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Genomic divergence in a ring species complex
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Ring species provide particularly clear demonstrations of how one
species can gradually evolve into two, but are rare in nature1–3. In
the greenish warbler (Phylloscopus trochiloides) species complex, a
ring of populations wraps around Tibet. Two reproductively isolated
forms co-exist in central Siberia, with a gradient of genetic and phenotypic characteristics through the southern chain of populations connecting them4–6. Previous genetic evidence has proven inconclusive,
however, regarding whether species divergence took place in the face
of continuous gene flow and whether hybridization between the terminal forms of the ring ever occurred7–9. Here we use genome-wide
analyses to show that, although spatial patterns of genetic variation are
currently mostly as expected of a ring species, historical breaks in gene
flow have existed at more than one location around the ring, and the
two Siberian forms have occasionally interbred. Substantial periods of
geographicalisolationoccurrednotonlyinthenorthbutalsointhewestern
Himalayas, where there is now an extensive hybrid zone between genetically divergent forms. Limited asymmetric introgression has occurred
directly between the Siberian forms, although it has not caused a blending of those forms, suggesting selection against introgressed genes in the
novel genetic background. Levels of reproductive isolation and genetic
introgression are consistent with levels of phenotypic divergence around
the ring, with phenotypic similarity and extensive interbreeding across
the southwestern contact zone and strong phenotypic divergence and
nearly complete reproductive isolation across the northern contact zone.
These results cast doubt on the hypothesis that the greenish warbler
should be viewed as a rare example of speciation by distance6, but
demonstrate that the greenish warbler displays a continuum from
slightly divergent neighbouring populations to almost fully reproductively isolated species.
Ring species are defined as a chain of populations wrapping around a
geographical barrier, with only one location where two reproductively
isolated forms co-occur. In the ideal case, the two terminal forms do not
exchange genes directly, but are connected by a chain of interbreeding
populations1,10. Despite their rarity2–4, ring species have been integral to
recent studies of speciation, first because continuous spatial variation
can be used as a means to understand how divergence proceeds in time1,
and second because they may provide examples of speciation despite
gene flow4,10,11. The frequency with which progress to speciation takes
place in the face of gene exchange is uncertain8,11,12. It has been suggested13 with respect to ring species that their formation may have involved
periods of allopatry, during which gene flow was interrupted, interspersed
with periods of contact and gene exchange. This seems especially likely to
be involved in recent avian speciation events, given the cyclic climatic
upheavals during the Pleistocene and the time frame, around two million
years, over which parapatric bird taxa continue to form hybrid zones in
nature11,14.
The greenish warbler P. trochiloides encompasses six different recognized subspecies, of which five (P. t. viridanus in west Siberia, P. t. ludlowi
in the western Himalayas, P. t. trochiloides in the central and eastern
Himalayas, P. t. obscuratus in China and P. t. plumbeitarsus in eastern
Siberia) form a ring around the inhospitable Tibetan plateau, and the sixth,
P. t. nitidus, is isolated in the Caucasus (Fig. 1, Extended Data Fig. 1).

