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ADDITIONAL METHODS

Draft Reference Genome

To extract DNA from Siberian stonechat (S. maurus) muscle tissue, we used the Gentra
Puregene Tissue kit, following the protocol for fixed tissue. Gel electrophoresis revealed
the DNA to be composed of highly intact molecules (all visible >10 kb). The
ALLPATHS-LG algorithm (Gnerre et al. 2011) used 90.1% of the fragment library (total
506,475,396 reads), covering the genome at a mean depth of 46.9x. Combined, the two
mate-pair libraries comprised 923,232,904 reads; ALLPATHS-a used 20.7% of these
reads, which covered the genome at 19.6x. This initial assembly required 147.50 hours on
a 64-core computer with 512 GB of memory (1735.37 hours of CPU time). ALLPATHS-
LG grouped 39,301 contigs into 4,396 scaffolds, with a total scaffold length of 1.027 Gb.
The N50 scaffold size was 8.02 Mb, and 4.6% of bases were ambiguous (N’s).

We then used HaploMerger (Huang et al. 2012) to improve the assembly by
merging homologous contigs and removing those that had arisen from the erroneous split
of two haplotypes. HaploMerger requires “soft-masking” repetitive elements in the
genome, which we did with RepeatMasker version open-4.0.2 (Smit et al. 2013-2015).
HaploMerger has been used to improve a number of genome assemblies in this manner
(e.g., Derks et al. 2015; Davey et al. 2016). After running the original assembly through
the Haplomerger pipeline using default settings (and manually breaking two scaffolds
that HaploMerger indicated may have been misjoined), the final Siberian stonechat de
novo assembly comprised 2,819 scaffolds, with a total scaffold length of 1.020 Gb; the
N50 scaffold size increased to 10.0 Mb compared to the original assembly. We verified
that the majority of removed scaffolds had fragment library coverage of less than 5x.
Haplomerger therefore appears to have been successful in removing a large number of
small scaffolds that likely represented duplicates (i.e., heterozygous regions). The 1,577
removed scaffolds spanned only 7.4 Mb (0.7% of the original assembly).

To assess completeness of the reference genome, we used NCBI command-line
‘blastn’ to search for 5561 ultraconserved elements identified by Faircloth et al. (2012)
from an analysis of chicken, anole, and zebra finch. The final assembly contained 5486
(98.7%) of these ultraconserved elements. Because they are interspersed throughout the
entire genome, this percentage can be considered an approximation for the completeness
of the draft assembly; a value of 98.7% is evidence that the assembly covers nearly the
entire Siberian stonechat genome.

Sampling
Most birds used in this study originated from the common-garden stonechat study that
Eberhard Gwinner initiated in 1981 at the Max-Planck Institute in Andechs, Germany.



Specifically, parental populations originated from the following locations: Austrian
stonechats from Lower Austria (48°14°N, 16°22°E); Irish stonechats from Iveragh
Peninsula near Killarney, in the County of Kerry, Ireland (c. 52°N, 10°W); African
stonechats from Lake Nakuru region, Kenya (0°14°S, 36°0’E), and Mount Meru region,
Tanzania (3°50’S, 36°5°E); and Siberian stonechats from the vicinity of Naursum
National Park (c. 51.5°N, 63°E), Kazakhstan. All blood samples for the Canary Islands
stonechat were collected directly in the field between 2013 and 2016 at various locations
on Fuerteventura, Canary Islands, Spain (Barranco de Mal Nombre, Fimbapaire, Norte de
Fenimoy, Barranco de Jacomar, Barranco Gran Valle, Barranco de Los Canarios,
Barranco de Vinamar).

Pooled sequencing

We selected between 49 and 56 individuals (including both males and females) from each
stonechat taxon based on a careful assessment of DNA quantity via Trinean DropSense
96 multi-channel spectrophotometer (Trinean, Ghent, Belgium) and quality (check for
integrity on a 2% agarose gel), and we created one library of pooled DNA for each taxon
following the Illumina TruSeq DNA kit. Each library included an equimolar aliquot of
DNA from each individual. We multiplexed 4 of the 5 five groups on one lane of an
[llumina NextSeq sequencer (151-bp paired end reads), and ran the fifth with three
unrelated samples on a second lane. Thus, each group was sequenced on approximately
one-fourth of a lane.

