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Exonic versus intronic SNPs: contrasting roles in revealing
the population genetic differentiation of a widespread bird

species

X Zhan'?, A Dixon?, N Batbayar?, E Bragin®, Z Ayas® L Deutschova’, ] Chavko’, S Domashevsky?,
A Dorosencu?, J Bagyuraw, S Gombobaatar!!, ID Grlical?, A Levin!3, Y Milobogs, M Ming14, M Prommer!?,
G Purev-Ochir?, D Ragyovls, V Tsurkanu!®, V Vetrov3, N Zubkov!® and MW Bruford!

Recent years have seen considerable progress in applying single nucleotide polymorphisms (SNPs) to population genetics
studies. However, relatively few have attempted to use them to study the genetic differentiation of wild bird populations and
none have examined possible differences of exonic and intronic SNPs in these studies. Here, using 144 SNPs, we examined
population genetic differentiation in the saker falcon (Falco cherrug) across Eurasia. The position of each SNP was verified
using the recently sequenced saker genome with 108 SNPs positioned within the introns of 10 fragments and 36 SNPs in the
exons of six genes, comprising MHC, MCIR and four others. In contrast to intronic SNPs, both Bayesian clustering and
principal component analyses using exonic SNPs consistently revealed two genetic clusters, within which the least admixed
individuals were found in Europe/central Asia and Qinghai (China), respectively. Pairwise D analysis for exonic SNPs showed
that the two populations were significantly differentiated and between the two clusters the frequencies of five SNP markers
were inferred to be influenced by selection. Central Eurasian populations clustered in as intermediate between the two main
groups, consistent with their geographic position. But the westernmost populations of central Europe showed evidence of
demographic isolation. Our work highlights the importance of functional exonic SNPs for studying population genetic pattern

in a widespread avian species.
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INTRODUCTION

Over recent decades, microsatellite and mitochondrial DNA
(mtDNA) have been the two most common molecular markers used
in the fields of ecology, evolution and conservation. However, during
the last decade, single nucleotide polymorphisms (SNPs) have become
increasingly used because of their abundance in the genome, ease of
replication in different laboratories and simplicity of analysis (Pariset
et al., 2006). Recently, researchers have started to apply SNP-based
methods to study the genetic differentiation of wild bird populations,
although the studies published so far have mostly used SNPs
identified from intron or noncoding sequences (see, for example,
Backstrom et al., 2008; Strand et al., 2012).

In contrast, the potential use of exonic SNPs in revealing popula-
tion genetic differentiation in species where little demographic
isolation is evident using neutral markers has recently been demon-
strated to be effective. For example, based on 320 exonic SNPs derived

from expressed sequence tags (Moen et al., 2008), Freamo et al.
(2011) found that exonic SNPs, especially non-neutral ones, out-
performed classical molecular markers (for example, microsatellite
and mtDNA) to differentiate the two Atlantic salmon populations
with different habitats (rivers and stream vs drainages) and life history
characteristics (for example, migration pattern). The accurate popula-
tion assignment is also an important approach to study immigration
and genetic structure (Paetkau et al, 1998), to identify potential
admixture of harvested populations (Nielsen et al, 2012) and to
analyze the effect of translocation (Witzenberger and Hochkirch,
2008). However, until now, there is no comparison of effectiveness of
exonic and intronic SNPs in revealing genetic differentiation of wild
populations, although it is well appreciated that exon and intron
sequences are subjected to different levels of selection pressure
(Lin et al., 2006) and the natural selection can promote genetic
differentiation (Lamichhaney et al., 2012). Even worse, the difference
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between these two types of SNPs are often ignored in recent
population genetics studies, including those based on genome
(for example, Li et al., 2008; The Bovine HapMap Consortium,
2009) or transcriptome data (for example, Nielsen et al., 2012).

In this study, we aim to test whether introns and exons may give
different outputs for the analysis of population genetic differentiation
of a widespread avian species. For that aim, we chose the saker falcon
as the study species. We sampled birds across Eurasia and obtained
the SNP data through amplifying the samples with the EPIC (exon-
primed intron crossing; Palumbi and Baker, 1994) primers. Specifi-
cally, the EPIC primers were designed on adjacent exon regions and
amplified across an intron, which however produced both introns and
their flanking exon sequences. In addition, we attempted to explore
the possible influence of natural selection on the effectiveness of
intronic and exonic SNPs.

MATERIALS AND METHODS

Sample collection, DNA extraction and targeting gene regions
The saker is a raptor inhabiting open landscapes including steppe, desert,
agricultural land and plateau grasslands, and has a wide breeding range in
Eurasia, extending from central Europe to East Asia (Figure la). Two
subspecies, exhibiting clinal variation, are generally recognized (Vaurie, 1961;
Ferguson-Lees and Christie, 2001) as F. ¢. cherrug in the west and E. c. milvipes
in the east. Recently, Nittinger et al. (2007), using microsatellites and mtDNA,

however, revealed little genetic structure in the saker populations they studied
and thus did not support subspecies designations. The clinal nature of
population differentiation in the saker falcon (Vaurie, 1961; Eastham et al.,
2002) presented an ideal system to test the efficiency of intronic and exonic
SNPs in the detection of potential population genetic differentiation.