A gradient in morphology through this ring of populations has been
described15, with the only sharp break being between viridanus and plumbeitarsus to the north of Tibet. Further study has shown that song, calls
and plumage differ discretely between these two Siberian forms and interbreeding has never been observed4,5. However, some mixed singers9,16 and
anecdotal observation of territorial interactions between a viridanus and
its plumbeitarsus neighbours (D.E.I., unpublished observation) suggest
the possibility of some hybridization.
Genetic evidence has proved inconclusive regarding whether breaks in
gene flow occurred anywhere other than between the northern forms4,6.
On the one hand, mitochondrial DNA sequences indicate several possible phylogeographic breaks around the ring4. Most notably, two major
mtDNA clades separating the terminal forms in Siberia overlap over roughly
100 km in the western Himalayas (see Fig. 1), in the region designated15
as the range of ludlowi. On the other hand, nuclear DNA as assessed using
AFLP (amplified fragment length polymorphism) markers shows a smooth
gradient of genetic characteristics around the ring6 and, despite an apparent
steepening of genetic variation across the southwestern mitochondrial split,
the AFLP patterns fit an isolation-by-distance model well17,18. Such discrepancies may be reconciled in two ways. First, stronger phylogeographic
structure may arise in the uniparentally inherited mtDNA even with no
geographical barriers because of its lower effective population size, nonrecombining inheritance and likelihood of being exposed to geographically varying natural selection19. Second, genetic structure may be difficult
to detect in AFLP markers owing to limited marker resolution coupled
with the possibility of gene flow following secondary contact. In this study,
we take advantage of the increased genomic resolution provided by a nextgeneration sequencing (NGS) approach20 to (1) assess evidence for ancient
periods of allopatric divergence by asking if phylogeographic breaks in
mtDNA correspond to sharp transitions in nuclear DNA and (2) assess
levels of recent genetic exchange across these historical breaks.
We genotyped 95 greenish warblers sampled from 22 sites (Extended
Data Fig. 1 and Extended Data Table 1) at 2,334 single nucleotide polymorphisms (SNPs; Supplementary Information file 1). Bayesian analysis
identifies five ancestral genetic clusters (Fig. 1a, Extended Data Fig. 1); one
of these corresponds to allopatric nitidus from the Caucasus, leaving four
around the ring. The viridanus and trochiloides clusters intergrade along
the range of ludlowi. This gradient supports the assertion15 that ludlowi is a
transitional form; both western and eastern mitochondrial types co-occur
in the centre of the transition zone (Fig. 1a) and this subspecies also exhibits
the lowest proportion of private alleles of any taxon in the ring (Extended
Data Table 2). A deeper examination of the southwestern transition zone
using 4,018 SNPs and an additional 39 birds sampled from its centre
(Supplementary Information file 2) reveals the features of a classic hybrid
zone21 with a cline width estimated at 220 km (Fig. 1b). This cline is wider
than those between old hybridizing species, where selection against hybrids
is presumed strong11,21. The east side of the ring has been sampled at
fewer sites than the west. Here, the obscuratus subspecies appears as an
intergrading form between trochiloides and plumbeitarsus, but it also
displays a considerable ancestry of its own (Fig. 1a).
On the north side of the ring, the Bayesian analysis shows viridanus and
plumbeitarsus as distinct genomic clusters. Unexpectedly, the analysis also
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Figure 1 | Spatial patterns of genetic differentiation within the greenish
warbler ring species. a, Bayesian clustering analysis (BCA) of 95 greenish
warblers illustrated as a ring corresponding roughly to geography. For each
individual, coloured bars indicate the ancestry proportions for each of the five
inferred genetic clusters (see also Extended Data Fig. 4). Light grey areas
within the ring depict gaps in sampling (see Extended Data Fig. 1 for details).
Inner bars indicate mtDNA types according to ref. 4: white bars, western clade;
black bars, eastern clade. Coloured diamonds around the ring designate
sampling sites. b, Spatial distribution of nuclear genetic variation along the
range of P. t. ludlowi (N 5 66 birds) suggests an extensive hybrid zone between
P. t. viridanus and P. t. trochiloides. Colours correspond to the sampling
sites (coloured diamonds) surrounding the BCA plot. c, Geographical variation

and evidence for introgression in a set of highly differentiated SNP markers
(FST $0.85) from three different chromosomes (1A, 18 and 19) between
western and eastern Siberian greenish warblers, as summarized by principal
coordinate analyses (PCA, N 5 95 birds). Arrows pinpoint plumbeitarsus
individuals clustering with viridanus or showing intermediate genetic
characteristics between the main viridanus and plumbeitarsus clusters.
d, Genome-wide PCA based on the analysis of 2,334 SNPs in 95 greenish
warblers. PC1 explains 58.45% of the variance and PC2 22.07%. P. t. viridanus
and P. t. plumbeitarsus are strongly differentiated by both PCs, with
other populations genetically intermediate. The two nitidus individuals
strongly differentiate from the other western individuals across the third
dimension of the PCA (not shown here).

indicates that up to 10% of the genome of some plumbeitarsus individuals
consists of material introgressed from viridanus; such asymmetry in introgression has been commonly observed in avian hybrid zones22. The sampling location furthest from the contact zone is the only region where
plumbeitarsus show no signal of introgression (Fig. 1a, Extended Data
Fig. 1). Principal coordinate analysis (PCA) using sets of highly differentiated SNPs (fixation index FST $ 0.85, a measure of population differentiation) between western and eastern Siberian populations, and
grouped by chromosome, illustrates the introgression of large blocks of
DNA. Thus, in a small number of chromosomes per individual, some
plumbeitarsus birds exhibit intermediate genetic characteristics between
viridanus and plumbeitarsus (that is, heterozygotes for most diagnostic
markers that distinguish the two taxa) or even cluster with viridanus (that
is, homozygotes for the foreign chromosome type; Fig. 1c, see also Supplementary Information file 3). This pattern is best explained by recent
introgression of large blocks of DNA, because there is little evidence for
recombination resulting in the breakdown of these blocks.
Nevertheless, genome-wide PCA using 2,334 SNPs (Fig. 1d) depicts
the two northern forms as clearly distinct genetic clusters, both connected
around the southern side of the ring by a gradient of genetic characteristics. Similarly to AFLP studies6, genetic divergence and geographical
distance around the ring are strongly correlated (Mantel’s r 5 0.71,
P , 0.0001, see Extended Data Figs 2 and 3). Unlike the AFLP analysis,
however, the much greater resolution of the present genomic analysis
reveals significant discontinuities in the gradient of genetic variation.
Genomic breaks between Pakistan and Kyrgyzstan, Nepal and China,
or China and eastern Siberia may be the result of geographical gaps in