We demultiplexed raw sequence data from the sequencer with the ‘bcl2fastq’
utility by Illumina, using default settings. This utility generates °.fastq’ files after
removing reads showing a 10% or greater error rate in the adapter sequence or more than
1 error in the barcode. It also masks adapter sequences extending into reads. We then
used the program ‘skewer’ to conduct the following additional quality control measures
on reads: trim the 3 end until quality > 20 is reached; and remove reads with normalized
error rate > 0.1 (default), indel error rate > 0.03 (default, based on comparison with
known adapter sequence), mean base quality <20, or >15% ambiguous bases (N’s).
Approximately 1% of the demultiplexed reads failed these criteria and were removed.

We used BWA-MEM (Li 2013) to align the pooled sequences to the reference
genome, marking shorter split hits as secondary. We then converted the alignments to
compressed BAM format using ‘samtools view,” specifying a minimum mapping quality
of 20. We sorted BAM files with ‘samtools sort” and merged them across lanes using
Picard’s ‘MergeSamFiles’ (Picard: http://broadinstitute.github.io/picard/). Following this,
we marked duplicate reads using Picard’s MarkDuplicates utility; performed local
realignment using the Genome Analysis Toolkit (GATK; RealignerTargetCreator and
IndelRealigner) (McKenna et al. 2010; DePristo et al. 2011); and fixed mate information
in Picard (FixMateInformation). Finally, we took the resulting 5 BAM files (one per
taxon) and used ‘samtools mpileup’ to construct an mpileup file comparing the bases in
overlapping reads at each position of the genome across populations.

Mapping quality for all stonechat taxa was high (Table S2). Mean mapping
quality was lower for Ficedula species (hypoleuca: 35.64; albicollis: 35.82), but a high
proportion of reads from these species were successfully mapped to the stonechat
reference genome (hypoleuca: 0.93; albicollis: 0.95). This high mapping rate suggests
that we are not introducing substantial bias by aligning flycatcher reads to the stonechat



reference genome. We detected bacterial DNA contamination in some of the stonechat
pools; these sequences did not map to the reference and were thereafter ignored.

Mapping to Ficedula chromosomes

We assembled scaffolds from the stonechat assembly into draft chromosomes by
mapping them to the Ficedula albicollis genome assembly, version 1.5 (RefSeq accession
GCF_000247815.1; http://www.ncbi.nlm.nih.gov/assembly/GCF_000247815.1;
http://www.ncbi.nlm.nih.gov/genome/?term=txid59894[orgn]) (Kawakami et al. 2014).
We used SatsumaSynteny (Grabherr et al. 2010) to align the Saxicola draft genome to the
F. albicollis assembly. This method unambiguously placed nearly all scaffolds of
sufficient size (> 10 Kb) on a F. albicollis chromosome, with 85% of scaffolds mapping
to single chromosomes across >70% of their extents. In the rare cases (~1%) where
scaffolds mapped to more than one Ficedula chromosome across greater than 20% the
scaffold length, we assigned the scaffold to the chromosome with the greatest amount of
sequence aligned (always a majority of the scaffold). SatsumaSynteny thus allowed us to
position scaffolds from the stonechat genome in the correct order and orientation along
the chromosomes, assuming that synteny is conserved in these taxa (Ellegren 2013). This
assumption appears robust given the high conservation of sequence within scaffolds.
SatsumaSynteny successfully mapped 97.1% of the stonechat reference genome to a
Ficedula chromosome. Most unmapped scaffolds had not passed the 10 Kb threshold.

