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Abstract 

 

Next-generation sequencing has the potential to answer phylogenetic conundrums that 

traditional genetic markers or morphology has previously failed to solve. An example of such a 

conundrum is Sylvia curucca, the Lesser Whitethroat, variously regarded as one species, several 

species in a superspecies complex or three separate species (S. curruca, S. minula, S. althaea). A 

previous study recognized six taxa based on the mitochondrial cytochrome b gene while nuclear 

markers were not informative. In this study we focused on three of these taxa (S. c.  curruca, S. c. 

blythi and S. c. halimodendri), spread from Europe to central Asia, and employed whole-genome 

single nucleotide polymorphism data to have a better understanding of why they were split in 

different clades by the mitochondrial gene tree whilst being generally either synonymized or 

regarded as subspecies of S. curruca. We used SNAPP to infer species trees directly from single 

nucleotide polymorphisms and applied several population structure tests to check for possible 

gene flow between these taxa. Phylogenetic trees were in congruence with the mitochondrial gene 

tree and placed S. c. curruca as a sister clade to the S. c. blythi – S. c. halimodendri clade. 

Population structure tests showed evidence for gene flow between S. c. blythi and S. c. 

halimodendri, as well as S. c. blythi and S. c. curruca. However, none of the phylogenies were 

well resolved and even though the results indicate that S. c. blythi could be a hybrid of S. c. 

halimodendri and S. c. curruca, further studies involving individuals from all six taxa recognized 

by the mitochondrial tree are needed.  

 

Keywords: NGS, SNP, gene flow, birds, population genomics 
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1. Introduction 
 

1.1 Next-generation sequencing 
 

Since being first described in 1977 by Sanger et al. (1977), DNA sequencing technology 

has improved greatly over the past four decades. Sanger’s ‘chain-termination’ or dideoxy 

technique became the main DNA sequencing method for thirty years following its development, 

allowing researchers to sequence entire genes and, later to obtain whole genome sequences 

(Heather & Chain 2016; Sanger et al. 1977; Thermes 2014). Numerous changes have been made 

to Sanger sequencing allowing for a more automated, faster and more efficient way to determine 

the order of nucleotides. These improvements led to the completion of the first human genome 

sequence in 2004 (Collins et al. 2004; Heather & Chain 2016; Thermes 2014).  

However, due to Sanger sequencing being a cumbersome process that required immense 

amounts of time and resources, in 2004, the National Human Genome Research Institute 

(NHGRI) presented a goal to reduce the cost of whole genome DNA sequencing from 10 million 

to 10,000 dollars in the next 10 years (Schloss 2008; Thermes 2014). Through a number of grants 

awarded to 50 research teams and adding up to 100 million dollars (Schloss 2008), enormous 

progress was made in the following years, resulting in the emergence of many high-throughput 

sequencing platforms that eventually led to the technology we have today. Researchers are now 

able to sequence an entire human genome in one day for the cost of 1,000 dollars (Goodwin et al. 

2016) as compared to the first human genome that took over a decade to sequence and assemble, 

and cost nearly 3 billion dollars ( NGS 2019; Behjati and Tarpey 2013). The project issued by the 

NHGRI has led to the birth of the so called ‘next-generation’ sequencing (NGS) technologies, 

also known as massively parallel sequencing, marking a shift from the traditional electrophoresis-

based Sanger sequencing to a more accessible and practical large-scale whole genome sequencing 

(WGS) (NGS 2019). The output of next-generation sequencing can be either short or long reads. 

Reads between 35 and 700 base-pairs (bp) are considered short, while long reads go well over 

700 bp. 

Nevertheless, despite being able to produce vast amounts of data, these technologies have 

their disadvantages. NGS technologies provide users with shorter reads than Sanger sequencing 

and, in addition, there is a higher likelihood of the occurrence of errors (Goodwin et al. 2016). 

However, rapidly developing bioinformatic tools allow users to deal with sequencing errors. 

Because of the progress that has been made in next-generation sequencing technologies, the 

field of genetic research has completely changed as well. Whole-genome sequencing has 

transformed from a privilege only accessible to big institutions into a tool available even for 

small labs. Currently, one the leading NGS platforms is Illumina. Capable to generate between 

1.8-7.5 Gb on MiniSeq System to an astounding 6Tb obtained with NovaSeq 6000 System  

(NGS, 2019).  