sampling and could be consistent with either isolation by distance or
historical barriers; more detailed geographical sampling would be required
to discriminate between these possibilities. On the contrary, the abrupt
transition of genetic characteristics in the southwest cannot be attributed to limited sampling and is best explained by secondary contact
and hybridization between groups that diverged in allopatry (Fig. 1b).
Our results indicate that allopatric divergence played a strong role in
shaping patterns of genomic divergence during the formation of the
greenish warbler ring. Previous findings nonetheless support the idea
that geographical isolation has not been the sole driver for the establishment of reproductive isolation; natural and sexual selection also
appear to play major roles4,5,23. Divergence patterns of traits under selection in greenish warblers are in accord with much stronger reproductive
isolation across the northern break than across the southern. Song and
call divergence between viridanus and plumbeitarsus, for example, has
contributed to pre-mating isolation to the extent that the two taxa discriminate between each other’s songs4,5. Songs on either side of the southwestern contact zone, by contrast, are very similar4,16. Considerations of
biogeography and the genetics of migration in other species also suggest
that hybrids in the north might have an intermediate migratory route,
causing them to attempt to migrate over Tibet rather than along more
optimal routes around it23. If any migratory divide exists in the south it is
less likely to drive a reduction in hybrid fitness, given that intermediate
migration routes would take hybrids into India, rather than Tibet.
In summary, genomic relationships among populations of greenish
warblers are mostly as expected of a ring species, with the terminal forms
in Siberia being markedly different, with the intervening populations
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connected by a genetic gradient. However, the present analysis shows,
first, that there have been periods of population separation in at least one
location other than the meeting point of the terminal forms, and, second,
that genetic exchange has occurred at each area of secondary contact.
Introgression across the northern break indicates that barriers to interbreeding are not absolute. The divergence time of the two principal mtDNA
clades in the greenish warbler complex dates to 1–2 Myr ago11, a span of
time during which hybrid fertility is common between diverging bird
populations24. Introgression is in accord with the observation that ,10%
of all bird species, many as old or older than greenish warblers11,14, have
been recorded as entering into hybrid pairings25,26; several have now been
shown to have portions of their genome introgressed22. Rare hybridization between terminal forms of a ring species should be expected, given
what we know about hybrid zone dynamics and the timescale of species
formation11. The two Siberian forms, however, are unlikely to blend together despite gene flow.
Finally, this study provides meaningful information concerning the
interpretation of ring species as prominent illustrations of speciation
in the face of gene flow1–8,10,11,27. Earlier analyses of AFLP markers supported the greenish warbler as the last known example in birds of an
ideal ring species in which the terminal forms became reproductively
isolated despite being connected by gene flow during their whole history
of divergence1,6,17,18. It is possible that speciation-by-distance ring species
could exist, but their extreme rarity may be explained by the rapidity of
Earth’s climatic shifts compared to the time that reproductive isolation
takes to occur; over these great spans of time, and as exemplified by the
present study, populations are very likely to be temporarily divided. Nonetheless, the greenish warbler and other ‘broken’ ring species1–6 show how
gradual genetic and phenotypic changes can build up to produce the differences between distinct species in the way that they were first envisioned10,13,27.
The quest must continue for any exemplar that formed with continuous gene flow throughout its entire history.
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Next-generation sequencing. We used genomic DNA from adult greenish warblers
captured during the course of the studies of refs 4 and 6. In addition, a second library
was constructed from genomic DNA of a different sample of 39 adult birds from
Keylong, Himachal Pradesh (India). Library preparations were executed following a
genotyping-by-sequencing20 (GBS) protocol and were run into independent lanes of
the Illumina HiSeq 2000 automated sequencer according to the paired-end sequencing protocol.
De novo discovery and genotyping of SNPs. We implemented an analysis workflow that was assisted by the zebra finch Taeniopygia guttata genome28 and an
incomplete genome draft of the greenish warbler. Out of 81,034 candidate SNPs,
we chose those for which a minimum of three reads per SNP marker were retrieved in
all individuals, with an average coverage per site larger than 16 reads (Extended Data
Table 3), resulting in data sets of 2,334 SNPs for the first set of samples (around the
whole ring) and 4,018 for the second (across the southwestern contact zone).
Genetic structuring. Principal coordinate plots and basic estimates of population
differentiation (FST) and genetic diversity were generated in the GenAlex 6.5 package29.
Genetic admixture was investigated through the Bayesian model-based clustering
method implemented in STRUCTURE version 2.3.430.
Hybrid zone analysis. The width of genomic clines was estimated by fitting a
sigmoid curve to the relationship between geographical location and the primary
