequences associated with each RAD tag
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were assembled de novo using VELVET (Zerbino & Birney
2008) into contigs ranging from 180-610 bp, with an
average length of 300 bp (Fig. S1, Supporting informa-
tion). Paired-end reads from the remaining samples
were aligned to this reference, and SNPs were identified
using the samrooLs software with mpileup module
under standard conditions (Li et al. 2009).

To narrow our data set to contigs containing high-
quality SNPs we could confidently use to assess popu-
lation structure, we discarded SNPs based upon the
following stringent filtering steps: (i) putative SNPs
with no variants remaining after data filtering or SNPs
with more than two alleles; (ii) genotypes in individuals
with a Phred score of <30; (iii) genotypes with <8 reads
in a homozygote or <4 reads per allele in heterozygotes;
and (iv) putative SNPs with genotypes in <10 out of the
15 samples from the C. u. swainsoni populations or <7
out of the 10 samples from the C. u. ustulatus popula-
tions. Only contigs containing at least one SNP that met
all of our quality criteria were considered in the down-
stream analysis. To evaluate how divergence was
arrayed across the genome, we mapped our contigs
back to the closest, best annotated, songbird genome,
the Zebra finch (Taeniopygia guttata; version 3.2.4; War-
ren ef al. 2010) using BLAST+ (version 2.2.25). To avoid
the possibility of erroneous matches, the data were fil-
tered to include only contigs that matched with a single
hit and an E-value < 10,

Population genomic analysis

We used custom R scripts to calculate the following
population genomic parameters: (i) the between-species
population differentiation (Fgr); (ii) the density of fixed
differences per base pair (dp); (iii) the within-species
nucleotide diversity (7'); and (iv) the between-species
average number of pairwise differences (d,,) Fst was
estimated on a per-SNP basis, but the rest of the statis-
tics were estimated for each contig in which a SNP was
discovered. All scripts are available on Dryad (doi:10.
5061/dryad.73gj4), but the methodology is briefly
described below. In short, for each SNP, we calculated
its contribution to the sample 7 in each population as
the probability that two randomly chosen sequences
from the sample have different alleles at the SNP. For a
SNP i in population x, this is:

s ri.xai,x
.=

o Vix + ajx
2

where the superscript s denotes ‘at a SNP’, and r;, and
a;, are the number of reference and alternate alleles
observed in the sample from population x at SNP i.
Using these values computed for two populations x and

y, we calculated Fgy for each SNP, following Hohenlohe

et al. (2010), as:
S m S n
Ty 2 + T 2

((3)+(3))

where m = i, + ajx, n =1,y + a;,, and n;”,i is the nucle-
otide diversity at SNP i calculated when the samples
from x and y are pooled together. For a contig k of
length L, having S; SNPs in it, we estimate the nucleo-
tide diversity in population x with:

1
S
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and calculate the between-species sequence divergence
as:

Fsr=1

Sk
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and the density of fixed SNPs, d; as the number of
SNPs in the contig fixed for alternate alleles in the
two populations, divided by L,. As we used a strin-
gent criterion to call SNPs, we might not have
detected all the SNPs that were present in our data.
This would tend to bias nucleotide diversity down-
ward. Accordingly, we report the nucleotide diversity
calculated only from those contigs that carried at least
one SNP in our filtered data set. We refer to this as
the zero-truncated nucleotide diversity, and we denote
it as 7.

To determine how divergence is arrayed across the
genome, we smoothed the parameters described above
along the genome using a sliding window. Values for
each statistic were calculated at closely spaced points
by smoothing with a uniform kernel smoothing density
(a ‘box” density) of width 1 Mb centred on the point. To
assess significance of genomic islands in a way that
accounts for variation in marker density across the gen-
ome, we generated a sample of 25 000 smoothed lines
under the null hypothesis of no spatial autocorrelation
by permuting values amongst the locations of SNPs for
each replicate and running our smoother on those val-
ues. Genomic islands were identified as any location
where the observed smoothed values were greater than
all 25 000 smoothed values simulated under the null
hypothesis of no spatial autocorrelation. For parameters
calculated on a per-contig basis, we weighted the
smoothed average by contig length using code we
implemented in C and called from r. For N contigs on a
chromosome, a statistic y calculated for each contig k
was smoothed such that the smoothed value of y at
genome coordinate z; (in base pairs) on the chromosome

© 2014 John Wiley & Sons Ltd
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was as follows:

oo Sl kO — Gil)

¥(zj) = N
1 YeQ(lz — Gil)

where Gy is the genome coordinate at the midpoint of
contig k, and Q() denotes the kernel density (in this case
the uniform density over 1 Mb). Smoothing values of
Fsr proceeded similarly; however, as Fsr is computed
on a per-SNP basis, no weights (the L, terms) were nec-
essary.