 

 

1.2 Single nucleotide polymorphisms 
 

Due to significant advances of NGS technologies, the use of single nucleotide 

polymorphism (SNP – pronounced “snip”) data for non-model organisms (organisms without a 

reference genome) has increased as well (Helyar et al. 2011). SNPs are nucleotide variations in a 
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DNA sequence between individuals, or between individuals and the reference genome (NATURE 

2014). Single nucleotide polymorphisms can be a result of nucleotide substitution, insertion or 

deletion (indel) events (Fig. 1). The continuing development of NGS techniques as well as 

bioinformatic tools used to process the vast amounts of generated data, facilitated the change 

from the use of such genetic markers as microsatellites and mtDNA to studies of SNP sets (Morin 

et al. 2004; NATURE 2014). SNPs are estimated to occur on average every 300 bp in non-model 

organisms (Seeb et al. 2011), meaning that the sequencing of a whole genome most probably will 

result in a data set containing anything in between hundreds of thousands to even millions of 

SNPs. Due to this abundance and usability, SNPs have become a marker of choice for many 

molecular ecology and population genetics studies (Smitz et al. 2016). In addition to that, SNPs 

are being widely used in studies of recently diverged species as an alternative to other nuclear 

loci (i.e. nuclear genes). When the split between species is recent, single nuclear loci do not 

contain enough polymorphisms and thus are not informative. SNPs, on the other hand, have the 

ability to span through the whole genome and provide numerous characters for non-model 

organisms (Schmidt-Lebuhn et al. 2017). 

 

 

Figure 1| Single nucleotide polymorphisms (SNPs) between different individuals caused by nucleotide substitution. Illustration 

created with BioRender (https://biorender.com) 

 

1.3 Study organism 

1.3.1 Taxonomical conundrum 
 

The Lesser Whitethroat Sylvia curruca (Linnaeus, 1758) is a species of unclear taxonomic 

status. Traditionally it has been classified as a single species based on morphology. However, 

with the advances of genetic research methods, new suggestions for the classification have been 

published. Despite being well studied from a morphological perspective, these species require 

more genetic studies as there is still no clear consensus on the taxonomy and systematics of the 

Lesser Whitethroats. A monograph on Sylvia warblers published by Shirihai et al. (2001) 

suggested that it is inadequate to treat the Sylvia curruca complex as a single species. The authors 

proposed treating it as a superspecies. Superspecies is a concept introduced by E. Mayr and B. 

Rensch and defined as “a monophyletic group of allopatric species that are too distinct to be 

included in a single species”. The names of superspecies are written with brackets ([ ]) which 

contain the name of the first named species of a superspecies, in this case, Sylvia [curruca]. The 
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name that comes after the brackets, indicates that the species belong to the superspecies (Amadon 

1966). According to the monograph, the Sylvia [curruca] superspecies consist of four allospecies: 

S. [curruca] curruca (with two subspecies: S. c. curruca and S. c. halimodendri (Sushkin, 1904)), 

S. [c.] minula (Hume, 1873), S. [c.] margelanica (Stolzmann, 1898) and S. [c.] althaea (Hume, 

1878) (Table 1). Despite that, the currently recognized classification (The world bird list (Gill & 

D. Donsker (Eds) 2019) splits this complex into three species: S. curruca (with three subspecies: 

S. c. curruca, S. c. blythi and S. c. halimodendri), S. minula and S. althaea. On the other hand, 

another important world bird list – Handbook of the birds of the world alive, treats Sylvia curruca 

as one species, with six subspecies: S. c. curruca, S. c. blythi, S. c. halimodendri, S. c. minula, S. 

c. margelanica, S. c. althaea (del Hoyo et al. 2019).  

 
Table 1| Comparison of different authors’ treatment of Lesser Whitethroats classification (del Hoyo et al. 2019; Gill & D. 

Donsker (Eds) 2019; Shirihai et al. 2001). Species and allospecies are underlined; subspecies are below the species or allospecies 

they belong to.  

  Gill and Donsker, World 
bird list, 2019 

Del Hoyo et al., 
2019 

Shirihai et al., 2001   

English name Rank and scientific name  Rank and 
scientific name  

Rank and scientific 
name  

Authority 

Lesser 
Whitethroat 

Species - Sylvia curruca Species - Sylvia 
curruca 

Allospecies - Sylvia 
[curruca] curruca  

(Linnaeus, 
1758) 

       subspecies - S. c. curruca      subspecies - 
S. c. curruca 

     subspecies - S. c. 
curruca 

(Linnaeus, 
1758) 

       subspecies - S. c. blythi      subspecies - 
S. c. blythi 

   - Ticehurst 
and 
Whistler, 
1933 

       subspecies - S. c. 
halimodendri 

     subspecies - 
S. c. 
halimodendri 

     subspecies - S. c. 
halimodendri 

Sushkin, 
1904 

Desert 
Whitethroat 

Species - Sylvia minula      subspecies - 
S. c. minula  

Allospecies - Sylvia 
[curruca] minula  

Hume, 
1873 

       subspecies - S. m. minula     -        - Hume, 
1873 

Margelanic 
Whitethroat 

     subspecies - S. m. 
margelanica 

     subspecies - 
S. c. 
margelanica 

Allospecies - Sylvia 
[curruca] margelanica 

Stolzmann, 
1898 

Hume's 
Whitethroat 

Species - Sylvia althaea    subspecies - S. 
c. althaea 

Allospecies - Sylvia 
[curruca] althaea 

Hume, 
1878 

 

