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Abstract
Recent high-throughput genotyping technologies allow for comprehensive genomic analyses on an unprecedented scale. 
However the advantages of the most commonly used tools are strongly limited in non-model organisms, including wild 
birds. In this study we attempt to test the utility of genotyping by sequencing (GBS) without relying on the reference genome 
sequence in selected pairs of sibling bird species that are known to hybridize (Syrian and Great Spotted Woodpeckers). We 
found that GBS is able to produce a satisfying number of polymorphisms and can be successfully applied to the popula-
tion genetics of these species. The results also suggest that urban populations of these woodpeckers, especially phenotypic 
Syrian Woodpeckers, consist of individuals that harbor genotypes assigned to Great Spotted Woodpeckers, which suggests 
intensive hybridization and introgression.
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Zusammenfassung
Die Eignung von Genotypisierung mittels Sequenzierung für die Populationsgenetik von Zwillings- und Hybridarten 
am Beispiel von Blut- und Buntspecht
Moderne Hochdurchsatz-Genotypisierungstechnologien ermöglichen umfassende Genomanalysen in nie dagewesenem 
Ausmaß. Allerdings sind die Vorzüge der gängigsten Methoden stark limitiert, sobald diese außerhalb von Modellorganismen 
(z. B. bei Wildvögeln) angewendet werden. In der vorliegenden Studie versuchen wir, die Anwendbarkeit von Genotypisierung 
mittels Sequenzierung (GBS) ohne Bezug auf ein Referenzgenom zu testen, bei einem Zwillingsartenpaar, Blut- und 
Buntspechte, die bekanntermaßen hybridisieren. Wir fanden, dass GBS eine zufriedenstellende Anzahl von Polymorphismen 
produziert und erfolgreich in der Populationsgenetik dieser Arten eingesetzt werden kann. Die erzielten Ergebnisse deuten 
auch darauf hin, dass städtische Populationen dieser Spechte, insbesondere phänotypischer Blutspechte, aus Individuen 
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bestehen, die Buntspecht-Genotypen aufweisen, was 
möglicherweise auf intensive Hybridisierung und 
Introgression hindeutet.

Introduction

One of the most commonly utilized and powerful genotyping 
tools is the single nucleotide polymorphism (SNP) geno-
typing microarray, which allows one to establish genotypes 
of millions of SNPs in parallel. However, the microarray 
design process requires prior knowledge of SNPs surround-
ing a DNA sequence and needs to be preceded by high-
throughput SNP detection techniques (Trevino et al. 2007). 
Furthermore, microarray design for minor experiments or 
initial studies, e.g., in wild species, is often economically 
unjustified. A solution for this may be the application of 
recently developed genotyping methods that are based on 
the enrichment of genome sequences associated with restric-
tion enzyme (REs) digestion sites and subsequent utiliza-
tion of a next-generation sequencing (NGS) technique. An 
RE-based enrichment approach allows for sequencing only 
a fraction of the genome and achieves higher multiplexing, 
significantly reducing experimental costs compared to whole 
genome sequencing (Elshire et al. 2011). One of the avail-
able RE-based enrichment and genotyping techniques is 
genotyping by sequencing (GBS). An important advantage 
of GBS is that the derived sequences can be used for poly-
morphism detection and genotyping without locating them 
in the reference sequence, and thus permits whole genome 
genotyping in practically any organism (Elshire et al. 2011). 
GBS has been shown to be highly useful in animal genomics 
(He et al. 2014), especially in species for which there are no 
commercially available microarray tools.

In this study, we attempt to test the performance of a 
standard, single-digest GBS protocol in selected bird taxa 
[Syrian Woodpecker Dendrocopos syriacus (SW), and Great 
Spotted Woodpecker Dendrocopos major (GW)], which are 
known to be closely related and able to hybridize (Michal-
czuk et al. 2014; Figarski and Kajtoch 2018), without rely-
ing on the reference genome sequence. We evaluated the 
detected SNPs in terms of their variability, quality and appli-
cation in population genetics of these species, and tested the 
application of GBS to the detection of their hybrids.