We targeted a sampling to cover most of the Palearctic breeding distribution
of the saker (Figure la). In total, 136 feather samples comprising 113 plucked
contour and 23 molted feathers (mainly flight feathers) were obtained from
sites in Croatia, Hungary, Eastern Kazakhstan, Northern Kazakhstan, Western
Kazakhstan, Moldova, Mongolia, Qinghai (China), Romania, Slovakia, Turkey,
Ukraine and Xinjiang (China; Table 1; Figure la). Twenty-five blood samples
were collected from live birds and three tissue samples were collected from
dead bodies found on or below power lines in Qinghai. Skin samples of
historical specimens collected in Bulgaria and Croatia were obtained from the
National Museum of Natural History, Sofia (N=7) and the Croatian Natural
History Museum, Zagreb (N = 2) respectively (Table 1). However, it should be
noted that there are regions of the breeding distribution that we were not able
to sample, such as southern Central Asia (i.e, Kyrgyzstan, Uzbekistan,
Turkmenistan, Tajikistan, Afghanistan and Iran) and Russia, which deserves
further efforts in the future.

Plucked feather tips and tissue samples were stored with 99.7% ethanol and
molted feathers were kept in dry envelopes. For DNA extraction, feather
samples were processed in a fume cupboard in the laboratory of Cardiff
University, UK, and DNA extracts were obtained using the Qiagen Blood and
Tissue Extraction Kit (Qiagen, Hilden, Germany). We selected only one sample
from each nest to minimize the probability of sampling-related individuals.

T

w

Figure 1 Distribution of saker falcons (a) is based on our surveys and literature (see Supplementary Note for details) and population genetic differentiation
reflected by the structure analysis on the intronic SNPs (b, K=2) and exonic SNPs when K=2 (c) and K=3 (d). The 13 sampling sites are labeled and
they were grouped as six geographic groups: hollow triangles represent CHQ; hollow circles for DJU; hollow squares for NKZ; pied circles for WKT; black

triangles for SEU; and diamond shapes for CEU.
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Forty gene fragments from the chicken genome sequence (WASHUC2, www.
ensembl.org) were selected, and EPIC primers (Supplementary Table 1) were
designed to amplify corresponding sequences from three DNA samples from
the east, centre and west of the range (Mongolia, Northern Kazakhstan and
Ukraine), respectively. Once found to be polymorphic in these three samples,
all individuals were screened using these primers. All sequences were checked
against the newly sequenced saker genome (Zhan et al., 2013) using BlastN
with E-value= —5. The exon and intron boundaries were defined following
the annotated genes in the reference saker genome. In addition, we analyzed
exonic variation in two well-characterized gene systems with known exonic
variations in vertebrates linked to phenotypic diversity and pathogen
resistance, the melanocortin-1-receptor (MCIR; Zhan et al., 2012) and major
histocompatibility complex (MHC) Class II B (Alcaide et al., 2008).

Amplification and sequencing

PCR amplifications were performed in a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, CA, USA) in 10 pl containing 1 pl of template DNA,
0.4pum of the forward and reverse primer, 4 ul of HotStar Taq Master Mix
(Qiagen) and 0.2pugpl~! bovine serum albumin (New England Biolabs,
Hitchin, UK). The amplification of EPIC markers started at 94°C for
15 min, followed by a touchdown PCR (a total of 45 cycles of 94°C per
30, Tanneal P 308, 72°Cmin 1) and a final step of 72 °C for 10 min. Ty ,eql

Table 1 Sampling sites, sample size and years of sampling in the
present study

Sites Abbreviations Sample sizes? Years of sampling
Qinghai, China CHQ 17 (4) 2007
Xinjiang, China CHX 7 2005
Bulgaria BG 7 (7)° 2006
Eastern Kazakhstan EKZ 9 2007
Northern Kazakhstan NKZ 15 2006-2007
Western Kazakhstan WKz 7 2010
Moldova ML 5 2008
Mongolia MN 33 (22) 2005-2007
Romania ROM 3 2007
Ukraine UKR 15 2007-2008
Croatia CR 3(2)° 2007
Turkey TKY 2(2) 2007
Hungary HUP 25 2007-2008
Slovakia SL 25 2007-2008
Total 173 (37)

2The number of tissue samples are shown in parenthesis.
bSkin samples were collected from museums.

Table 2 Characteristics of the 10 EPIC fragments used in this study
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was decreased by 0.5 °C every cycle from 62 °C to the touchdown temperature
(52 °C), which was used for following 25 cycles. MCIR amplifications were
conducted as described in Zhan et al (2012). The MHC fragments were
amplified using the following profile: 1 cycle of 15min at 94 °C, 35 cycles of
30s at 94°C, 45s at 56°C, 1min at 72°C and finally, 5min at 72°C. We
calculated success rates of positive PCRs for each fragment as the number of
sequences divided by the total number of feather DNA samples (n=136).