axis of genomic variation, according to the sigmoid equation provided by ref. 21, in R.
Introgression analysis. We selected a subset of markers showing high genetic
differentiation (FST $ 0.85) between viridanus and plumbeitarsus, grouped 1,827
SNPs by chromosome, and then used PCA to inspect patterns of genetic relationships for each chromosome.
Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
NGS library preparation. DNA extracts, preserved at 280 uC, from a subset of
samples obtained from adult greenish warblers during the course of the studies
of refs 4 and 6 were used in the present study. Overall, we gathered 96 DNA
samples from different individuals distributed around the ring species complex
(see Extended Data Fig. 1 and Extended Data Table 1). A second library contained
39 presumably unrelated adult greenish warblers sampled from Keylong (32.58u N,
77.03u E), Himachal Pradesh (India). These birds were captured in mist nets and
2–10 ml of blood was collected from each bird. DNA was extracted using DNEasy
blood and tissue kits (Qiagen). Library preparations were executed following the
genotyping-by-sequencing (GBS) approach described in ref. 20 but with some
modifications.
Barcode and common oligo adapters were ordered from the company Eurofins
Genomics and we selected the HPLC purification method. Barcode and common
adapters were composed of a plus and a minus strand. The structure of the plus strand
barcode primer was 59-ACACTCTTTCCCTACACGACGCTCTTCCGATCTxxxx
TGCA-39 and that of the minus strand primer was 59-xxxxAGATCGGAAGAGCGT
CGTGTAGGGAAAGAGTGT-39 (see below for meaning of underlining). The barcode tag is indicated by ‘xxxx’ and it consists of a nucleotide sequence ranging from 4 to
8 nucleotides in length. The GBS barcode generator hosted at http://www.deenabio.
com/services/gbs-adapters was used to design barcode sequences, with the homopolymer threshold set to 2 and avoiding the re-generation of the PstI recognition
sequence. The sequences of the common adaptor pair was 59-AGATCGGAAGA
GCGGTTCAGCAGGAATGCCGAG-39 (plus strand) and 59-CTCGGCATTCC
TGCTGAACCGCTCTTCCGATCTTGCA-39 (minus strand). Note that one of
the strands from the barcode adapters and one strand from the common adaptor
contain a sequence motif (underlined) that is complementary to the 39 overhanging
ends generated after PstI digestion. Each pair of barcode and common adaptor
primers were pooled together and annealed in a thermocycler using a program
consisting of 2 min at 95 uC, then decreasing 0.1 uC per second until final incubation
at 25 uC for 30 min. Adapters were initially kept at 4 uC and eventually at 220 uC for
future use. Annealed barcode and common adapters were diluted to a final concentration of 0.4 ng ml21, the former in a 96-well plate and the latter in individual
1.5-ml tubes. DNA concentration in each case was measured with a Qubit fluorometer (Invitrogen). Around 2.4 ng of common and barcode adapters were added
to each of the wells of a new 96-well plate. Subsequently, about 100 ng of genomic
DNA from each individual was added to its corresponding well. The plate was
sealed with AirPore tape sheets (Qiagen) and dried out in a vacuum centrifuge.
DNA was resuspended in a 20 ml solution containing 1 ml of the FastDigest PstI
restriction enzyme (Fermentas Canada), 2 ml of FastDigest Buffer (Fermentas
Canada) and 17 ml of ultra-pure water. The digestion reaction was incubated in a
thermocycler at 37 uC for 2 h. Following digestion, 30 ml of a mixture containing
1.6 ml of T4 DNA ligase (5 U ml21; Fermentas Canada), 5 ml of T4 DNA ligase buffer
(Fermentas Canada) and 23.4 ml of ultra-pure water were added to each of the wells,
then incubated at 22 uC for 1 h. The ligation reaction was inactivated by heating the
reaction at 65 uC for 20 min, then cooling down to 4 uC. Around one-third (15 ml) of
the 50 ml solution resulting from the digestion and the ligation reaction was purified
using Agencourt AMPure XP beads and a magnetic 96-well plate (Beckman Coulter).
The rest was kept at 220 uC.
In the next step, libraries were enriched using PCR primers A (59- AATGATAC
GGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
T-39) and B (59-CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATT
CTGCTGAACCGCTCTTCCGATCT-39). Unlike the original protocol20 we ran
independent PCR reactions for each individual to minimize biases among individuals and the risk of chimaera formation. PCR reactions were run in a final
volume of 50 ml containing 2 ml of post-AMPure DNA from each individual, 0.5 ml
of Phusion High-Fidelity DNA Polymerase (2 U ml21; Fermentas Canada), 10 ml
of 53 Phusion HF Buffer (Fermentas Canada), 0.5 mM of primers A and B and
200 mM of each dNTP (Fermentas Canada). The PCR cycling protocol consisted
of an initial step of 98 uC for 30 s, 20 cycles of 98 uC for 10 s, 65 uC for 30 s, 72 uC for
30 s and a final step of 5 min at 72 uC. The success of PCR amplification was evaluated
for a few individuals by running a 1.5% agarose gel. Afterwards, DNA concentration
was measured in a Qubit fluorometer (Invitrogen) before the preparation of a pool
containing roughly equimolar concentrations for each individual. Around 30 ml of
the pool was loaded into a 1.5% agarose gel and then the fragments ranging from 300
to 400 base pairs (bp) were excised from the gel and purified with the MiniElute Gel
Extraction kit (Qiagen). The size distribution of fragments was visualized in an
Agilent 2100 BioAnalyzer instrument. The libraries were finally diluted to 12 pM
and run into one lane of the Illumina HiSeq 2000 automated sequencer located at
the Next-Gen sequencing facility of the Biodiversity Research Centre (University of
British Columbia, Vancouver, Canada) according to the paired-end sequencing
technology. We also ran a whole-genome library from a P. t. viridanus bird sampled