Simulations to test for influence of drift

To determine the frequency distribution of genetic dif-
ferentiation across loci and test whether or not the
observed patterns of divergence could be explained by
a simple model of drift, we conducted a series of simu-
lations in which our observed distribution of Fgr values
was compared with those expected under a neutral
island model. For each SNP in our data set, we simu-
lated a single SNP from a neutral coalescent with
migration between the subspecies parameterized by
4 Nom =2, 3, 4 or 5. Each SNP was simulated with the
observed sample size (the number of sequences sam-
pled from each subspecies varied amongst SNPs,
because not all individuals were genotyped at every
SNP) using a custom shell script making calls to the
program makesamples (Hudson 2002). As SNPs in our
data set were not ascertained in a separate sample, we
were able to do this simply using makesample’s —s
option. Fgr was calculated for every SNP in the simu-
lated data set, and the distribution of Fgr values from
the simulations was visualized and compared to the
observed distribution from the real data.

Gene ontology and candidate gene analysis

To examine whether genomic islands and genes con-
taining fixed differences were enriched for any particu-
lar gene category, we conducted an analysis of gene
ontology terms (GO terms). All T. guttata genes (known,
novel and putative) were downloaded from the BIOMART
web portal (http://www.biomart.org/), and genes
labelled ‘protein_coding’ were retained for the analysis
(removing pseudogenes and snoRNAs). Genes with
contigs mapping to any region of the gene (intron or
exon) and without overlapping genome coordinates
with proximate genes were retained for the analysis.
SNPs were coded as being within an island of diver-
gence if any sequence from the SNP’s contig fell within
an island. Enrichment analysis was performed using
the tools available on the Zebra finch GO analysis web-
site (http://bioinformatics.iah.ac.uk/tools/GOfinch; Wu
& Watson 2009). Genes within islands and genes con-
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taining SNPs with Fgr = 1.0 were treated as the test
gene list, while all genes sequenced within the context
of this study were treated as the population gene list.
Significance was determined using a Fisher’s exact test
with Benjamini and Hochberg corrections for multiple
comparisons.

To identify genes linked to migration, pigmentation
and song in birds, we compiled a list of candidate
genes for each trait based upon a literature review of
genes linked to the traits of interest in gene expression
and association studies (Table S4; Appendix S1, Sup-
porting information) and compared patterns of diver-
gence in each of the genes for which we had RAD-seq
data. To determine whether genes linked to any of the
three traits (migration, song or pigmentation) were
more divergent than expected by chance, we used a
rank-based test as follows: consider C candidate genes,
i=1,..C, in a category (e.g. migration or colour). Let
candidate gene i carry X; sequenced SNPs, amongst
which the maximum Fgr is Finax ;. We let R; be the frac-
tion of all genes in our data set that also have X; SNPs,
amongst which the highest Fgy is greater than or equal
to Fiaxi- Our test statistic is then the sum over i (i.e.
over the C candidate genes in the category) of log(R)).
Use of the maximum Fsr in a gene rather than the aver-
age Fsr eliminates the confounding effects of varying
levels of low-frequency singleton SNPs. We evaluate
the significance of the test statistic by comparison with
the distribution of values obtained by sampling sets of
C genes randomly from those in the autosomes (or the
Z chromosome, should candidate gene i be found on
the Z) and computing the test statistic for each set.
Genes that were more divergent than expected by
chance were mapped using coordinates from the Zebra
finch genome to determine their proximity to identified
genomic islands of divergence.