PCR products were sequenced using the original primers and electrophor-
esed on a 3130XL Genetic Analyzer (Applied Biosystems). To obtain reliable
sequences, no less than 10% of total PCR products were randomly selected
from each fragment and sequenced from both ends. The final sequences were
eye checked and aligned using MEGA (Tamura et al., 2007), from which SNPs
were ascertained. Nucleotide diversity (7) was calculated for each identified
genetic population (that is, CHQ and ECA in Results) using MEGA.

To verify whether the saker has a single copy of MHC Class II B, we selected
all the unique genotypes and cloned the corresponding PCR products using
a TOPO TA Cloning Kit (Invitrogen, Paisley, UK) according to the
manufacturer’s instructions. Positive colonies were amplified using universal
M13 forward and reverse primers (M13F: 5'-GTAAAACGAC-GGCCAG-3';
M13R: 5-CAGGAAACAGCTATGAC-3') and 6-8 clones per individual were
randomly selected for sequence analysis. Following the standards described in
Alcaide et al. (2008), rare cloned sequences found only once and differing by
<3Dbp from a redundant sequence of the same PCR product were considered
as PCR artifacts and assumed to have been sampled already. As recombination
of cloned PCR products can result in additional artifacts, comparisons were
conducted between cloned sequences and direct sequencing of uncloned PCR
products to get reliable polymorphic sites.

Genetic differentiation

Of the 10 EPIC fragments, 9 contained intronic SNPs. Locus 520 was predicted
to be a noncoding region in the saker genome but was included in the intronic
SNP analysis. Besides MHC and MCIR, four gene fragments (GNB2L1, COE2,
CAPZAI and ANP32B) were found to contain exonic SNPs (Table 2). Arlequin
(Excoffier and Lischer, 2010) was used to test linkage disequilibrium between
any two SNP loci within each of the two inferred genetic populations (CHQ
and ECA in Results). Analysis parameters were set as below: number of
permutations = 10000 and number of initial conditions=10. The significant
level was set to 0.05, followed by a Bonferroni correction.

For an initial exploration of genetic diversity across Eurasia, we analyzed
sakers (Table 1) in six ad hoc geographic groups (Figure 1) mainly according to
their geographic proximity and habitat type. The six groups are defined as
Chinese Qinghai (comprising the sampling site CHQ on the Tibetan Plateau),
Djungaria (DJU; sampling sites MN, CHX and EKZ are grouped into DJU as
they represent a continuous population occupying the desert and steppe of the
Gobi and Djungaria region), North Kazakhstan (NKZ), West Kazakhstan and
Turkey (WKT; TKY and WKZ are grouped as WKT because they are adjacent

Marker Gene ID Chr Scaffold Size (bp) SNP SNP position PCR rates T
CHQ West

S2 L-lactate dehydrogenase B chain LDH-B 1 scaffold60_1 756 15 Intron 36.8% 0.0041 0.0037
S4 Mpyelin basic protein MBP 2 scaffold91_1 552 17 Intron 61.8% 0.0041 0.0041
S8 Carboxypeptidase Z precursor CPZ 4 scaffold67_1 753 6 Intron 41.2% 0.0008 0.0130
S18 60S ribosomal protein L13 RPL13 11 scaffold85_2 676 12 Intron 48.5% 0.0027 0.0053
S20 - 13 scaffold481_1 607 11 Non-genic 53.7% 0.0026 0.0128
S24 Guanine nucleotide-binding protein subunit beta 2-like 1 GNB2L1 16 scaffold463_1 580 11 Exon+intron 58.1% 0.0038 0.0070
S29 Transcription factor COE2 22 scaffold276_1 706 15 Exon+intron 48.5% 0.0053 0.0053
S30 Poly(ADP-ribose) glycohydrolase ARH3 23 scaffold277_1 680 8 Intron 47.1% 0.0460 0.0219
S35 F-actin capping protein subunit alpha-1 CAPZA1 26 scaffold101_3 461 6 Exon+intron 53.7% 0.0000 0.0018
S38 Acidic leucine-rich nuclear phosphoprotein 32 family member B ANP32B 28 scaffold516_1 611 14 Exon+intron 73.5% 0.0038 0.0073

Abbreviation: SNP, single nucleotide polymorphism.

Characteristics of the 10 EPIC fragments are as follows: chicken chromosome (Chr), annotated saker gene (Gene ID), saker genome scaffold (Scaffold), the length of each fragment (Size), the
number of SNPs, SNP positions on the genes, PCR successful rates of feather DNA for each locus and the intronic nucleotide diversity () for each genetic saker population.
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Table 3 SNP diversity in the six geographic and one genetic
population