in Russia (site TL, bird ID TL2, see Extended Data Table 1) in one lane of the Illumina
HiSeq 2000 automated sequencer from the same facility.
Illumina sequencing. We obtained 320 million paired DNA sequences from 96
individuals sampled around the ring. Except for one obscuratus individual showing an extremely low number of reads (around 11,000 and therefore discarded for
further analyses), the number of reads per individual was relatively homogenously
distributed (3.27 6 0.64 s.d. million sequences; range 1.33 to 4.99 million). The second library generated an average of 4.5 6 1.7 s.d. million reads per individual (N 5 39;
minimum 1.6 million, maximum 8.1 million). Whole-genome sequencing generated
265 million paired DNA reads that were assembled into 331,365 contigs ranging from
200 bp to 111,000 bp (average contig size 5 3,007 bp; N75 5 4,069; N50 5 8,610;
N25 5 15,453) by using the trial version of the CLC Genomics Workbench 6
(CLC bio; http://www.clcbio.com) according to the default parameters set by the
software (that is, automatic word size and bubble size). This assembly was concatenated into 20 ‘artificial chromosomes’ by using the concatenation tool implemented
in Geneious R631 (Biomatters). Contigs were concatenated following a random order
and separated by 50 Ns (that is, unknown nucleotides) to facilitate the subsequent
mapping of the GBS reads.
De novo discovery and genotyping of SNPs. Handling and manipulation of
Illumina data files (FASTQ format) from the GBS libraries was carried out in
Geneious R631. Data files from both sequencing primers were imported into Geneious
and set as paired-end reads. The resulting lists of paired reads were sorted out
according to their barcode. Here, the structure of our constructs was defined as
Barcode 1 Linker 1 DNA sequence. Within the barcode settings option we introduced the list of 96 barcodes used in this study, allowing for a single mismatch.
Barcodes were searched across the first sequence of each mate-pair. As linker, we
introduced the sequence TGCAG (that is, the overhang end resulting from PstI
digestion) and we also allowed for a single mismatch. The sequence of adapters (if
present) and 39 ends with more than a 5% chance of error per base were trimmed off.
The GBS reads of 22 individuals representative of the ring species (4 P. t. viridanus,
4 P. t. ludlowi, 4 P. t. trochiloides, 4 P. t. obscuratus, 4 P. t. plumbeitarsus and 2 P. t.
nitidus) were mapped against our concatenated de novo assembly. The total number
of reads per subspecies was as similar as possible. For this purpose, the sequence lists
of the two P. t. nitidus individuals were included twice. Mapping against the reference was carried out according to the low sensitivity settings, 5 times iteration for
fine-tuning and with the option that allows keeping sequences with multiple best
matches unmapped. The proportion of reads mapping to the reference according to
these settings reached 56% and is expected to keep a large fraction of repetitive loci
unmapped. Then, we annotated all those regions in the reference with at least 723
coverage (that is, calculating a minimum average of 3 reads per individual per site)
and 75 bp in length by using the option Find Low/High coverage. Those regions with
coverage .720 were de-annotated as they probably host repetitive elements or multiloci stacks of sequences. Annotated regions in the reference were then extracted and
mapped against the genome assembly taeGut3.2.4 of the zebra finch Taeniopygia
guttata28, downloaded from the Ensembl Genome browser, by using the medium
sensitivity settings. Up to 75% of the selected fragments were successfully mapped
(62,139 out of 82,595 fragments). We extracted the 50% consensus (which excludes
the reference) derived from the assembly of each chromosome in such a way that we
obtained a ‘hybrid’ genome with greenish warbler sequences embedded and annotated along the zebra finch genome.
During the following step, we mapped altogether the sequences of the 22 birds
aforementioned against the ‘hybrid’ reference (the two nitidus birds were again
included twice). We used the low-sensitivity settings, 5 times iteration for fine-tuning
and the option ‘Only map paired reads which match nearby’. Then we searched for
SNPs (indels were not considered) within these assemblies in Geneious R6 (ignoring
the reference and only looking for variations within the sample) by setting the
minimum coverage 5 72 (that is, average of 3 reads per site), minimum variant
frequency 5 0.05 (this should facilitate the detection of low-frequency variants
and/or private alleles) and maximum variant P-value 5 1026 (to control for sequencing artefacts). We only searched for SNPs on the greenish warbler sequences
embedded into the zebra finch reference assembly. All candidate SNPs were visually
inspected in Geneious and those resulting from mapping artefacts or associated with
extremely high coverage regions were discarded. SNP annotations were then transferred to the consensus sequence. At this point it was critical to set the 95% consensus
threshold so the consensus would show an ambiguity related to the SNP found at
that particular position. Consensus sequences for each chromosome were extracted
and SNP annotations were changed to ‘Source’ annotations.
Each individual was now separately mapped against the annotated consensus
sequence associated with each particular chromosome. The resulting individual
assemblies per chromosome were selected and then we proceeded to genotype
SNPs specifically at those sites labelled as ‘Source’, with no minimum coverage this
time and minimum variant frequency set at 0.20. Geneious R6 generated a summary
table for each chromosome from which we selected the columns ‘Track name’
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(shows individual ID), ‘Name’ (shows the genotype), ‘Minimum’ (shows the exact
location of the SNP in the reference) and ‘Coverage’ (number of reads covering each
particular site). We then created a pivot table in Microsoft Excel in such a way that
‘Track names’ were displayed in the rows, ‘Minimum’ data was displayed in the
columns and ‘Name’ was displayed as count values. First, we filtered out all those
markers showing missing data in more than 20% of the individuals. Second, we
established a minimum coverage of 3 reads per marker and excluded all markers
showing missing data. Finally, we replaced the nucleotide-letter base codes by
numerical codes and built a new pivot table with the particularity that sum is
now set as the value of the ‘Name’ data. Only those variations found independently
in at least two individuals were considered.
Our analysis pipeline enabled the annotation of 81,034 SNPs. We then selected
two subsets of markers, N 5 2,334 SNPs around the whole ring (Supplementary
Information file 1) and N 5 4,018 across the southwestern contact zone (Supplementary
Information file 2), from which a minimum of three reads per SNP were retrieved in
all individuals. Our main goal here was to promote arrays of markers that could be
typed at relatively high coverage that also avoid undesirable effects related to missing
data. The number of markers mapping to each chromosome, using the set of 2,334
markers as reference, is given in Extended Data Table 3. Average coverage per site
per individual was larger than 16 reads (Extended Data Table 3), making it likely that
we would detect heterozygotes at individual SNPs. Out of the 2,334 selected SNPs,
96.4% were bi-allelic, 3.6% were tri-allelic and one was tetra-allelic. As in other
genomic studies of vertebrates, transversion polymorphisms were less frequent than
transition polymorphisms (transition/transversion ratio k 5 3.0). Overall, the average number of effective alleles per SNP marker (a measure that corrects the average
number of alleles per locus by their frequency) was Nef 5 1.37 6 0.32 (s.d.) and the
average observed heterozygosity per SNP was Ho 5 0.15 6 0.11 (s.d.). Genetic diversity estimators for each greenish warbler subspecies are summarized in Extended Data
Table 2. Observed heterozygosity values were at most 4% below expected heterozygosity values. This phenomenon may in part be attributed to coverage issues, although
other factors causing significant deviations from Hardy–Weinberg equilibrium, most
notably population structure (that is, Wahlund effects), probably contribute. In fact,
the largest departure from Hardy–Weinberg proportions was found in the subspecies
ludlowi, the subspecies that shows the strongest genetic structuring (Fig. 1). Although
heterozygosity underestimation associated with low coverage is possible in our data
we expect this issue to have a negligible impact on our main results and conclusions
given that (1) spatial patterns of genetic differentiation are going to be mostly driven
by genetic markers showing fixation or almost fixation for alternative nucleotide
variants in different subspecies and (2) we do not expect heterozygosity underestimation to be related with the preferential sampling of the alleles from one of the
parental forms in individuals with mixed ancestry, and given the high number of
markers here considered, such genotype miscallings must be balanced between the
two parental forms.
Genetic analyses. The SNP tables obtained in Microsoft Excel were transformed
into a format suitable for the GenAlex 6.5 package29. We used GenAlex to obtain a
matrix of genetic distances among individuals (see the Appendix 1 of the developer’s
manual for more information about how genetic distances were calculated). This
matrix served as the template for running PCA based on the covariance-standardized
method. Basic estimates of genetic diversity and population differentiation, via FST
pairwise values, were calculated in GenAlex.
Genetic structuring and admixture were investigated through the Bayesian modelbased clustering method implemented in STRUCTURE version 2.3.430. Without
providing any a priori information on each individual’s origin, STRUCTURE determines the most likely number of genetically distinct clusters (K) and estimates the
probability (Q) of each individual to be allocated into one of these genetic clusters.
STRUCTURE was run according to the admixture model with correlated allele
frequencies for 500,000 iterations after a burn-in period of 50,000 iterations. The