Results

RAD-PE sequencing and bioinformatics

Overall, RAD-PE sequencing resulted in 132 645 con-
tigs, containing 574 257 SNPs (Table S2, Supporting
information). The average coverage across all contigs
within an individual was ~29X, and the average contig
length was ~300 bp (Table S1, Fig. S1, Supporting
information). Subsequent SNP quality filtering reduced
the total number of contigs by over one half, yielding
a total of 64 513 contigs, containing 360 632 SNPs and
of the 64 513 high-quality contigs that passed our fil-
ters, a total of 33 841 contigs, containing 154 123 SNPs,
mapped to the Zebra finch genome with a single hit
and an E-value < 10 * (Table S2, Supporting informa-
tion).
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Population genomics

Overall, patterns of divergence were found to be highly
heterogenous across the genome. Most of the highly
diverged loci were located within distinct blocks or
genomic islands with island size and frequency being
greatest on the Z chromosome. The sliding window
estimation of population genomic parameters revealed
at least one island of divergence on 15 of the 23 chro-
mosomes. A total of 5.7% of the autosomal genome was
found within islands, and nine islands on the micro-
chromosomes were located near what we infer to be the
centromeres (chromosomes 10, 11, 14, 15, 17, 19, 20, 21
and 28; Fig. 2; Fig. S2, Supporting information) based
upon comparisons with homologous chromosomes in
the Zebra finch and Ficedula flycatchers (Ellegren et al.
2012). Autosomal island size ranged from 9.7 kb to
3.26 Mb, with an average size of 545 kb. In contrast,
19.7% of the Z chromosome was found within an island
with island size ranging from 52.2 kb to 1.65 Mb with
an average of 436 kb. A comparison of population

revealed that df and Fst were, respectively, >30 to >600
times higher within islands than outside islands on the
autosomes, while ' was ~two-fold lower within islands
than outside and d,, was similar genome wide
(Table 1). The Z chromosome showed elevated levels of
differentiation in comparison with the autosomes with
Fsr values outside islands on the Z chromosome
exceeding Fgr outside islands on the autosomes by a
factor of ~200, while Fgy values within islands on the Z
chromosome were ~four-fold higher than Fgr values
within islands on the autosomes (Table 1; Fig. 2).

Simulations to test for the influence of drift

The frequency distribution of Fgr values was strongly
bi-modal with a first peak centred around Fsr = 0 and a
second major peak at Fsr =1 (Fig. 3). Coalescent simu-
lations designed to assess the likelihood of observing
the expected results via drift alone strongly support the
idea that forces other than drift are driving divergence
of loci with Fsr >0.8 (Fig. 3). Clearly, any reasonable
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Fig. 2 Genomic architecture of divergence in the Swainson’s thrush.

Grey dots represent the Fgr values at each SNP across all 33

chromosomes. X-coordinates denote genomic locations. Fsr values are scaled relative to the left-hand y-axis, with the horizontal yel-

low lines at Fgr =

1; blue line represents the smoothed Fsr value using a window width of 1 Mb and its height is relative to the

right-hand y-axis so that features are visible. The orange line represents the maximum smoothed value of Fsr from 25 000 permuta-
tions simulated under the null hypothesis of no spatial autocorrelation (see Materials and methods). Solid blue horizontal bars denote
regions with defined islands (observed, smoothed Fsr exceeds all permuted, smoothed Fsrs). Red triangles denote the locations of

the candidate migration genes (Table 2).
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Table 1 Mean values of population genomic parameters with standard errors inside and outside genomic islands

Autosomal Autosomal Z chromosome Z chromosome
Parameter  background  SE island SE background SE island SE
dy 0.0022 29 x 107*  0.0785 71 x 107%  0.1335 12 x 1072 0.7962 59 x 1072
Fsr 0.0002 42 x 107*  0.1293 47 x 107°  0.0374 41 x 107 04946 3.1 x 1072
Tustulatus 0.0014 9.0 x 107®  0.0006 1.8 x 107°  0.0008 38 x 107  0.0001 2.1 x 107°
Tstwainsoni 0.0018 9.4 x 107®  0.0007 2.1 x 107°  0.0014 47 x 107°  0.0003 35 x 107°
D, 0.0018 9.7 x 10°°  0.0015 40 x 107°  0.0017 54 x 107°  0.0026 1.8 x 107

of Fsr values <0.8 fails to produce the peaks of Fsr >0.8
in the observed distribution. Furthermore, the simula-
tion results make it clear that the levels of divergence
found on the Z chromosome cannot be obtained merely
by decreasing N, by a factor of 1/4.