Geographic groups
CHQ DJU NKZ  WKT  SEU CEU ECA*

Intron

No. of 16 46 13 9 20 33 121

sequences

Mean Hop 0.073 0.101 0.083 0.111 0.088 0.101 0.096

s.e. 0.012 0.016 0.014 0.018 0.015 0.018 0.014

Mean Hg 0.092 0.107 0.100 0.122 0.112 0.110 0.116

s.e. 0.014 0.015 0.015 0.016 0.016 0.016 0.115
Exon

No. of 16 45 15 9 25 23 117

sequences

Mean Hgp 0.078 0.046 0.034 0.068 0.044 0.060 0.048

s.e. 0.019 0.011 0.011 0.018 0.015 0.023 0.011

Mean Hg 0.156 0.069 0.056 0.096 0.086 0.067 0.079

s.e. 0.030 0.020 0.015 0.024 0.021 0.021 0.019

Abbreviations: Hg, expected heterozygosity; Ho, observed heterozygosity; SNP, single nucleotide
polymorphism.

populations that inhabit arid and saline steppe habitats), Southeast Europe
(SEU; including BG, ML, ROM and UKR) and central Europe (CEU; including
CR, HUP and SL). We used GenALEX6.5 (Peakall and Smouse, 2012) to
calculate observed (Hp) and expected heterozygosity (Hg), and to test for
Hardy—Weinberg equilibrium (HWE) within each group for each locus with
o= 0.05, followed by a Bonferroni correction. To assess the differentiation
between geographic populations, we calculated pairwise D-values (Jost, 2008)
using the package DEMEtics (Gerlach et al, 2010) in R. The permissible level
of missing data was set to 0.35. Significance levels were determined by 1000
bootstrap resampling, followed by a Bonferroni correction.

Genetic differentiation among ungrouped individuals was first explored
using a principal coordinate analysis (PCoA) plot implemented in the software
GenALEX. We concatenated the intronic and exonic SNPs into two separate
data sets. For exonic SNPs, we also analyzed the MHC and MCIR SNPs
separately, because they may be subjected to different selection forces (Alcaide
et al, 2008; Bourgeois et al, 2012). Second, we used Bayesian clustering
implemented in Structure 2.2 (Pritchard et al., 2000) to examine the genetic
partitions within and among saker samples, without reference to their
geographic origin. Again, we concatenated the exonic SNPs or intronic SNPs
separately. This concatenation can also mitigate against the problem of tight
linkage within a single exon or intron sequence (Pritchard ef al, 2000). Eight
independent runs of K=1-8 were performed with 1000000 Markov chain
Monte Carlo repetitions after 50 000 burn-in period. The missing alleles were
included in the analysis. The admixture ancestry model was chosen and allele
frequencies were assumed to be correlated. The LOCPRIOR model (Hubisz
et al., 2009) was used and the locations set according to PopData. K was
identified using the maximal values of AK based on the rate of change in the
log probability of data between successive K values (Evanno et al, 2005).
Graphical output was displayed using Distruct v1.1 (http://rosenberglab.bioin-
formatics.med.umich.edu/distruct.html).

For the two genetic clusters identified by structure (see Results), D-values
were again obtained with DEMEtics, and Hp, Hg and HWE examined using
GenALEX. Furthermore, within each cluster, mean Hg for MHC SNPs was
compared with those of intronic or other exon SNPs using a Kolmogorov—
Smirnov test implemented in PAST (Hammer et al, 2001).

Selection analysis

We analyzed whether the SNP allele frequencies could have been modified by
selection by dividing the samples into the two genetic clusters revealed in the
structure analysis. All the exonic and intronic SNPs were used for the analysis.
For the three nests (two in CHQ and one in ROM) where exonic and intronic
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genotypes were obtained from different feather samples, only intronic SNPs
were included in the analysis. As a result, the total of 147 samples with 140
typed SNP loci were used to identify selected SNPs. The first selection test uses
a nonhierarchical island population model to detect Fsy outlier loci and was
employed using ARLEQUIN 3.5. As we considered only two groups without
substructure, this test is equivalent to the algorithm developed by Beaumont
and Nichols (1996). The permissible level of missing data was set to 0.1 and
200000 coalescent simulations were performed. After completing the analysis,
we performed false discovery rate correction on P-values using QVALUE
(Storey 2002) with lambda=0. We considered loci with P<0.01 and
g-value <0.05 as candidate non-neutral SNPs.

The second test uses a Bayesian estimation of the coancestry coefficient Fgp
to decide whether a signature of selection can be inferred for a particular locus
(BayeScan; Foll and Gaggiotti, 2008). We used the program defaults of 20 pilot
runs of 5000 iterations and an additional burn-in of 50000 iterations, then
1000000 iterations with a sample size of 50000 and thinning interval of 20.
For candidate-selected SNPs, the false discovery rate was also set to <0.05.

Previous studies based on simulated data have indicated that isolation by
distance (IBD) can lead to false positives in tests of population genetic
structure and the detection of loci under selection (Meirmans, 2012). We
investigated IBD using a Mantel test implemented in GenALEX. Linearized Fgr
values between any two sampling sites (Table 1) were checked for correlation
with (log-transformed) geographic distance. The P-values were calculated
using 9999 permutations. The Bulgarian (BG) and Croatian (CR) samples were
excluded from this analysis because, except for one sample, the coordinates of
the museum samples were unavailable. There is only one Slovakian sample in
the exonic SNP data set, which was also removed from the analysis.