Coverage heterogeneity

To rule out the possibility that variation in coverage could be driving differentiation
patterns, we compared read depth in Fst outlier regions to read depth outside of those
regions. We selected the comparison of Irish and Siberian stonechats because this
comparison showed arguably the most conspicuous Fgsr peaks, and therefore any effect of
coverage should be most pronounced. Because allele frequencies in adjacent 50 Kb
windows are autocorrelated due to linkage and therefore contribute to pseudoreplication,
we subsampled the genome at a ratio of 1:10. We used #-tests to test for differences inside
and outside of outlier regions. Read depth was not significantly different within and
outside of Fsr peaks for both taxa (Irish: = 0.78, df = 118.37, P = 0.44; Siberian: ¢ =
0.89, df =119.56, P = 0.39). Specifically, for Irish stonechats, mean within-peak
coverage was 26.01 and mean outside-of-peak coverage was 26.38. For Siberian
stonechats these values were 15.08 and 15.23, respectively.

Phylogeny

We aligned raw reads from Pied and Collared Flycatcher re-sequencing data to the
stonechat genome in order to call genotypes. We then selected 17,527,493 sites across the
genome which satisfied the following criteria: minimum coverage of 5 in all populations;
fixation of a single allele at the locus (allowing a maximum count of 1 of another allele
because of the possibility for sequencing error); and variation in the fixed allele among
the 7 taxa. Using these SNPs, we generated a phylogenetic tree with RAXML v. 8.2.6
(Stamatakis 2014) on CIPRES (http://www.phylo.org). We applied the Lewis correction,
following the recommendation of Stamatakis (2014), for ascertainment bias resulting
from the exclusion of constant sites and using 100 bootstrapped replicates to assess
branch support.



Choice of window size and bandwidth size for genome-wide scans

We used a window size of 50 Kb for our genomic analyses because it provided us
sufficiently fine resolution across the genome while still averaging over hundreds of
SNPs per window. We felt it was important not to rely heavily on allele frequencies of
individual SNPs because of the random variation in allele frequencies introduced by our
pooled sequencing approach. We conducted a sensitivity analysis (not shown) and found
that we identified fewer and larger outlier regions as we increased window size, but that
the level of overlap detected between genomic landscapes did not systematically vary.
We feel that this justifies a window size of 50 Kb because it allows us to capture
relatively small outlier regions while keeping the number of regions to a manageable size
for this whole-genome analysis of multiple taxa.

We selected a bandwidth of 30 because it allowed us to identify relatively small
regions of differentiation while still providing a benefit by smoothing out apparent noise
in the data. We conducted a sensitivity analysis (not shown) and found that the median
size of outlier regions identified by our analysis stayed relatively constant until a
bandwidth of about 50, after which we observed an increase. Therefore, we do not
believe that we are biased towards detecting large outlier regions by using a bandwidth of
30. We also did not observe any systematic effect of bandwidth size on the level of
overlap detected between genomic landscapes.