Gene ontology and candidate gene analysis

Overall, 13 543 contigs containing 60 783 SNPs mapped
to 5183 known, novel or predicted genes within the
Zebra finch genome. Of these, 670 genes were deter-
mined to be within an island of divergence, 131 genes
were found to contain fixed differences between coastal
and inland forms, and 65 of the genes with fixed differ-
ences were found within islands. An assessment of GO
terms associated with genes in islands revealed no
enrichment of any functional category after accounting
for multiple comparisons (P > 0.05). An assessment of
GO terms associated with SNPs with fixed differences
between the coastal and inland forms revealed five
functional categories with significant enrichment
(P < 0.05; Table S3, Supporting information), but these
were not known to be associated with traits for which
we had an a priori reason to believe were involved in
adaptive divergence.

Density

To assess the potential that genes linked to traits
known to be involved in reproductive isolation in birds,
such as song, plumage coloration and migratory behav-
iour, may be more diverged than expected by chance,
we conducted a literature review and identified 18
genes for which we had sequence data (Table S4, Sup-
porting information; Table 2). Of these, only one gene
linked to migration (CPNE4) fell within an island of
divergence (Table 2; Fig. 3). However, the occurrence of
high-Fsr SNPs within the candidate migration genes
was highly significantly more frequent than expected
by chance alone (P < 10~%; Table 2; Fig. 4). In contrast,
the occurrence of high-Fsr SNPs in the candidate song
and colour genes was not significantly more frequent
than expected by chance alone (song P = 0.67, colour
P =0.50; Fig.3; Fig. S3, Supporting information).
Because the song genes were selected from a large list
of possible candidates, we further explored the possibil-
ity that our results could have been influenced by the
subset of genes selected. To test this idea, we conducted
an analysis of a larger set of genes (n = 40) identified
by table 6 in Nam et al. (2010) and Table S7 (Supporting
information) in Warren et al. (2010). While the larger
subset of candidate song genes contained some individ-
ual outliers, the overall pattern of high-Fsr SNPs within

0.2

0.4

Fst value

Fig. 3 Coalescent simulations assessing the extent to which our results can be explained by drift. Green, yellow, orange and red lines
represent the distribution of Fgr values simulated under a neutral island model of migration with 4 N.m = 2, 3, 4 and 5, respectively.
The underlying histogram represents the distribution of observed Fgr values. The comparison between the observed and expected
values suggests that the large number of values >0.8 cannot be explained by drift alone.
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Table 2 Patterns of differentiation in genes linked to migration, song and colour in birds (see Table 54, Supporting information for

additional information)

In island
Gene name Hypothesized function Max Fsr (Y/N) Chromosome
Migration/circadian rhythm
CPNE4 Migratory sleeplessness 0.93 Y 2
CREB1 Circadian rhythm 0.82 N 7
NPAS2 Circadian rhythm 0.66 N 1
ADCYAP1 Migratory restlessness 0.66 N 2
PER3 Circadian rhythm 0.35 N 21
Neurobiology of vocal communication
CACNAI1B Vocal communication 0.4 N 17
CACNAIG Vocal communication 0.26 N 18
KCNC2 Vocal communication 0.22 N 1A
GRIA2 Vocal communication 0.27 N 4
GRIA3 Vocal communication 0.27 N 4A
Pigmentation
ASIP Dorsal ventral pigmentation —0.11 N 20
BCMO1 Carotenoid breakdown 0.1 N 11
DCT/TYRP2 Codes for melanogenesis 0.25 N 1
enzymes
GSTA2/B5FYW2_TAEGU Carotenoid binding 0.09 N 3
MLN64/STARD3 Carotenoid deposition 0.15 N 27
SR-BI/SCARB1 Carotenoid uptake 0.24 N 15
StAR4/STARD4 Carotenoid deposition 0.84 N z
TYR Codes for melanogenesis 0.41 N 1

enzymes

the song genes was not significantly different than
expected by chance (P = 0.30).

Discussion

The availability of next-generation sequencing data has
raised new questions about the process of divergence at
the level of the genome. One topic that has received
considerable attention is the role of genomic islands
during the process of speciation with ongoing gene flow
(Turner et al. 2005; Via 2009; Michel et al. 2010; Feder
et al. 2012a,b; Nosil & Feder 2012), versus when gene
flow is absent or intermittent (Ellegren et al. 2012;
Nadeau et al. 2012; Renaut ef al. 2013). Here, we use a
recently developed approach to create long contigs from
short-read sequence data, RAD-PE sequencing (Etter
et al. 2011), to investigate the genomic landscape of
divergence between subspecies of a migratory bird
experiencing limited gene flow along a putative zone of
secondary contact. This study complements other recent
work on the genomic landscape of divergence between
groups with more complex evolutionary histories
(Renaut et al. 2012, 2013; Stolting et al. 2013) and pro-
vides novel insights into the genes and gene regions
involved in the early stages of divergence in a migra-
tory songbird.