RESULTS

Genome position, PCR efficiency and MHC verification

From the 40 EPIC markers designed from the chicken genome
sequences, we obtained 10 saker PCR fragments located on 10
different chicken chromosomes (Table 2). When compared with the
saker genome (Zhan et al., 2013), the 12 fragments (the 10 EPIC
fragments plus MHC and MCIR) could be mapped onto 11 genome
scaffolds (NCBI: AKMUO01000000) and 11 annotated genes (Table 2).
MHC and RPL13 were found to be on the same scaffold but there was
no exonic SNP identified in RPLI3. Thus, all fragments analyzed
could be inferred to have been generated from independent genome
regions (Table 2). When taking into account their positions on the
saker falcon genome (Zhan et al., 2013), the average physical distance
among introns and exons is about 1.5 and 0.6Mb respectively,
although both distances are very likely to be underestimated because
we only have scaffold information for the saker genome. As expected,
the linkage disequilibrium analysis suggested that, within saker
populations (CHQ and ECA, respectively), the linkage disequilibrium
generally existed among SNPs from the same fragment, but no
consistent linkage disequilibrium signal was detected among the
markers from different fragments.

The PCR efficiency of saker feather (plucked+ molted feather)
DNA extracts varied substantially: LDH-B had the lowest positive
PCR rate (36.8% in Table 2), but the success rate reached 74.3% for
the MHC. In general, fragment length was found to be significantly
negatively correlated with PCR efficiency (Pearson’s r= —0.78;
P=0.01). From the 12 fragments, a total of 5761bp intron and
1491bp exon sequences were obtained. Overall, 108 SNPs were
detected within the saker intron sequences, ~ 1 per 53 bp.

MHC cloning (23 individuals) consistently showed only one or two
alleles for each individual using the criteria above, suggesting that the
MHC Class II B gene is present as a single copy in the saker.
When checked against the saker genome, no stop codons or frame-
shift mutations were observed in the sequenced MHC exons, implying
they are not pseudogenes. Twelve SNPs were found in an alignment of
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only 269 bp MHC, which confirmed the observation that the second
exon of MHC gene is one of the most highly polymorphic in
vertebrates (see also Alcaide et al, 2008). Seventeen SNPs were
identified from the length of 601bp in MCIR and one non-
synonymous SNP mutation occurred exclusively in three sakers of the
population CHQ.

Genetic diversity partition among six geographic populations
Observed and expected heterozygosity values within each of the six
geographic samples are shown in Table 3. For the intronic SNP, both
Ho (0.073-0.111) and Hg (0.092-0.122) were similar across the
populations. No significant departures from HWE were detected in
the populations from CHQ, NKZ and WKT, but seven, eight and
three of 108 SNPs deviated from HWE in DJU, SEU and CEU,
respectively (Supplementary Table 2). For the exonic SNPs, although
all the Hp values were similar among the populations, Hg in CHQ
(0.156) was higher than those in the five other populations. Of the 36
exonic SNPs, 6 deviated from HWE in SEU, but no more than 3 SNPs
were detected in any other population (details in Supplementary
Table 2).

Pairwise population comparisons based on exonic SNPs showed
that the genetic differentiation (D) between CHQ and the other
populations was always one order of magnitude larger, and was
significantly differentiated (Table 4). However, of the five Europe/
central Asia comparisons (ECA, including DJU, NKZ, WKT, SEU and

Table 4 Pairwise D-values among the six geographic populations:
intronic (below the diagonal) and exonic SNPs (above the diagonal)

CHQ DJU NKZ WKT SEU CEU

CHQ — 0.0552 0.051°
DJU 0.0152 — 0.002 0.007
NKzZ 0.0202 0.005 — 0.002 0.007
WKT 0.0182 0.006 0.019? — 0.006 0.007
SEU 0.0222 0.002 0.004 0.009 — 0.003
CEU 0.0162 0.0202 0.0242 0.0212 0.0212 —

0.0392 0.0592

0.0052

0.0612
0.0052
0.008

2P<0.05 (after Bonferroni correction).
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CEU), only two pairwise populations (CEU and DJU; SEU and DJU)
were found to be significantly differentiated. In the analysis of
intronic SNP, although still significant, the pairwise D-values between
CHQ and the other populations were intermediate (Table 4).

Population differentiation and selection between eastern and
western sakers

No strong pattern of partitioning among samples across the two
principle components could be detected using the 108 intronic SNP
loci (Figure 2a), although it should be noted that the majority of
sampled populations grouped together in axis 1 while separating into
two clusters in axis 2. The concatenated exonic SNPs (n=36;
Figure 2b) showed a clearer pattern than intronic SNPs in that axis
1 separated more populations (11/14) into two clusters. Extensive
within-population partitioning suggests that both concatenation
systems failed to detect systematic among-population genetic differ-
entiation in sakers. Interestingly, the PCoAs of the MCIR separated
some individuals from the CHQ population (in red in Figure 2c)
from other sakers. In addition, the PCoA results of MHC were more
partitioned, with most sakers from Qinghai (CHQ) being separated
from other samples (in red in Figure 2d) and the Kazakhstan (EKZ,
NKZ and WKZ), Xinjiang (CHX; China) and most Mongolia samples
positioned intermediate between CHQ and the more western
populations (circled areas in Figure 2d).