SUPPLEMENTARY FIGURES

Figure S1. Boxplots comparing Fsr and  between the Z chromosome and autosomes.
Outlier values are not shown. Under neutral expectation, the equilibrium level of neutral
variability is proportional to the effective population size, and the effective population
size of the Z chromosome is expected to be three-fourths that of the autosomes because
females only have one copy (Charlesworth 2001). We used a ¢-test for ratios (z.test.ratio
function in the mratios package) to test whether the ratio of @ on the Z chromosome to ©
on the autosomes was significantly different from 0.75 (Djira et al. 2012). Stonechats and
flycatchers showed = ratios between 0.74-0.83; Kenyan, Siberian and Canary Islands
stonechats and Pied Flycatchers (Ficedula hypoleuca) had = ratios that did not
significantly differ from 0.75, while Austrian and Irish stonechats and Collared
Flycatchers (Ficedula albicollis) showed slightly more diverse Z chromosomes than
expected by theory. In all cases, Fsr on the Z chromosome was elevated over that of the
autosomes, with ratios in stonechats between 1.04-1.29, and a much higher ratio in
flycatchers of 1.80.
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Figure S2. Genome-wide landscape of dxy for pairwise comparisons of stonechats and
Pied and Collared Flycatchers (Ficedula albicollis and F. hypoleuca). All stonechat
comparisons showed very similar genomic landscapes of dxy. Many outlier regions were
also shared with Ficedula, especially on the larger chromosomes. For clarity,
comparisons including Irish stonechats are not included (with the exception of Austria-
Ireland), because of the high degree of similarity between Austrian and Irish taxa. The
colored lines are kernel-based density smoothers. Individual points represent 50-Kb
windows; scaffolds alternate dark gray and light gray coloring. Chromosomes (based on
alignment to Ficedula albicollis) are delineated by thick dark gray or light gray lines on
the upper border of each plot and are labeled above this line. Z* indicates a flycatcher Z
chromosome linkage group that could not be exactly placed in the flycatcher genome
assembly. Shaded orange rectangles show dxy peaks and blue rectangles show dxy
valleys.
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Figure S3. Dxy across stonechat chromosome 1A. All stonechat comparisons show very
similar fluctuations, including two pronounced valleys. The largest valley is also apparent
in the comparisons of Pied and Collared Flycatchers (Ficedula albicollis and F.
hypoleuca). Blue rectangles indicate significant dxy valleys. See Figure S2 for other
details. For clarity, comparisons including Irish stonechats are not included (with the
exception of Austria-Ireland) because of the high degree of similarity between Austrian
and Irish populations.
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Figure S4. Correlation of high dxy regions among stonechats and flycatchers (Ficedula
hypoleuca and albicollis, or “Hyp.” and “Alb.”). Matrix shows outlier similarity scores,
which quantify the number of high-dxy “peaks” shared among different comparisons.
Some comparisons including Irish stonechats are not shown because of their similarity to
Austrian stonechats. All tests were significant after applying a false discovery rate
correction. Cells with yellow backgrounds indicate that four independent taxa are being
compared.
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Figure S5. Genome-wide landscape of Fgr for pairwise comparisons of stonechats and
Pied and Collared Flycatchers (Ficedula albicollis and F. hypoleuca). Pairs including
Siberian stonechats showed the most conspicuous peaks; other comparisons showed less
distinct outlier regions. Some comparisons (e.g., Kenya-Canary Is.) showed Fgsr valleys in
the same regions as the Fsr peaks of other comparisons. Shaded orange rectangles show
Fsr peaks and blue rectangles show Fgt valleys. See Figure S2 for other details.
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Figure S6. Genome-wide landscape of & for five stonechat taxa. Canary Islands
stonechats generally did not share the valleys present in the genomes of the other taxa.
See Fig. S2 for other details.
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Figure S7. Genome-wide landscape of standardized nucleotide diversity (n/dxy) for five
stonechat and two flycatcher taxa. Canary Islands stonechats did not share the valleys
present in the genomes of the other taxa. See Fig. S2 for other details.
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Figure S8. Correlation of nucleotide diversity (r) with Tajima’s D and Fay & Wu’s H
stonechats. Shown are outlier similarity scores, which quantify the number of low Fay &
Wu’s H “valleys” that coincide with low & (top section) and low Tajima’s D (bottom
section). Refer to Figs. 2-3 for details.
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Figure S9. Genome-wide landscape of Tajima’s D for five stonechat and two flycatcher
taxa. Austrian, Irish, Siberian, and Kenyan stonechats shared similar genomic landscapes
of Tajima’s D. Canary Islands stonechats showed a different pattern, with very low
Tajima’s D across the entire genome. See Fig. S2 for other details.
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Figure S10. Genomic landscape of Fay and Wu’s H for each of five stonechat taxa. See
Fig. S2 for other details.
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Figure S11. Fsr across stonechat chromosome 13, including Pied and Collared
Flycatchers (Ficedula albicollis and F. hypoleuca). The Ficedula comparison shows a
distinct peak, which is not present in any stonechat comparison. This suggests that the
evolutionary processes driving differentiation in this chromosome are potentially unique
to Ficedula. See Fig. S2 for other details.
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Figure S12. Fsr across stonechat chromosome 20, including Pied and Collared
Flycatchers (Ficedula albicollis and F. hypoleuca). Comparisons including the Siberian
population show a distinct peak at the right end of the chromosome. Notably, this peak is
absent in Ficedula, suggesting that the evolutionary processes driving divergence in this
chromosome are potentially unique to the stonechat radiation. Also note that the Kenya-
Canary comparison shows a valley in the center of the chromosome, where there is a
peak in other comparisons. See Fig. S2 for other details.
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Figure S13. Fgr across stonechat chromosome 4A, including Pied and Collared
Flycatchers (Ficedula albicollis and F. hypoleuca). Comparisons including Siberian
stonechats, Ficedula, and Austria-Ireland show a distinct peak. The other comparisons
show a valley in the same region. See Fig. S2 for other details.