The origin of genomic islands of divergence

We provide clear evidence for strong heterogeneity in
patterns of genome-wide divergence between subspe-
cies of the Swainson’s thrush, with multiple, large
blocks of physically linked outliers identified across the
genome (average length,,, ~545 kb, average length, =
436 kb; Fig. 2). Our coalescent simulations indicate that
a simple neutral model of genetic drift cannot explain
the observed patterns of differentiation (Fig. 3), and
lower nucleotide diversity within the islands is consis-
tent with the idea that non-neutral processes play a role
in their origin (Fig. 52, Supporting information). While
the lack of a karyotype for the Swainson’s thrush limits
our ability to draw strong conclusions regarding the
role of genomic architecture in the formation of geno-
mic islands, we find a high concentration of genomic
islands near what we infer to be the centromeres based
upon comparisons with homologous chromosomes in
Ficedula flycatchers and the Zebra finch (Ellegren ef al.
2012). This pattern is particularly apparent on the mi-
crochromosomes that are generally thought to be telo-
centric in birds (chromosomes 10, 11, 14, 15, 17, 19, 20,
21 and 28) (Shields 1982). Centromeres are associated
with suppressed recombination and complex repeat
structures, both of which are thought to promote diver-
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Fig. 4 Comparative candidate gene analysis indicating that candidate migration genes are more diverged than candidate song and
colour genes. (A) Red triangles are migration-related genes, blue circles are colour-related genes, and purple squares are song-related
genes. Grey dots are all other SNPs genotyped in autosomal coding regions. (B) Test statistic indicating the likelihood of observing
the patterns by chance alone. The chance of observing four out of five migration-related genes as outliers is <1 in 10 000. The
observed patterns for song and colour do not deviate from random expectations. Because evolution was faster on the Z chromosome,

the results are shown separately (Fig. S3, Supporting information).

gence (Carneiro et al. 2009; Ellegren et al. 2012). Overall,
our results support the idea that differentiation between
groups with complex evolutionary histories is highly
heterogeneous and accelerated by both selection and
aspects of genome architecture.
Speciation-with-gene-flow models predict that geno-
mic island may arise as a result of selection at loci
involved in reproductive isolation, while gene flow will
break apart linkages in the surrounding regions (Noor
et al. 2001; Navarro & Barton 2003). However, in the
Swainson’s thrush, two lines of evidence run counter to
a speciation-with-gene-flow model for the formation of
the observed genomic islands. First, if contemporary
gene flow following secondary contact were responsible
for the evolution of genomic islands in this species, we
would expect greater homogeneity in patterns of diver-
gence between populations located far from the hybrid
zone. However, it is difficult to imagine a scenario in
which patterns of divergence are more heterogeneous
than those observed here (Fig. 2), despite the fact that
the populations sampled in this study were from the
extreme ends of the species range where the effect of
contemporary gene flow is minimal (Fig. 1). Second, we
found little support for the idea that genes influencing
traits known to contribute to reproductive isolation in
songbirds are concentrated within genomic islands. We

© 2014 John Wiley & Sons Ltd

found no significant enrichment of GO terms in genes
found within the islands and all except for one of the
candidate genes identified by our literature review fell
outside the genomic islands. Thus, the results presented
here support a limited role for current gene flow in
explaining the origin of the observed genomic islands
of divergence.