Structure analysis largely supported the PCoA results. Although the
intronic SNPs failed to uncover any population differentiation
(Figure 1b), the analysis of exonic SNPs demonstrated a strong signal
of differentiation between the CHQ and other saker populations
(Figure 1c) in that the AK reached its maximum value when K=2
(Supplementary Table 3). Further, Structure analysis revealed genetic
differentiation within Europe/central Asia (ECA) to some extent when
K =3 was analyzed (Figure 1d): the two genetic backgrounds being
found with one mainly restricted to central Europe (Slovakia, Croatia
and Hungary) and Turkey. However, it should be noted that the
sample sizes of Romania, Croatia and Turkey populations are small
(LamichhaneyTable 1) and the PCR efficiency for the Slovakian
samples was lowest. When K=3, evidence for an eastern genetic
background (that is, CHQ) was also uncovered in some Kazakhstan
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Figure 2 PCoAs of the studied sakers based on intronic (a) and exonic SNPs (b) identified in the EPIC fragments derived from 10 chicken genome, MCIR

gene (c) or MHC gene (d).
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Figure 3 Detection of loci under selection based on Fgr simulations
implemented in Arlequin. The five SNPs under possible directional selection
were shown above the line of 99% quantile. ‘45’ is from the RPL13 gene,
‘86’ from COEZ2 and ‘130, 131 and 135’ from MHC.

(NKZ, EKZ and WKZ), Xinjiang (CHX), Mongolia (MN), Croatia
(CR) sakers and, interestingly, museum samples from Bulgaria and
Croatia (Figure 1d). It is also noted that, using the same exonic SNP
data, the structure analysis without lociprior information showed
similar pattern of population genetics of sakers (CHQ vs others;
Supplementary Figure 1). However, the simulations contained more
noise (Supplementary Figure la vs Figure 1c). Furthermore, the AK
reached its maximum when K=4 but it could not provide more
meaningful information than K= 2 in that CHQ again has a relatively
distinct background but each of the remaining populations had fairly
admixed ancestry from multiple genetic clusters (Supplementary
Figure 1c). These differences confirmed the conclusion that the
LOCPRIOR model is necessary for inferring population structure
when the signal of structure is weak (for example, Pritchard et al.,
2000).

For the saker populations in ECA, mean intronic Hy and Hg
values were 0.096 and 0.116, whereas they were 0.048 and 0.079 for
the exonic SNPs (Supplementary Table 2). Five out of 36 exonic
and 18 of 108 intronic SNPs were found to deviate from HWE
(Supplementary Table 2). For the MHC, no significant difference
was found between the Hf values and those of other markers with
all the P-values more than 0.05 in the Kolmogorov—Smirnov tests.
The average nucleotide diversity of intron sequences was 0.0073
(0-0.0460) for CHQ and 0.0082 (0.0018-0.0219) for the ECA
population (Table 2). Between the CHQ and ECA populations,
exonic D was 0.055 and the two populations were found to be
significantly genetically different (P=0.001). The intronic analysis
suggested a smaller D-value (0.012).

Between the CHQ and ECA, Arlequin simulations indicated there
were five SNPs under directional selection (Figure 3, ¢<0.05) with
three exonic SNPs in the MHC gene and one intronic SNP for each of
S18 and S29 (Figure 3). In contrast, the BayeScan analysis could not
find any selection signal (q<0.05). Pairwise estimates of population
differentiation showed no significant IBD inferred from either exonic
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(R2=0.0287, P=0.12) or intronic SNPs (R?=0.0027, P=0.33;
Supplementary Figures 2a and b).

DISCUSSION

Feathers as a source of DNA for SNP-based studies of wild birds

Feather samples are one of the most common DNA sources for
ornithological studies (Katzner et al, 2012) and have previously
been used for amplifying mitochondrial sequences and nuclear
microsatellites in a phylogeographic study of saker falcons (20% of
total sample size in Nittinger et al., 2007). In our study, about 79% of
DNA extracts were from feather samples (n = 136) and we found that,
as expected, shorter fragments yielded significantly higher PCR
efficiencies (Table 2). This is not unexpected because feathers usually
contain less DNA (see, for example, Bush et al, 2005) that is
sometimes more degraded than in blood and tissue samples
(Harvey et al., 2006). Another factor affecting the PCR efficiency is
storage condition. In our experiment, most failed PCRs came from a
single site (Slovakia), where storage ethanol had evaporated during
transport prior to analysis. However, for elusive species inhabiting
vast and remote areas, traditional sampling methods (for example,
blood or tissue) can be prohibitively expensive. SNP technology can
potentially be applied to very small PCR fragments and therefore
provide the most viable method for population genomic analysis of
noninvasively collected samples.