correlated allele frequency model is expected to detect subtle genetic structure and
assumes that allele frequencies among populations are somewhat similar as the
result of shared ancestry, gene flow or both of them. Priors ranging from 1 to 6 for
the number of K genetically distinct values were used to estimate posterior probability values for K during 10 runs each. The most likely value for K was estimated
according to the statistic DeltaK developed in ref. 32, which was calculated through
the platform STRUCTURE Harvester33 hosted at http://taylor0.biology.ucla.edu/
structureHarvester/#. Finally, we used the program CLUMPP34 to control for simulation stochasticity by integrating the ten replicate analyses for the selected value
of K. A summary of the descriptive statistics derived from the Bayesian clustering
analyses is available in Supplementary Information file 4. Genetic admixture plots
for additional values of K are displayed in the Extended Data Fig. 4.
The width of the genomic cline across the southwestern mtDNA break was estimated by fitting a sigmoid curve to the relationship between geographical location
(measured as distance in km from site AA, see Extended Data Fig. 1) and the primary
axis of genomic variation (PC1 SNPs), according to the sigmoid equation provided
by ref. 21, modified only slightly (but mathematically equivalent) here for clarity and
to allow asymptotic values to be fitted rather than specified in advance:
B

y~Az 
4ðx{CÞ
1ze{ D
where y is genomic background (PC1 SNPs), x is geographical location, A and B are
the lower of and difference between, respectively, the two asymptotic values of
genomic background, C is the geographical location of the centre of the cline (that
is, the location of steepest slope), and D is the cline width. Curve fitting was performed using the program R, and multiple starting parameters were used in separate
runs to ensure convergence on the same best-fitting parameter estimates.
We also investigated introgression on a chromosome by chromosome basis. We
selected all those SNPs out of the 81,034 markers showing high genetic differentiation (FST $ 0.85) between viridanus and plumbeitarsus, grouped 1,827 SNPs by
chromosome, and then used PCA to inspect patterns of genetic relationships for
each chromosome. Highly differentiated SNP markers were predominantly concentrated within peaks or ‘islands of divergence’, commonly 1 or 2 at each chromosome.
We kept those chromosomes with a sufficiently dense distribution of differentiated
SNPs that provided a substantially resolved PCA. These data nonetheless allowed
for missing data and low coverage (that is, ,3 reads per SNP) since highly differentiated SNP markers are clearly underrepresented (2.25%). Haplotypes derived
from the concatenation of SNP markers separated by hundreds of thousands of base
pairs in the two northern forms are very different and show multiple instances of
alternative fixation for different alleles (see Supplementary Information file 3). Thus
neither convergent evolution nor ancestral polymorphism can account for the large
blocks of specific viridanus chromosomes present in small subsets of plumbeitarsus
individuals, and therefore recent gene flow is the most likely explanation. Our analyses also successfully detected a large number of diagnostic heterozygous positions
indicative of genetic exchange (see Supplementary Information file 3) in spite of
the possibility of low coverage in some cases.
31.
32.