An alternative explanation for the origin of the genomic
islands is that selection has occurred on the same regions
in both lineages independently as a result of features
inherent to the underlying genomic architecture (Amores
et al. 2011; Renaut ef al. 2013). Regions of low recombina-
tion, such as the centromeres, are more prone to selective
sweeps and/or negative background selection at loci that
may or may not be involved in reproductive isolation
(Charlesworth et al. 1993; Charlesworth 1998; Noor &
Bennett 2010). Furthermore, regions of low differentiation
around islands may result from shared variation pre-dat-
ing the population split and/or introgression following
previous episodes of secondary contact (Stolting et al.
2013). In the future, it will be important to compare our
data (from geographically disparate populations) to pat-
terns of divergence between populations located in close
proximity to the hybrid zone. If the size and location of
genomic islands are the same regardless of geography, it
would further support the idea that regions of high diver-
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gence may arise in the two separate lineages indepen-
dently as a result of selection and features of the underly-
ing genomic architecture. Furthermore, with increased
sampling from across the range, it will also be possible to
test the origin of low-divergence regions using statistical
methods designed to distinguish between shared varia-
tion pre-dating the subspecies split and gene flow (Wake-
ley & Hey 1997; Joly et al. 2009; Sousa & Hey 2013;
Seehausen et al. 2014).

Genes involved in divergence in a migratory songbird

While we found no evidence that candidate genes associ-
ated with behaviours and traits believed to be of adap-
tive consequence in songbirds were concentrated within
islands, we did find that genes linked to migratory
behaviour were significantly more divergent than
expected by chance (P < 10™%; Fig. 4; Table 2) — a result
that is in keeping with our current understanding of
traits important to the ecology and evolutionary history
of this species. The two subspecies of the Swainson’s
thrush are known to display strong differences in the
length, timing and direction of migration (Ruegg &
Smith 2002; Ruegg 2008; Delmore et al. 2012), and it has
been hypothesized that differences in migratory behav-
iour may lead to some reproductive isolation across
hybrid zones between distinct migratory forms in this
and other species (Bearhop et al. 2005; Ruegg et al. 2012).

Not surprisingly, the candidate migration genes
included in our study are linked to the circadian clock
(Johnsen et al. 2007; Jones et al. 2008; Steinmeyer et al.
2009; Mueller et al. 2011), a biological process believed
to control many components of migratory behaviour,
including the timing, extent and duration of migration
(Gwinner 1977, 1996; Bartell & Gwinner 2005). One of
the genes showing significant divergence in our analy-
sis, ADCYAPI, has also been found to be associated
with migratory restlessness in blackcaps (Mueller et al.
2011). Additionally, the gene demonstrating the strong-
est pattern of divergence between C. u. ustulatus and
C. u. swainsoni, CPNE4, was differentially expressed in
migratory versus nonmigratory white crowned spar-
rows (Jones et al. 2008). The remaining two outliers in
our study, CREB1 and NPAS2, have been linked to the
circadian rhythms in other organisms, but no associa-
tions with migratory behaviour in birds have previ-
ously been identified (Steinmeyer ef al. 2009). Overall,
significant variation at genes linked to the circadian
clock is in keeping with the idea that migration is
involved in the early stages of divergence in migratory
birds. Future work will assess patterns of divergence in
these genes across the hybrid zone to inform our
understanding of their potential role in maintaining the
barrier to gene flow between the subspecies.

We also assessed differentiation in genes linked to
song and plumage coloration, two other characters that
are known to differ between the subspecies, but found
that they were not more divergent than one would pre-
dict by chance alone (song P = 0.67, colour P = 0.50;
Fig. 3). Lack of significant divergence in genes linked to
song is perhaps not surprising given the potential for cul-
tural transmission of acoustic characters in many song-
birds (Slater 1986; Catchpole & Slater 2003). Some
evidence suggests that characters such as song frequency
are heritable in species with vocal learning, but this may
be largely due to correlations with body size (Forstmeier
et al. 2009), and the extent to which song variation is cul-
turally inherited in the Swainson’s thrush is not known.
Similarly, the extent to which plumage coloration is influ-
enced by genetic versus environmental factors is also
unknown. For both traits, it is also possible that there is a
genetic component to their inheritance, but that it is med-
iated by genes other than the ones included in the present
study. Furthermore, all of our analyses were limited to
the genes for which we had RAD-seq data and a more
complete survey of all available candidate genes may
yield a different result. In the future, experiments linking
song behaviour and pigmentation with gene expression
will improve our understanding of the genetic basis of
vocalization and coloration in birds and the potential role
of these traits in the process of divergence.