Materials and methods

Sampled birds

Two sibling Dendrocopos woodpeckers were recently exam-
ined with the use of various genetic markers for species 
delimitation and identification of their hybrids (Michalczuk 

et al. 2014). Sampling in this study also followed previous 
research, with slight modifications, and comprised nine 
individuals of SW, two hybrids (possible backcrosses), eight 
individuals of GW collected from their sympatric range in 
Poland, and additionally three individuals of GW from an 
allopatric population in Norway (Table 1). The results of 
GBS for three of the SW and one of the GW individuals 
from Poland were found to be inadequate, so the final dataset 
used for analyses comprised a total of 18 specimens.

GBS library preparation and sequencing

DNA was purified from muscle or down feathers of wood-
peckers with the use of a Nucleospin kit (Macherey–Nagel, 
Düren, Germany).

GBS libraries were prepared after a few optimization 
steps, following previously described methodology (Elshire 
et al. 2011). The protocol included PstI RE digestion and 
ligation of 48 indexed adapters designed with GBS Bar-
code Generator software (http://www.deena bio.com/servi 
ces/gbs-adapt ers). In brief, during the library preparation 
process, commercially synthetized oligonucleotides (for-
ward and reverse complement) containing unique barcodes 
(4–9 nucleotides long) and a common adapter were annealed 
to obtain ligation-ready double-stranded oligonucleotides. 
Genomic DNA (200 ng) was digested overnight with a ten-
fold PstI-HF enzyme excess (100,000 U/ml; New England 
Biolabs) at 37 °C. Digestion products were then ligated 
with 4.8 ng of each adapter using T4 DNA ligase (400 U/µl; 
New England Biolabs) at 22 °C for 60 min. After clean-up, 
fragments with ligated adapters were amplified in 18 cycles 
of PCR, using universal primers (12.5 pmol/µl each) and 
2 × Taq Master Mix (New England Biolabs). Purified and 
diluted libraries were controlled for quality using Agilent’s 
TapeStaion2200 system (Agilent Technologies) and quanti-
fied using DNA binding dye (Qubit DS DNA assay; Thermo 
Fisher Scientific). Oligonucleotide sequences used here are 
the same as those used in our previous study (see Gurgul 
et al. 2018).

Library pools were ultimately sequenced in a single-end 
50-bp run on a HiScanSQ system (Illumina, San Diego, CA) 
using a single lane of TruSeq v3 HiSeq flowcell and v3 rea-
gents (Illumina). Raw, demultiplexed, unfiltered reads were 
deposited in the NCBI Sequence Read Archive (SRA) data-
base under BioProject number PRJNA397002.

SNP detection, filtering and sample differentiation 
analysis

The obtained raw reads were assessed for quality using 
FastQC software and analyzed with the use of recently 
developed GBS SNP Calling Reference Optional Pipeline 
(GBS-SNP-CROP) (Melo et al. 2016) dedicated to species 

http://www.deenabio.com/services/gbs-adapters
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with no reference genome sequence available. GBS-SNP-
CROP handles the lack of reference genome sequences by 
building a mock reference sequence based on collapsed 
reads and clustering strategy. The software was set to a mini-
mum read length of 40 bp and other settings recommended 
for diploid genomes (Melo et al. 2016). Moreover, to reduce 
the number of false positives, the SNP matrix was further 
reduced by applying filters for read depth (n = 4), a minimum 
number of reads supporting each allele for heterozygote calls 
(n = 2) and other parameters allowing us to achieve SNP 
confidence at the 95% level (Melo et al. 2016).

Detected SNPs were additionally filtered to remove those 
with minor allele frequency (MAF) lower than 0.01, missing 
genotypes in more than 20% of individuals and deviating 
from Hardy–Weinberg equilibrium with P < 0.001. More-
over, individuals with more than 20% missing genotypes 
(four) were also removed. Supporting SNPs analyses were 
performed using PLINK (Purcell et al. 2007) or TASSEL 
(Bradbury et al. 2007) software.