Population genetic diversity

The intronic SNP rate (one per 53 bp) found in the saker populations
is similar to that in Larus dominicanus (one per 79 bp; Dantas ef al.,
2009) but considerably higher than those in Ficedula albicollis (one
per 345 bp; Backstrom et al., 2008) and Thryothorus pleurostictus (one
per 305bp; Crammer ef al., 2008). It is also noted that the saker
intronic SNP rate here is much higher than the frequency of
heterozygous SNP sites (one per 1282bp) inferred in the saker
genome analysis (Zhan et al, 2013). This discrepancy should be
partly due to the absence of homozygous SNPs in the genome study
(n=1), but moreover because the current estimate is based on more
than 100 sakers from different populations (Table 1).

Furthermore, the average nucleotide diversity (m=0.0073 or
0.0082) inferred from intronic sequences is within the same range
with those found in L. dominicanus (0.00151 <7< 0.00599; Dantas
et al., 2009), E. albicollis (0.0029; Backstrom et al., 2008) or Parus
caeruleus (0.0018; Backstrom et al, 2008). Our results therefore
indicate that the saker retains considerable genetic diversity, although
its populations have been greatly reduced in parts of its range.

Contrasting population genetic differentiation revealed by intronic
and exonic SNPs

The observed intrapopulation partitioning (Figures 2a and b) shows
that both PCoAs of concatenated SNP data sets did not uncover
interpopulation genetic differentiation in sakers. One explanation for
this observation is that allele frequencies for different SNP loci have
diverged differently within and among populations, and as a conse-
quence, the distance-based PCoA could not distinguish these popula-
tions because of complex selection signatures existing in the whole
concatenated intronic or exonic SNPs. Furthermore, intronic SNPs
lacked power to differentiate any populations (Figures 1b and 2a;
Supplementary Table 3), except that the differentiation index (D)
showed genetic differentiation to some extent (Table 4). In contrast,
exonic markers demonstrated their efficiency in partitioning saker
populations. First, both Bayesian clustering and genetic distance-
based PCoA of either MHC or MCIR suggested that the Qinghai



population (CHQ) is differentiated from the others, a result strongly
supported by the results of genetic differentiation estimates among
the six a priori-grouped geographic populations with the largest
D-values and most significant differentiation found between CHQ
and the other populations (Table 4). However, there were several
individuals assigned to different genetic clusters within CHQ
(Figure 1b), possibly the result of selection or very recent
gene flow.

Second, within the Europe/central Asia populations, even exonic
SNPs could not differentiate sakers from DJU (MN, CHX and EKZ,),
NKZ, WKT (WKZ only) and SEU (UKR, ML, ROM and BG)
populations (Figure 1d), suggesting substantial gene flow among saker
populations in Europe/central Asia. Alternatively, the current exonic
SNP system does not have sufficient resolving power for separating
saker populations in this region. In that case, more strongly selected
genes or genome-level data are needed to fully resolve their genetic
differentiation, as has recently been demonstrated in fish species that
have low neutral estimates of genetic differentiation (for example,
Freamo et al., 2011; Nielsen et al., 2012). Third, the exonic SNP-based
analysis showed that within ECA, the central Europe and Turkey
populations were differentiated from others to some extent
(Figure 1d). It is known that the central European population
suffered drastic declines in the 1960s and 1970s (Baumgart, 1991)
and declines have also been documented in Turkey (Dixon et al.,
2009). Along with drift, historical population bottlenecks might have
driven differentiation among saker populations in this region. On the
basis of similar sample coverage in the Europe and central Asia,
Nittinger et al. (2007) found that most sakers in central Europe
possessed the same mtDNA haplogroup, consistent with our findings.
However, different from the ‘distinct’ CEU population we infer, their
‘CEU’ mitochondrial haplogroup also occurred in northern Kazakh-
stan (Nittinger et al, 2007), suggesting that different evolutionary
processes might occur for mtDNA and nuclear exons of northern
Kazakhstan sakers. Finally, three historical museum samples from
Bulgaria (N=2) and Croatia (N=1) exhibited an eastern genetic
background (Figure 1d) indicating genetic exchange across an
unfragmented, contiguous historical population, or alternatively, the
unusual genetic background is a consequence of genetic drift.

Both Nittinger et al. (2007) and our exonic SNP analysis do not
support the subspecific division of F. c. cherrug and F. c. milvipes in
sakers (Ferguson-Lees and Christie, 2001). However, compared with
classical mtDNA genes and nuclear microsatellites (Nittinger et al.,
2007), our exonic SNPs were found to be better to uncover the
genetic differentiation of current saker populations, although the low
level of differentiation of microsatellite markers might be an artifact
from homoplasy and high variation within populations (Alcaide et al.,
2008). It is noted that Nittinger et al’s (2007) work did not include
samples from significant parts of the sakers’ distribution range such as
the Tibetan Plateau. Furthermore, the use of Fsp in their work
(Nittinger et al., 2007) might also account for this discrepancy, as Fsr
statistic can be very sensitive to certain parameters such as the
number of alleles in the markers or the differences in population sizes
(Jost, 2008).