The particular role of the avian sex chromosomes

It has long been hypothesized that sex chromosomes
may play a disproportionately large role in speciation
(Dobzhansky 1974; Coyne 1985; Charlesworth et al.
1987; Ellegren 2009). Alternatively, because the Z chro-
mosome has 3/4 the effective population size of an
autosome, it has also been suggested that genetic drift
may increase the rate of evolution in this region, even
in the absence of selection (Mank ef al. 2010). Here, we
find that divergence within and outside islands on the
Z chromosome is highly elevated beyond what would
be expected by drift alone (Fig. 3). While additional
data are necessary to distinguish between alternative
selection-based hypotheses for faster evolution of the
sex chromosomes (Charlesworth et al. 1987; Iyengar
et al. 2002; Begun et al. 2007; Mank et al. 2007), we note
that some of the GO terms associated with genes con-
taining fixed differences on the Z chromosome include
functions such as embryo implantation, sexual repro-
duction, male courtship behaviour and penetration of
the zona pellucida. Further experiments will reveal the
extent to which fixed differences in traits related to
sexual reproduction may play a role in the formation of
reproductive barriers between C. u. ustulatus and
C. u. swainsoni.

© 2014 John Wiley & Sons Ltd
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Individual-level RAD-PE sequencing for population
genomics

In addition to assessing the genomic landscape of diver-
gence in a migratory bird, we also demonstrate the
utility of RAD-PE sequencing and mapping to the
Zebra finch genome for SNP discovery, quality control,
and gene ontology analysis. RAD-PE sequencing and
mapping to the Zebra finch genome using a series of
stringent quality filters (see Materials and methods)
resulted in 33 841 contigs (average ~300 bp) containing
154 123 SNPs, 13 543 of which could be mapped to
known or predicted genes in the Zebra finch genome
(Table S2, Supporting information). This data set repre-
sents, to the best of our knowledge, the largest avian
SNP data set generated using RAD sequencing. Despite
the fact that rearrangements and inversions since the
time of divergence with the Zebra finch may confound
the true location of some of our SNP loci, we were still
able to detect strong spatial autocorrelation in patterns
of divergence. While estimates of divergence times
between the Zebra finch and Swainson’s thrush range
from 39.2 to 72 mya (Brown et al. 2008), it is well-
accepted that synteny is highly conserved in Passerifor-
mes (Derjusheva ef al. 2004; Griffin et al. 2008) and our
data add to the growing number of studies demonstrat-
ing the utility of the Zebra finch genome as a rough
backbone for mapping in the absence of a species-spe-
cific songbird genome (Ellegren et al. 2012; Bourgeois
et al. 2013). However, unlike previous studies that used
RAD-PE sequencing on pooled samples (Bourgeois et al.
2013), here, we generate RAD-PE data for individually
barcoded samples. Individual barcoding makes it possi-
ble to avoid potential biases associated with sample
pooling, including over- or under-representation of
individuals in a pool due to variation in sample concen-
tration, sample quality or random processes (Anderson
et al. 2014) and allows us to assess allele frequencies
across the genome more reliably. As sequencing tech-
nology improves, use of RAD-PE sequencing on indi-
vidually barcoded samples will be a good choice for
population genomic studies requiring accurate and
robust allele frequency estimates at individual loci.

Conclusions

Here, we investigate the genomic landscape of divergence
in a migratory songbird, the Swainson’s thrush, to test
emerging theories about the process of speciation at the
level of the genome. Our analyses reveal that loci linked to
migratory behaviour were significantly more divergent
than expected by chance—a particularly salient finding in
the light of the documented differences in migratory
behaviour between the subspecies and the potential role

© 2014 John Wiley & Sons Ltd

of migration in limiting gene flow across the hybrid zone.
Counter to the expectations of a divergence-with-gene-
flow model, the most diverged migration candidate genes
were not located within prominent islands of genomic
divergence, indicating that divergence in migration and
the formation of genomic islands (possibly due to selec-
tive sweeps, background selection and differences in
genomic architecture) may arise from entirely separate
processes. Evidence for fast evolution on the Z chromo-
some—far above what would be expected by drift alone—
further solidifies the idea that sex chromosomes play a
large role in the early stages of divergence in birds. Fur-
thermore, we find that RAD-PE sequencing of individu-
ally barcoded samples and alignment to the Zebra finch
genome provides a good option for population genomic
studies requiring accurate and robust allele frequency
estimates at individual loci, but where genomic resources
may be limited. Overall, our results lend valuable insight
into the multifaceted mechanisms underlying speciation
at the level of the genome and provide new data to help
explain avian species diversity.
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