To evaluate the performance SNP in a population differ-
entiation analysis, the inter-individual distance matrix was 
calculated as: 1—identity by state (IBS) similarity, with IBS 
defined as the probability that alleles drawn at random from 
two individuals at the same locus are the same. The obtained 
pairwise IBS distances were then used to create cladograms 
based on a neighbor-joining (NJ) method (Saitou and Nei 

1987) and visualized with the use of a modified version of 
Archaeopteryx Tree software (Han and Zmasek 2009). After 
SNP genotypes conversion to sequences, following Lee et al. 
(2014), a phylogenetic tree was constructed using a maximum 
likelihood (ML) method along with a bootstrap test imple-
mented in MEGAX software (Kumar et al. 2018). The tree was 
inferred based on the Jukes-Cantor model (Jukes and Cantor 
1969). The bootstrap consensus tree inferred from 1000 rep-
licates (Felsenstein 1985) is presented. Initial tree(s) for the 
heuristic search were obtained by applying the NJ method to 
a matrix of pairwise distances estimated using the maximum 
composite likelihood approach. The additional visualization 
of population differentiation was made by a multidimensional 
scaling (MDS) method applied to the IBS distance matrix. 
To further validate the population structure and the patterns 
of admixture among populations, Structure software (Falush 
et al. 2003) was run ten times per each K, initially from K2 and 
up to K4. An admixture model was used and the parameters 
of the runs were as follows: 200,000 iterations and 100,000 
burn-in period. Then, the Clumpak software (Kopelman et al. 
2015) was used to solve the problems of label switching and 
genuine multimodality (Jakobsson and Rosenberg 2007) and 
to visualize the results.

Table 1  General 
characterization of samples used 
for genotyping by sequencing 
(GBS) of selected taxa (Syrian 
Woodpecker Dendrocopos 
syriacus, Great Spotted 
Woodpecker Dendrocopos 
major and hybrid D. syriacus × 
D. major) 

Individuals were assigned to species based on their phenotype (plumage) and genotype [following methods 
presented by Michalczuk et al. (2014)]
mtDNA Mitochondrial DNA control region, nucDNA nuclear DNA transforming growth factor intron 5, ? 
uncertain genotypes

Dendrocopos species Location Phenotype Genotype GBS symbol

mtDNA nucDNA

D. syriacus Poland-Krakow Syriacus-like SW SW SW1
D. syriacus Poland-Krakow Syriacus-like SW SW/GW? SW2
D. syriacus Poland-Krakow Syriacus-like SW SW SW3
D. syriacus Poland-Krakow Syriacus-like SW GW? SW4
D. syriacus Poland-Krakow Syriacus-like SW SW SW6
D. syriacus Poland-Krakow Syriacus-like SW SW SW9
D. syriacus × D. major Poland-Krakow Intermediate GW SW/GW SW12
D. syriacus × D. major Poland-Krakow Intermediate GW SW/GW GW1
D. major Norway Major-like GW GW GW3
D. major Norway Major-like GW GW GW4
D. major Norway Major-like GW GW GW5
D. major Poland-unknown Major-like GW GW GW6
D. major Poland-unknown Major-like GW GW GW7
D. major Poland-Krakow Major-like GW GW GW9
D. major Poland-Bieszczady Major-like GW GW GW10
D. major Poland-Krakow Major-like GW GW GW11
D. major Poland-Krakow Major-like GW GW GW12
D. major Poland-Krakow Major-like GW GW GW2
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Results

PstI‑generated library fragment size distribution

The presence of DNA fragments that originated from 
enzyme digestion within the repetitive genomic DNA 
sequences was evaluated based on Agilent TapeSta-
tion2200 system traces. PstI endonuclease generated a 
fairly uniform fragment distribution for woodpeckers 
(Supplementary File 1).

Sequencing reads and SNP statistics

The applied sequencing depth allowed the generation 
of, on average, 862,900 good barcoded reads per sample 
(Table 2).