The complexity of the Lesser Whitethroat classification was further addressed by Olsson et 

al. (2013). The authors studied four molecular markers: mitochondrial cytochrome b (cyt b) and 

three nuclear introns: BRM 15, myoglobin 2 and ODC 6-7. Phylogenies were inferred for a 

nuclear intron data set and two cyt b data sets: a full cyt b dataset of 209 individuals, as well as a 

data set of 97 unique cyt b haplotypes. However, nuclear introns were parsimony uninformative 

and failed to resolve different populations. However, both cyt b datasets resulted in gene trees 

with six major clades (Fig. 2). In order to avoid the confusion, throughout the thesis I will be 

using names of the clades recognized by Olsson et al. (2013) when referring to one of the six taxa 

(curruca, blythi, halimodendri, margelanica, althaea, minula), and S. curruca sensu lato when 

describing properties that are shared among all six taxa.  
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Figure 2| Simplified representation of the mitochondrial cyt b gene trees published by Olsson et al. (2013). On the left, cyt b tree 

for all samples. On the right cyt b phylogeny based on unique haplotypes. Both gene trees infer six clades, however the branching 

patterns differ in the sister clade to the minula – curruca clade. Underlined taxa are the focus of this study.  Posterior probability 

is given above nodes. 

 

Figure 2 shows two gene trees inferred for mitochondrial cyt b by Olsson et al. (2013). The 

two trees differ in the topology of the minula – curruca sister clade. However, the main 

disagreement between morphology and phylogenetic trees, and in turn the currently recognized 

classifications, comes from the placement of curruca with minula. The mitochondrial tree splits 

curruca from blythi and halimodendri which are treated as a subspecies of S. curruca sensu (Gill 

& D. Donsker (Eds) 2019). However, such a split is counterintuitive and incongruent not only 

with the current classification, but also with the morphology of Lesser Whitethroats.  

 

1. 3. 2 Ecology 
 

The ecology of Sylvia curruca plays an important role in its classification. S. curruca 

belongs to the Sylviid babblers family Sylviidae (Gill & D. Donsker (Eds) 2019) and is in fact the 

most widespread species of the genus Sylvia. Inhabiting the whole Palearctic, these insectivorous 

babblers are adapted to an array of different habitats. They have been found throughout northern 

boreal forests and Central Palearctic deserts, as well as lowlands and even sparsely vegetated 

mountainous areas (Olsson et al. 2013; Shirihai et al. 2001). 

The breeding range spans all the way from Britain in western Europe to eastern Siberia and 

Mongolia, and southwards through China and Central Asia to parts of Iran and Turkey. Different 

populations live at different altitudes; they can be found both in plains at sea-level as well as up 

to 3600m above sea-level in mountains of central and southwestern Asia  (Baker 1988; Loskot 

2005; Olsson et al. 2013; Shirihai et al. 2001; Votier et al. 2016). See Fig. 3 for a map of ranges 

of the clades.  
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Figure 3| Approximate breeding ranges of the clades recognized by Olsson et al. (2013). Ranges of different taxa based on Votier 

et al. (2016). (The range data for Sylvia curruca sensu lato was obtained from BirdLife International and Handbook of the Birds 

of the World (2018) Bird species distribution maps of the world Version 2018.1. Available at 

http://datazone.birdlife.org/species/requestdis). Underlined are the taxa that this study focused on. Circles denote sampling 

locations.  

 

Lesser Whitethroats are long distance migrants and the migration is quite complex. 

Populations from western and northern parts of Eurasia tend to move longer distances to their 

African wintering grounds. In contrast, the southern populations are shorter distance or 

sometimes partial migrants. In addition to that, some of the taxa generally perform altitudinal 

movements – i.e. althaea are known to either move to lower hill slopes in winter season, or 

migrate to wintering quarters in Pakistan, India or Sri Lanka (Baker 1988; Shirihai et al. 2001). 

Such a wide distribution over different habitats, distinct migration patterns and the varying 

geographic location of the wintering grounds coincides with the morphological variation (Fig. 4). 

The differences in body size and plumage color are accompanied by contrasting wing and tail 

length, wing formula and shape, as well as vocalizations. Even though different taxa can be 

identified based on these differences, it does require high expertise (Olsson et al. 2013; Shirihai 

et al. 2001). 

http://datazone.birdlife.org/species/requestdis
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Figure 4| Lesser Whitethroat individuals corresponding to clades described by Olsson et al. (2013). Figure modified from Shirihai 

et al. (2001). curruca and blythi differ very slightly – blythi is more rufous on the upperparts and paler overall, the two forms are 

thought to intergrade, thus the range limits are also not well known. halimodendri is paler and browner than blythi. althaea is the 

largest and darkest of all the taxa and lives mainly in the mountains. The desert living minula is the smallest of the six taxa, with a 

greyer head and less rufous, sandier upperparts. margelanica resembles minula in coloration but is closer to althaea in size. 

Descriptions based on (Svensson 1992). Underlined taxa are the focus of this study.   

In conclusion, the incongruence between morphological and genetic data, as well as 

disagreements on classification of Lesser Whitethroats, makes them an interesting study object. 