17



Austria
&
Ireland

Austria
&
Kenya

Siberia
&
Canary

Austria
&
Siberia

0.08 0.12

0.04

0.4 0.6

02 03 04 05 06 0.2

0.6

0.4

0.2

Austria
&
Canary

Kenya

Canary

Kenya
&
Siberia

F. hypoleuca
&
F. albicollis

02 03 04 05 06

0.6

i
<

0.4

0.2

02 03 04 05 06

0.05 0.15 0.25 0.35

§
5

,

>




Figure S14. Fsr across stonechat chromosome 1A, including Pied and Collared
Flycatchers (Ficedula albicollis and F. hypoleuca). Comparisons including Siberian
stonechats and Ficedula show a distinct peak. Other comparisons show a valley in the
same region. See Fig. S2 for other details.
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SUPPLEMENTARY TABLES

Table S1. Origin, sex, and relatedness information of stonechats included in this study. Kinship matrices were calculated with the
kinship function in the R package kinship2 (Therneau and Sinnwell 2015) using a pedigree of captive stonechats, and values presented
are the mean (+SD) values from each kinship matrix. Inbreeding coefficients were calculated with the calcInbreeding function in the
R package pedigree (Coster 2013). IQR stands for interquartile range.

Origins Sex Relatedness

Direct from wild Hatched in captivity Male Female Mean kinship SD kinship Median kinship IQR kinship Mean inbreeding SD inbreeding

Austria 1 48 27 22 0.014 0.045 0 0 0.006 0.018
Ireland 27 27 26 28 0.009 0.043 0 0 0.002 0.012
Kenya 1 50 18 33 0.009 0.039 0 0 0.012 0.05
Siberia 0 52 30 22 0.033 0.064 0 0.0625 0.005 0.017

Canary 56 0 38 18 - - - - - -



Table S2. Summary of alignment of Illumina 150-bp reads from five stonechat taxa to the

draft reference genome. Mapping quality is given after filtering out alignments with a
mapping quality of 20 or lower.

Taxon

Reads Mapped Mean (Median) Coverage Mean Mapping Quality
Kenya 98,758,285 13.8 (12.7) 45.61
Ireland 185,976,416 26.1 (24.8) 45.26
Austria 135,110,173 18.8 (17.7) 45.14
Siberia 107,623,583 14.9 (13.9) 45.80
Canary Islands 176,167,216 24.7 (23.9) 45.64



Table S3. Ficedula individuals included in the study (data from the Sequence Read
Archive, or SRA, project ERP007074, published in Smeds et al. (2015)).

Species SRA Run  Mean coverage of Ficedula albicollis genome
F. hypoleuca | ERR637490 16x
ERR637491 12x
ERR637492 11x
ERR637493 11x
ERR637494 13x
ERR637495 16x
ERR637496 18x
ERR637501 14x
ERR637503 14x
ERR637504 12x
F. albicollis | ERR637505 14x
ERR637506 14x
ERR637508 10x
ERR637511 16x
ERR637512 15x
ERR637513 14x
ERR637515 11x
ERR637519 12x
ERR637522 11x
ERR637523 13x
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