With the use of the GBS-SNP-CROP pipeline, 3329 of 
biallelic SNPs were detected with average read coverage 
across a population of 19.7 (Supplementary File 2). The 
final set of SNPs was obtained by applying additional pop-
ulation-level filtering criteria in terms of polymorphisms 
and missing genotypes. This resulted in a set of 12,479 fil-
tered SNPs. The mean MAF across all variants was 0.242 
(± 0.129). The MAF distribution analysis showed that 
46.9% of SNPs showed MAF up to 0.2 and 81.3% SNPs 
had MAF up to 0.4. The observed heterozygosity averaged 
for all SNPs was high (0.475). The average call rate per 
SNP was 90.1%. When both species were analyzed sepa-
rately, the average MAF for the GW population (0.251) 
was slightly higher than that for the SW one (0.231) and 
the averaged observed heterozygosity was slightly higher 
in GW samples (0.498 vs. 0.461). The percentage of miss-
ing genotypes was lower for SW than for GW (0.09 vs. 
0.08).

Raw, demultiplexed, unfiltered sequencing reads were 
deposited in the NCBI SRA database under BioProject no. 
PRJNA397002.

SNP performance in population differentiation 
analysis

The assignment of woodpeckers to clusters with the use of 
GBS resulted in different outputs from NJ and MDS meth-
ods. What is common to both approaches is that they showed 
that GW had much greater genetic diversity than SW. 
According to the NJ cladogram there are two clusters that 
generally correspond to GW and SW; however, in the first 
one, some individuals seem to have intermediate genotypes 
(Fig. 1a). GW individuals originating in Norway and Poland 
formed clearly separated clusters, with one of the analyzed 
hybrids clustering near the Norwegian samples. In the MDS 
plot only some analyzed individuals of SW form a clearly 
separated cluster, whereas two others could be assigned as 
genetically closer to GW and had genotypes highly simi-
lar to those found in the analyzed hybrids. Moreover, GW 
is divided into two weakly separated groups, of which one 
encompasses some individuals from Poland and the second 
birds from Poland and Norway (Fig. 1b).

The results of population structure and degrees of admix-
ture of the populations identified with Structure software are 
presented in Fig. 2a. The highest likelihood was obtained for 
K = 2. However, the likelihood for K = 3 and K = 4 was very 
similar and presented exactly the same patterns as K = 2 sug-
gesting it as the most optimal result of population structure 
of the studied individuals. The results obtained with Struc-
ture software assigned the analyzed hybrids as well as two 
other SW individuals (which were clustered together with 
hybrids using MDS) to the GW population (Fig. 2a). Very 
similar results were obtained when the maximum likelihood 
method was applied to the construction of the cladogram 
(Fig. 2b). In this analysis, both hybrids and the two SW indi-
viduals with an uncertain nuclear DNA (Table 1) genotype 

Table 2  Sequencing and single nucleotide polymorphism (SNP) statistics

MAF Minor allele frequency, Ho observed heterozygosity; for other abbreviations, see Table 1
a Sequencing and SNP discovery statistics were calculated for all studied animals. Population indexes were calculated for 18 individuals after 
removing four individuals with a high ratio of missing genotypes
b With the exclusion of individuals with uncertain ancestry after GBS analysis (SW2, SW4)

Species Individuals Number 
of spe-
cies

Average number 
of good barcoded 
reads per indi-
vidual (K)

No. of 
initial 
variants

No. of 
filtered 
SNPs

Average read 
depth at SNPs 
across the popula-
tion

Average MAF Ho Frequency of 
missing genotypes 
per SNP (average)

All 22a 2 862.9 3329 2479 19.66 (± 23.11) 0.242 (± 0.129) 0.475 0.099
SW 6 1 0.227 (± 0.163) 0.448 0.102
GW 10 0.251 (± 0.161) 0.498 0.090
SWb 4b 1 – – – – 0.231 (± 0.207) 0.461 0.079
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Fig. 1  a Cladogram for the studied woodpecker individuals/species 
based on identity by state (IBS) and the neighbor-joining method; 
b multidimensional scaling plot (MDS) based on the IBS distance 
matrix for the studied woodpeckers (GW Dendrocopos major, SW 

Dendrocopos syriacus, SW/GW hybrids). The geographic origin of 
each individual is given in parentheses. Branches lengths are pro-
vided
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were randomly clustered with the GW population, while the 
remaining SW individuals formed a clearly separated clus-
ter. No visible subdivision amongst individuals according 
to their geographical origin could be seen in the ML results.