The need for further genetic studies on nuclear markers is clear as the previous study could not 

obtain a nuclear phylogeny (Olsson et al. 2013). My study will focus on individuals representing 

curruca, blythi and halimodendri. As previously mentioned, despite being very similar 

morphologically and classified by most authors as subspecies belonging to S. curruca, these taxa 

have been split in different clades in mitochondrial cyt b tree. However, cyt b only shows one 

gene tree and should not be taken for granted. Two of the possible explanations for such 

incongruence of phylogeny and morphology is that: 1) curruca, blythi and halimodendri 

underwent parallel evolution of coloration as an adaptation to their environment; 2) the placement 

of curruca and blythi in separate clades could be due to ancient mitochondrial introgression, 

despite them being sister taxa (Olsson et al. 2013).  
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1.4 The aims of this study 

 

My project will focus on the evolutionary aspects of three Lesser Whitethroat taxa: 

curruca, blythi and halimodendri using next-generation sequencing data. 

The aims of this study are to: (1) explore and employ bioinformatic approaches for whole 

genome sequencing data analysis, (2) investigate the phylogenetic relationships between 

individuals from three different Lesser Whitethroat taxa by using single-nucleotide 

polymorphism (SNP) data, (3) test a hypothesis that blythi is a hybrid form of curruca and 

halimodendri ; (4) compare the results with the morphology and mitochondrial cyt b  phylogeny. 
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2. Materials and methods 
 

2.1 Materials 
 

DNA used in this study was extracted from six individuals, two representatives from each 

of the three different taxa were used for phylogenetic analyses (Table 2). Muscle samples for 

halimodendri #1 and blythi #1 were acquired from the Burke Museum ornithological collection. 

Blood samples of halimodendri #2 and blythi #2 were taken in a nondestructive way from birds 

caught in a mist net in China in May of 2018. Blood samples from the two curruca individuals 

were taken at Ottenby bird observatory on Öland, Sweden in August of 2018. Sampling was 

conducted in compliance with ethical practices from the Swedish Board of Agriculture. 

 
Table 2| Geographic origin of the 6 Lesser Whitethroat individuals analyzed in this project 

Country  Sample GPS coordinates (WGS84) 

Kazakhstan halimodendri #1 44°55.20000', 075°55.20000' 

China halimodendri #2 45°07.06620', 086°01.23300' 

Russia blythi #1 62°10.20000', 108°20.04000' 

China blythi #2 45°07.88280', 085°59.81640' 

Sweden curruca #1 56°11.85420', 016°23.96280' 

Sweden curruca #2 56°11.85420', 016°23.96280' 

 

 

2.2 Methods 

2.2.1 DNA sequencing and quality control 
 

DNA was extracted with the Qiagen DNeasy blood and tissue kit (Qiagen, Hilden, 

Germany) and quantified using the Invitrogen Qubit 3.0 Fluorometer (Thermo Fisher Scientific). 

Samples with the highest DNA content were selected and sent for sequencing. Library 

preparation following TruSeq DNA PCR-free protocol and paired-end read, 151bp target length 

sequencing on Illumina HiSeq2500 platform was conducted at NGI Stockholm. 

Post-sequencing data processing and analyses were carried out on the Albiorix computer 

cluster at the Department of Biological and Environmental Sciences at the University of 

Gothenburg and the Hebbe cluster at Chalmers Centre for Computational Science and 

Engineering. 

A total of 1,274,533,920 raw reads were first quality controlled using FastQC software 

(Andrews 2010). Adapter trimming and quality filtering was done using Trimmomatic (Bolger et 

al. 2014) which is implemented in the PHYLUCE function illumiprocessor (Faircloth 2015). 

Illumiprocessor was run several times, selecting different minimum read lengths. After several 

runs with different parameters, it was decided to only keep reads > 100bp, making all the reads 

100-151bp long. A total of 1,118,998,652 reads were kept for further analyses.  

 

2.2.2 Reference-guided genome assembly 
 

Cleaned reads were used for reference-guided genome assembly. It was carried out with the 

short-read aligner Bowtie2 (Langmead & Salzberg 2012). At the time of the analyses there were 

no available annotated genomes of birds from the Sylvia genus. The model organism for 

passerines is Zebra finch (Taeniopygia guttata (Vieillot, 1817)), and its fully annotated genome is 

available at https://www.ensembl.org/Taeniopygia_guttata/Info/Annotation (last accessed on 

https://www.ensembl.org/Taeniopygia_guttata/Info/Annotation
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2019-03-20). The reads were mapped to the Zebra finch genome as well as a readily available 

blythi de-novo genome. The main difference between an annotated and de-novo genome is the 

structure. De-novo assembled genomes usually contain contigs which are placed into scaffolds 

spanning over millions of bases, but it does not reflect the chromosomes. Out of three available 

de-novo assemblies (generated with different software: AllPaths, Abyss, SOAPdenovo), AllPaths 

was chosen for this project, based on N50. Scaffold N50 is one of the statistical reports of an 

assembly, its value is given as a length of a scaffold, meaning that scaffolds of this or higher 

length contain half the bases of an assembly (NCBI 2019). The higher the value of N50, the 

better is the assembly. N50 values for the three de-novo assemblies were: SOAPdenovo =3488, 

Abyss =124,274, AllPaths=3,749,043). The R script used for the quality assessment of de-novo 

assemblies is available at https://github.com/butterflyology/N50/blob/master/N50.R (last 

accessed on 2019-03-20). 