33.

34.
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Evanno, G., Regnaut, S. J. & Goudet, J. Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14,
2611–2620 (2005).
Earl, D. A. & von Holdt, B. M. STRUCTURE HARVESTER: a website and program for
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Extended Data Figure 1 | Sampled sites, geographical variation in SNPs
and genetic admixtures. a, Geographical distribution of the sites sampled in
this study (see also Extended Data Table 1). Colours correspond to the six
subspecies of greenish warblers described in ref. 15 (P.t. trochiloides,
yellow; ludlowi, green; obscuratus, orange; nitidus, violet; viridanus, blue;
plumbeitarsus, red). Greenish warblers coexisting in central Siberia were
classified as viridanus or plumbeitarsus according to their mtDNA, which for
males was perfectly concordant with their song4. b, Geographic variation in

2,334 SNP markers across 95 greenish warblers as summarized by PCA.
Individual birds are depicted as diamonds and colours represent their
geographical origin as shown in a. c, Plot of genetic admixture proportions (Q)
according to the five genetic clusters inferred by the software STRUCTURE30.
Location names are given in the plot. We also indicate whether a particular
individual displays a western (W) or eastern (E) mtDNA haplotype according
to ref. 4.
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Extended Data Figure 2 | Genetic differentiation based on SNP markers
increases with corrected geographical distance around the ring. See ref. 6 for
geographical distance; Mantel’s r 5 0.71, P , 0.0001. Pair-wise FST values were

calculated among those locations where at least 4 individuals were genotyped
(N 5 8 locations; sites YK, TL, AA, PK, MN, LN, XN and UY, see Extended
Data Fig. 1).
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Extended Data Figure 3 | Patterns of genetic differentiation among eight
sample sites where at least four individuals were genotyped. The thickness
of the lines connecting locations is inversely proportional to the FST values
between two given locations. Purple lines connect each population with its
closest neighbour around the ring. FST pairwise values ranged from 0.034
to 0.303.
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Extended Data Figure 4 | Plots of genetic admixture proportions (Q)
according to additional values of K. Values of Q were inferred by the software

STRUCTURE30. Colours are in agreement with those used to label each
subspecies at the bottom of this figure.