Discussion

Previous studies have confirmed the usefulness of GBS for 
domestic species of birds (Pértille et al. 2016; Zhu et al. 
2016). However, this technique has been scarcely applied 
to wild birds that lack a reference genome sequence (see 
review in Toews et al. 2016). Thus, in this study, we attempt 
to detect and genotype a panel of SNPs in selected pairs of 
sibling woodpeckers and their hybrids sufficient for the pur-
poses of population genetics. With the applied sequencing 

depth and filtering criteria we were able to create a panel of 
2479 informative SNPs for these species.

Genotyping of SW and GW woodpeckers with the use 
of GBS resulted in patterns only partially concordant 
with previous species delimitation and hybrid identifi-
cation studies (Michalczuk et al. 2014). In Michalczuk 
et al. (2014) the usage of a set of sequence-based mark-
ers resulted in reliable delimitation of these species. The 
most variable marker was found to be the control region of 
mtDNA, which includes several discriminating SNPs. Dis-
criminating SNPs were also found in each of three autoso-
mal and one sex-lined intron, but the majority of the others 
were common to both species. Finally, these sequence-
based markers were insufficient for the definitive identi-
fication of hybrids as the number of unlinked SNPs was 
too low. Moreover, the use of microsatellites was found 

Fig. 2  a Graphical representa-
tion of individual contribu-
tions obtained with Structure 
software for K = 2; b Cladogram 
generated using maximum 
likelihood (ML) method. 
Geographic origin of each 
individual is given in parenthe-
ses. The percentage of replicate 
trees in which the associated 
taxa clustered together in the 
bootstrap test (1000 replicates) 
are shown next to the branches. 
For abbreviations, see Fig. 1
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to be very problematic, as only a few loci could be ampli-
fied and were simultaneously polymorphic in both species. 
However, these microsatellites allowed for the assignment 
of some specimens as possible hybrids (Michalczuk et al. 
2014). GBS resulted in a quite unexpected pattern as it 
showed that some phenotypic SW and both phenotypic 
hybrids possessed genotypes that are clustered within GW 
genotypes.

GBS is expected to be much more powerful than mtDNA 
sequences or microsatellites for the identification of species 
and their hybrids. Assignment of some phenotypic SW and 
all hybrids to a genetic pool characteristic of GW suggests 
that hybridization between GW and SW is a much more fre-
quent phenomenon than expected based on previous genetic 
studies (Michalczuk et al. 2014) and field observations 
(Figarski and Kajtoch 2018). Apparently, ongoing hybridi-
zation, including backcrossing with GW, has resulted in a 
high reduction of characteristic SW alleles in the genomes 
of birds from sympatric populations. It is important to high-
light that the described pattern is characteristic of urban 
populations, where contacts between SW and GW are quite 
common as GW occupies parks and larger wooded areas in 
the vicinity of orchards and avenues of trees occupied by 
SW (Kajtoch and Figarski 2017). It would be interesting 
to verify the genomics of woodpeckers from rural popula-
tions where SW only rarely encounters and mates with GW 
[SW occupies mostly orchards, whereas GW mainly occu-
pies forests (Kajtoch and Figarski 2017)]. If this pattern is 
confirmed from larger samples from different populations, 
it would mean that a large number of phenotypic SW have 
GW-like genome characteristics. This could have serious 
consequences for any ecological, ethological or biological 
studies on these woodpeckers, as plumage may not be a reli-
able indicator of species affinity of birds observed in the 
field.

Our findings indicate that GBS could have very wide 
applications in ornithology, probably covering not only 
species delimitation and population genetics, but also 
hybridization and parental studies.
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