 

 
 
Figure 5| Screenshot of IGV windows. The software allows to visually inspect BAM files after read mapping. (A) 8,569bp 

window, pink color represents forward reads and blue backward, read pairs are joined by horizontal lines. Every bright colored 

vertical line represents alleles that differ from the reference genome. (B) View zoomed in to maximum. The lowest panel shows 

nucleotides in the reference sequence. Nucleotides that are different from the reference genome are shown in the reads and the 

proportion of reads that have a different allele can be seen in the top panel. Every nucleotide is assigned a color – A -green, T – 

red, G – yellow, C – blue.  

 

 

Reference genomes were indexed using the bowtie2 function bowtie2-build. Paired-end 

reads were aligned with bowtie2, and the Sequence Alignment Map (SAM) file output was 

converted into Binary Alignment Map (BAM) with the Samtools view function (Li 2011). The 

resulting BAM files were then sorted with Samtools sort. Data in sorted BAM files is displayed 

in the same order that scaffolds appear in reference genome FASTA file. The quality of mapped 

reads was then assessed using the Samtools flagstat function. Alignments were visually inspected 

on the Integrative Genomics Viewer (IGV) after indexing them with the Samtools index function 

(Robinson et al. 2011) (Fig. 5). 

 

Duplicates were removed from sorted BAM files and read groups were added to the 

resulting BAM files using Picard tools Markduplicates and AddOrReplaceReadGroups 

(BroadInstitute 2019). The quality of output BAM files was once again assessed with the 

Samtools flagstat function and due to a much lower number of reads mapped to the Zebra finch 

https://github.com/butterflyology/N50/blob/master/N50.R


 

12 

genome, it was decided to carry out the further analyses only with genomes assembled onto the 

blythi de-novo genome (Table 3). 

 

Table 3. Short sequencing reads were mapped to the de-novo assembled genome of blythi and to the model Zebra finch (T. 

guttata) genomes. Numbers in the table indicate how many short reads had mapped to each of the reference genomes.  

 
Number of mapped reads (after duplicate 

removal) 

            blythi de-novo Taeniopygia guttata 

halimodendri #1 148,019,706 33,072,421 

halimodendri #2 68,972,004 32,236,524 

blythi #1 134,030,067 28,921,751 

blythi #2 56,227,563 27,720,030 

curruca #1 66,993,985 40,906,642 

curruca #2 66,560,935 30,866,670 

 

 
2.2.3 Variant calling and filtering 
 

Once the short reads are assembled, SNPs (= variants) can be called from the resulting 

BAM files. Through SNP calling we determine which positions in the new genome differ from 

the reference genome, or which positions contain polymorphisms (i. e. two different alleles, as 

seen in Fig. 5 (B)) (Nielsen et al. 2011). One of the most widely used tools for SNP calling is 

GATK Genome Analysis Toolkit 4.0.7.0 (DePristo et al. 2011; McKenna et al. 2010). For this 

study variant calling was done following the GATK best practices workflow (BroadInstitute 

2019a). First, variants were called per sample using GATK function HaplotypeCaller, the 

program generates an intermediate file, called GVCF, which contains information only on one 

sample. Once HaplotypeCaller was used on all six samples, information from all GVCF files was 

combined by CombineGVCFs function. After that, the combined GVCF file was used as input to 

the GenotypeGVCFs function which generates a variant file in VCF format. The file contained 

33,536,741 of SNPs and Indels for six samples. 

To ensure the quality of further analyses, variants needed to be filtered. SNPs were filtered 

using VCFtools and GATK by applying the following criteria: a) RMS mapping quality ≥ 40; b) 

reads quality value ≥ 25; c) minimum depth values over all included individuals ≥ 4; d) minor 

allele count ≥ 2; e) only sites that were in Hardy-Weinberg Equilibrium; f) no indel sites. RMS 

mapping quality estimates the overall mapping quality of all the reads that support the variant call 

(BroadInstitute 2019b). Reads quality value is a measure of probability that a base is called 

incorrectly, it is also known as Phred score, when Phred score = 10 (Q10), there is a 1 in 10 

probability that a base was called incorrectly; Q20 – 1 in 100 probability of incorrect call, Q30 – 

1 in 1000 (Illumina 2019).Minor allele count ≥ 2 ensures that the second most common allele 

occurs at least two times. 