©2014 Macmillan Publishers Limited. All rights reserved

RESEARCH LETTER
Extended Data Table 1 | Geographic origin of the 135 greenish warblers analysed in the present study
Location

Country

Code

GPS coordinates

N

Yekat

Russia

YK

56.8°N, 60.6°E

8

Stolby

Russia

ST

55.9°N, 92.6°E

6

Teletsk

Russia

TL

51.7°N, 87.6°E

12

Abakan

Russia

AB

52°N, 89.5°E

2

AlaArcha

Kyrgyzstan

AA

42.54°N, 74.48°E

10

Naran

Pakistan

PK

34.88°N, 73.69°E

2

Shogran

Pakistan

PK

34.62°N, 73.61°E

4

Kashmir

India

KS

33.84°N, 75.19°E

2

Killar

India

KL

33.10°N, 76.37°E

3

Mooling

India

ML

32.78°N, 76.43°E

1

Keylong

India

PA

32.50°N, 76.97°E

41

Manali

India

MN

32.23°N, 77.16°E

6

Langtang

Nepal

LN

28.25°N, 85.50°E

15

Emeishan

China

EM

29.5°N, 103.3°E

1

Xining

China

XN

37°N, 102°E

5

Arshan

Russia

AN

51.9°N, 102.5°E

2

Baikal

Russia

BK

51.9°N, 104.9°E

2

Ilinka

Russia

IL

51.1°N, 95.5°E

2

Solgonski

Russia

SL

55.7°N, 91.0°E

2

Uyukski

Russia

UY

51.9°N, 94.1°E

6

Tuva

Russia

TA

51.3°N, 92.0°E

1

Turkey

Turkey

TU

41°N, 42°E

2

See also Extended Data Fig. 1.
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Extended Data Table 2 | Patterns of genetic diversity for each of the six subspecies of greenish warblers
N

Na

Na Fq>= 5%

PA

Nef

I

Ho

He

P. t. viridanus

34

1.579

1.399

0.012

1.227

0.220

0.126

0.140

P. t. nitidus

2

1.150

1.150

0.030

1.109

0.090

0.080

0.062

P. t. ludlowi

20

1.795

1.693

0.003

1.342

0.332

0.171

0.211

P. t. trochiloides

15

1.719

1.602

0.011

1.322

0.310

0.177

0.198

P. t. obscuratus

5

1.588

1.588

0.022

1.319

0.295

0.196

0.194

P. t. plumbeitarsus

19

1.682

1.584

0.034

1.287

0.280

0.167

0.178

Values calculated according to the classification of ref. 15 and Extended Data Fig. 1. N, number of individuals per subspecies; Na, average number of alleles per locus; Na Fq. 5 5%, average number of alleles per
locus with a frequency equal or larger than 0.05; PA, average number of private alleles per locus; Nef, average number of effective alleles per locus; I, Shannon’s index of diversity; Ho, observed heterozygosity;
He, expected heterozygosity.
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Extended Data Table 3 | Number of markers (N) mapping to different
avian chromosomes
N

Cov

N

Cov

Chr1

106

16.7 ± 9.1

Chr14

101

17.1 ± 9.0

Chr1A

83

18.2 ± 9.2

Chr15

98

17.9 ± 9.6

Chr1B

4

10.2 ± 7.0

Chr17

99

17.3 ± 9.3

Chr2

94

19.8 ± 10.4

Chr18

72

16.6 ± 8.5

Chr3

141

17.8 ± 9.4

Chr19

88

17.4 ± 9.0

Chr4

69

18.2 ± 10.3

Chr20

120

18.4 ± 9.8

Chr4A

72

16.7 ± 8.7

Chr21

25

16.6 ± 8.6

Chr5

136

17.1 ± 9.2

Chr22

23

19.7 ± 9.6

Chr6

81

18.0 ± 9.8

Chr23

60

16.7 ± 8.8

Chr7

91

18.3 ± 9.5

Chr24

33

18.4 ± 9.8

Chr8

71

17.3 ± 9.4

Chr25

15

19.4 ± 9.4

Chr9

108

17.7 ± 9.3

Chr26

55

16.3 ± 8.4

Chr10

88

17.5 ± 9.3

Chr27

43

17.6 ± 9.0

Chr11

66

16.7 ± 9.3

Chr28

32

17.9 ± 9.5

Chr12

117

17.2 ± 9.0

ChrZ

45

17.8 ± 9.9

Chr13

97

17.8 ± 9.5

LGE22

1

25.2 ± 11.7

Values are calculated (using the zebra finch genome assembly28 as reference) for the selected set of
2,334 SNP markers with a minimum coverage of 3 reads per site in each individual. Average coverage per
site per individual, Cov. (6s.d.), is also indicated.
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