Forces shaping saker population genetic differentiation

It is known that drift, selection and migration are the three major
forces shaping the genetic structure in moderately sized populations
(Smith, 1994). However, in the saker, genetic drift is expected to have
limited influence on current population differentiation primarily
because each of the main samples (CHQ and ECA) was estimated
to originate from a large and geographically widespread population
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(Dixon, 2009). Migration may have a role in shaping this pattern but
it should counteract differentiation (Smith, 1994). Therefore, it seems
that selection is a good candidate to explain the differentiation of
CHQ and ECA. Our Fsr-based analysis provides support for this
hypothesis and showed that three genes RPLI3, COE2 and MHC
exhibit signatures of directional selection. This result also explained
why MHC was more robust in differentiating saker populations than
MCIR gene (Figure 2c vs Figure 2d).

As shown in Supplementary Figure 3, the common alleles of the
selected SNPs in the ECA population show reduced diversity
compared with those in CHQ. In addition, they also lack hetero-
zygosity (for example, Hg in Supplementary Table 2). When signals of
this kind are detected, the SNPs may have been subjected to selection
sweeps and have become nearly fixed, as a consequence in the ECA
saker populations (Pickrell et al., 2009). Alternatively, the relatively
distinct nature of CHQ could be because of the higher altitude and
specific habitat of the region (the Tibetan Plateau), which might exert
different selection pressures on sakers there. For example, local
adaptation has been reported for the plateau human populations.
Simonson et al. (2010) concluded that positively selected haplotypes
of EGLN1 and PPARA were thought to be responsible for high-
altitude adaptation, whereas Yi et al. (2010) found the strongest signal
of natural selection on one SNP at EPASI, which is the downstream
target of EGLN1 in the hypoxia-inducible factor pathway (Simonson
et al., 2010). However, given vast spatial distribution of both the CHQ
population and the other genetic cluster found in the data, the
environment is likely to be highly heterogeneous, precluding mean-
ingful environmental associations in our work.

In contrast with Arlequin, BayeScan analysis did not uncover any
selection signatures using the same data set. This may be because
BayeScan is more conservative in identifying selected SNPs, as
reported by Zhao et al. (2013), or because there remain false positives
in the Arlequin Fgr results even with false discovery rate correction.
The scarcity of selected SNP can result from gene flow between ECA
and CHQ (Figures 1c and d), which made the Fgr values under-
estimated. The selection analysis may also suffer few and short gene
fragments examined (Table 2), which however are typical for
noninvasive genetic studies. IBD is thought to be another potential
problem for inferring the population genetic structure and detecting
the selected SNPs (Meirmans, 2012). However, our Mantel analysis
found no significant correlation between the pairwise genetic differ-
entiation and geographic distance in the studied saker populations
regardless of SNP types (Supplementary Figure 2). In another study
using microsatellites, Nittinger et al. (2007) drew the same conclu-
sion. Therefore, it seems that ‘IBD’ should have a limited influence on
the population genetic differentiation of saker falcons.

Interestingly, we found three MHC SNPs under directional selec-
tion but none under balancing selection (Figure 3). This is at odds
with previous reports where the main mechanism for MHC evolution
is thought to be balancing selection (Alcaide et al., 2008; Landry and
Bernatchez, 2001). However, if balancing selection is the reason for
shaping genetic structure of saker falcons, we would expect an excess
of heterozygotes in the saker populations due to the heterozygote
advantage (Landry and Bernatchez, 2001). On the contrary, all the
MHC SNPs were in HWE within the two genetic clusters of saker
falcons (Supplementary Table 2) and the Hg values we observed at the
MHC were not significantly different from those of other markers.
These results are also distinct from the lesser kestrel (F. naumanni),
for which Alcaide et al. (2008) identified balancing selection as the
main mechanism for determining the MHC-based population genetic
structure. A possible explanation is that lesser kestrels occupy more
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homogeneous habitats covering mid-latitude and low altitudes of
Eurasia, whereas saker falcons not only share a similar range but live
on the Tibetan Plateau. These two distinct ecoregions could facilitate
directional selection against certain MHC alleles, conferring greater
susceptibility to local pathogens.

In summary, our results suggest different roles of intronic and
exonic SNPs in understanding population biological questions.
Whereas analysis of intronic SNPs indicates a nearly homogeneous
background of the current saker falcons, exonic SNP analyses
uncovered at least two genetic clusters from the current populations
where the Qinghai population has separated from the rest. We also
identified Central Eurasian populations as conduits for genetic
exchange between the eastern and western saker populations,
although we cannot rule out the possibility that their mixed back-
ground was due to the low discriminatory power of current exon
system. Ancient or occasional recent hybridization has been reported
between saker falcons and other falcon species (especially gyrfalcon
E rusticolus; Nittinger et al., 2005, 2007; Johnson et al., 2007), which
may also influence the population history of saker falcons. The
efficiency of our SNP system in the examination of this interspecific
hybridization warrants future research.
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