Three different NEXUS files were then prepared to be used as input for SNAPP: 1) the 

combined SNP dataset was filtered to only include SNPs at 100 bp intervals, the conversion to 

NEXUS format was done using a customized ruby script “snapp_prep.rb” (Stange et al. 2018), 

randomly extracting 90,000 SNPs; 2) the second set was prepared the same way as the first one, 

but filtering at 100 kb intervals and using all remaining SNPs; 3) the third set was the same as the 

second, but NEXUS format was generated by VCFtools. The previously mentioned thinning was 

carried out to accommodate the assumption of unlinked SNPs in further analyses as seen in (Card 

et al. 2016). Loci with missing data were removed from the variant sets.  
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To sum up, three nexus files were prepared to be used as input for phylogenetic inference: 

1) 90,000 SNP set (=Set 1); 2) 11,834 SNP set transformed with “snapp_prep.rb” script (=Set 2); 

3) 11,834 SNP set transformed into nexus format with VCFtools (=Set 3). 

 

2.2.4 Phylogenetic analyses 
 

SNP data was used for the species tree inference by implementing SNAPP 1.4.2 (Bryant et 

al. 2012) which is available for the BEAST 2 platform (Bouckaert et al. 2014). SNAPP uses 

biallelic markers, such as single nucleotide polymorphisms and treats each SNP as a marker. 

Moreover, it is based on the multispecies coalescent model (Rannala & Yang 2003). The 

algorithm implemented in SNAPP does not infer gene trees, but instead infers species tree 

likelihoods directly from the markers. The method applies to unlinked (independent) markers; 

thus, SNPs must be well spaced.  

BEAUti2 version 2.5.2.0 was used to set up the xml files for species tree inference using 

the SNAPP template. Coalescence rate, as well as mutation rates (forward mutation rate U, 

backward mutation rate V) were set to be estimated by SNAPP from the input data. Prior 

distributions were changed to Log Normal: 1) lambda prior: M = 1.0, S = 1.25; 2) snapprior: 

Alpha = 11.75, Beta = 109.73, Kappa = 1.0, Lambda = 0.01; 3) u and v priors: M = 1.0, S = 1.25. 

At least 10,000,000 generations were run sampling every 1,000 generations. SNAPP was 

launched on the Chalmers computer cluster using BEAST 2.5.2 for the Linux environment. The 

convergence of the MCMC chain was assessed by analyzing the shape of trace and effective 

sample size (ESS) with Tracer 1.7.1 (Rambaut et al. 2018). The runs were resumed until the trace 

stabilized and ESS values reached >200 or did not show any improvement with the increase of 

generations.  

The maximum clade credibility trees were obtained with TreeAnnotator v2.5.2 (Bouckaert 

et al. 2014). The full set of likely species trees was displayed in DensiTree (Bouckaert 2010). 

DensiTree draws all trees in the set transparently, thus making the topologies that appear more 

often look like dense bright lines, while the topologies with little agreement are shown as webs. 

Such representation of species trees allows to quickly assess the areas of topological uncertainty 

(Bouckaert 2010). 

 

2.2.5 Population structure 
 

To estimate and visualize individual admixture proportions NGSadmix software (Skotte et 

al. 2013) was used in this study. The software is similar to the widely used Bayesian method 

Structure (Pritchard et al. 2000). NGSadmix works directly on genotype likelihoods and infers 

admixture proportions across all individuals under a predefined number of admixing populations 

(K). The genotype likelihood file in beagle format was prepared directly from BAM files using 

ANGSD software (Korneliussen et al. 2014). The parameters used in ANGSD were: -GL 2, -

doGlf 2, -doMajorMinor 1, -SNP_pval 1e-6, -doMaf 1, -minInd 2, -minIndDepth 15, -minQ 20. 

The resulting likelihood file was then used for NGSadmix. Two K values were tested: K=2 and 

K=3. Twenty independent runs were conducted for each K and the results were summarized 

using CLUMPAK (Kopelman et al. 2015). 

In contrast to NGSadmix, where the user must specify the number of populations, PCA 

works without any prior assumptions about the number of populations and population structure. 

The genetic differentiation of the six taxa was analyzed with plink v. 1.9 (Purcell & Christopher 

2019). SNP set 1 was used as input for the software. The first two principal components were 

plotted in RStudio 1.1.463 (RStudio Team 2015). 
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2.2.6 Fst estimates 
 

Estimates of Weir and Cockerham’s Fst have been used to assess the variance in allele 

frequency between taxa. A sliding window of 100,000bp was used for the analysis. The Fst value 

is bounded between 0 and 1 – values close to 0 represent no differentiation, showing that alleles 

are similarly frequent in both populations (if tested for two populations). When the Fst value is 

close to 1, the allele frequencies are different, i.e. different alleles are fixated within the 

populations (Holsinger & Weir 2009; Meirmans & Hedrick 2011). The VCFtools function –weir-

fst-pop was used to calculate pairwise Fst for the taxa: blythi vs curruca, halimodendri vs curruca, 

and halimodendri vs blythi.  

 

2.2.7 Four taxon D-statistic test 
 

Genetic exchange between taxa was tested using the Patterson’s D statistic test, also known 

as ABBA-BABA. It was first described by Green et al. (2010) to test for ancient introgression 

between Neanderthals and modern humans. The test requires three taxa (S1, S2, S3) and an 

outgroup (O). It is important that two of the taxa are more closely related to each other than to the 

third one – (((S1,S2)S3)O). The ABBA-BABA test is based on biallelic polymorphisms where 

the outgroup is considered to carry the ancestral allele (“A”) and S3 is considered to have the 

derived allele (“B”). This results in two allelic patterns: ABBA – where S2 shares the derived 

allele with S3; and BABA – where the derived allele is shared between S1 and S3. The null 

hypothesis for this test is that in the absence of gene flow the pattern ABBA will be as frequent 

across the genome as BABA - D(S1,S2,S3,O)=(ABBA-BABA)/(ABBA+BABA) (D=0), and any 

deviation from zero will be indicative of gene flow (Green et al. 2010; Martin et al. 2015). Thus, 

a positive D (D>0) indicates an excess of shared alleles between S2 and S3, and a negative D 

(D<0) indicates an excess of shared alleles between S1 and S3 (Figure 6). It is important to 

mention that under a neutral coalescence model the two patterns (ABBA and BABA) can be 

equally frequent only because of incomplete lineage sorting or recurrent mutation (Durand et al. 

2011; Martin et al. 2015). 

 ABBA-BABA tests were performed using ANGSD (Korneliussen et al. 2014). The multi-

population test described by Soraggi et al. (2018) allows the use of multiple individuals from 

each taxon. The software can work directly on BAM files. An althaea genome aligned to the 

same reference genome was used as an outgroup and each ingroup taxon had two individuals. 

Only the positions that had the following criteria were used: 1) mapping quality > 30; 2) read 

quality > 25; 3) depth > 3.   

 

Figure 6| ABBA-BABA tests show which populations share derived alleles. When D > 0, S2 and S3 share derived alleles (allelic 

pattern ABBA); when D < 0, derived alleles are shared between S1 and S3 (allelic pattern BABA). 
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3. Results 

3.1 Phylogenetic analyses 

 

Phylogenetic trees were inferred in SNAPP using three different input files. The summaries 

of the runs and ESS values are provided in Table 4.  

The three species trees inferred by SNAPP had the same topologies – curruca was 

separated from the other two taxa and placed as a sister clade to the blythi – halimodendri clade 

(Fig. 7). The trees mostly differed in the branch length of blythi and curruca individuals. The 

phylogenies inferred from the SNP sets 1 and 3 had very long external branches in the blythi 

clade, while SNP set 2 returned a tree with very long external branches in the curruca clade.  

The posterior probabilities also varied between the trees. While there were no conflicts in 

the posterior probabilities of halimodendri and curruca clades (= 1), nodes joining the two blythi 

individuals had different values. The posterior probabilities of 0.74 and 0.7 were returned for the 

blythi clade in SNP set 1 and 3 trees, respectively. The blythi clade in the SNP set 2 tree had the 

highest support (posterior probability =1).   

Another incongruence between the trees was in the support for the blythi – halimodendri 

clade: the support was 0.4 in the SNP set 1 tree, 0.52 in the SNP set 2 tree and 0.99 in the SNP set 

3 tree. 

The trees inferred from SNP sets 1 and 3 are not well resolved - the low node support for 

the blythi – halimodendri clade and short internal branches between curruca and its sister clade, 

make them look like soft polytomies. The SNP set 3 phylogeny has better resolution and the 

highest node support for the blythi – halimodendri clade.  

The underlying patterns were visualized by DensiTree (Fig. 8). DensiTree shows all 

posterior trees that are inferred for the data set.  
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Table 4| Summary of the statistics of SNAPP runs for different SNP sets. Effective sample size (ESS) values are considered to 

have reached convergence when they go above 200. 

  
Set 1 Set 2 Set 3  

Number of SNPs 90,000 11,834 11,834  
MCMC generations, million 53 38,6 7  
Discarded as burnin, % 17 11 10 

ES
S 

posterior 283 710 418 

likelihood 13,242 26,160 5,391 

prior 7,309 7,648 5,313 

u 25,830 33,102 6,018 

v 25,827 33,105 6,019 

theta0 24 102 7,010 

theta1 43,936 33,781 45 

theta2 23 55 7,148 

theta3 40,795 76 33 

theta4 22 89 42 

theta5 23 32,916 46 

theta6 313 31,466 6,615 

theta7 31,671 6,640 1,230 

theta8 225 31,673 6,872 

theta9 32,745 629 798 

theta10 42,522 20,143 6,791 

TreeHeightLogger 28,824 24,627 6,778 
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Figure 7| SNAPP species trees. A) Species tree inferred from a data set of 90,000 SNPs (set 1). B) and C) show species tree 

inferred from 11,834 SNPs spaced 100kb apart. B) the tree was inferred using “snapp_prep.rb” to prepare the input file (set 2); C) 

input was prepared with VCFtools (set 3). The branch lengths are measured in units of expected number of mutations per site. 

Posterior probabilities are showed on the nodes in bold. Numbers above the branches show mean Theta values, shown in red.  
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Figure 8| DensiTree representation of the most common topologies inferred for the SNP data sets. Only clade names are shown. 

A) DensiTree corresponding to SNP set 1; B) DensiTree corresponding to SNP set2; C) DensiTree corresponding to SNP set 3. 

The most common topology is drawn in blue, the next most common in red, and the third – bright green; all the other topologies 

are colored in dark green. 
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3.2 Population structure 

 

NGSadmix analyses were carried out with the assumption of K=2 and K=3 (Fig. 9 and 

Fig.10). When K=2, halimodendri and curruca individuals are shown to be in separate groups, 

with blythi showing signs of admixture between the first two. The proportion of alleles coming 

from curruca is higher than the proportion of ancestral halimodendri alleles.  

When NGSadmix was run for K=3, half of the replicates (10/20) showed no admixture and 

split blythi, curruca and halimodendri into genetically distinct clusters. However, another half of 

the replicates suggested admixture in blythi #2. This individual has been assigned to all three 

clusters with the same proportions of alleles coming from each of them.  

 

 

 

Figure 9| Summary plot of 20 NGSadmix runs where K=2.  In all cases halimodendri and curruca were placed into separate 

clusters with blythi showing admixture.  

 

 
Figure 10| NGSadmix for K=3. A) K=3 major shows the clustering in 10/20 NGSadmix replicates; halimodendri, blythi and 

curruca are placed in separate clusters. B) K=3 minor shows clustering in 8/20 NGSadmix replicates. Here blythi #2 is assigned to 

all three clusters, indicating admixture.  

 

The relationships of the six sampled individuals without any prior assumptions about the 

population structure were analyzed by summarizing their genetic differentiation by principal 

component analysis (PCA) (Fig. 11). The first principal component (x-axis) splits data into three 

distinct clusters that correspond to the NGSadmix results (Fig. 10 A). The second principal 
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component (y-axis) shows two clusters: curruca and halimodendri as one, and blythi as the 

second.  

 

Figure 11| Principal component analysis splits the individuals in three distinct clusters on the first axis and into two on the second 

axis.  

 

 

3.3 Fst estimates 

Weir and Cockerham’s Fst was applied for pairwise comparisons of the populations. The 

highest genetic differentiation demonstrated by the Fst test is between halimodendri and curruca 

(Fst = 0,085). Fst estimates more genetic differences between blythi and halimodendri (Fst = 

0,048) than between blythi and curruca (Fst = 0,022).  

 

3.4 Four taxon D-statistic test 

 

Potential past introgression using the ABBA-BABA test was tested for three hypotheses 

(Fig. 12). The test for the (((halimodendri,blythi) curruca) althaea) topology returned a positive 

D value, suggesting that curruca and blythi are more related than any of them to halimodendri. A 

positive D value was also returned by the test on (((halimodendri, curruca) blythi) althaea) 

topology. When tested for introgression, (((blythi, curruca) halimodendri) athaea) had a negative 

D value, indicating that halimodendri and blythi are closer than halimodendri and curruca. 

However, the D value showing the relatedness of blythi and halimodendri was much lower than 

for the first two hypotheses.  In addition to that, none of the forms showed any gene flow between 

halimodendri and curruca.  



 

21 

 

Figure 12| Results of the four population D-test, also known as ABBA-BABA. D > 0 suggests the gene flow between curruca and 

blythi, D < 0 suggests gene flow between halimodendri and blythi. The branches in red show which taxa have the derived alleles.  
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3. Discussion  

 

The phylogenetic inference with SNAPP resulted in three species trees that despite having 

the same topology differed in the external branch lengths. The input files for SNAPP were 

prepared in two different ways: using a ruby script “snapp_prep.rb” and using VCFtools. Even 

though these two methods were used on the same original SNP set to create set 2 and set 3, the 

resulting phylogenies were incongruent. It could be argued, that set 2, prepared with the ruby 

script involved an error and thus resulted in the wrong branch lengths, although the underlying 

reasons cannot be known with certainty – more tests should be carried out to resolve it. We can 

see that the set 1 tree, which was also prepared partially with the ruby script “snapp_prep.rb” has 

the same topology as set 3 tree and the branch lengths are more similar – blythi individuals have 

the longest branches in the both trees. It could also imply that the two blythi individuals have 

more differences between each other than the representatives of the other clades. This theory 

could be supported by the fact that blythi #2 was caught on migration and even though it was 

identified as blythi with certainty, it could be from an intergradation zone and genetically more 

similar to halimodendri than the other blythi. However, the phylogenetic relationships cannot be 

determined with certainty by the dataset used in this study. The phylogenetic inference could 

possibly be improved by including more samples to the dataset. Or, at least it should be tested if 

more SNAPP runs using differently prepared input files can improve the results. Moreover, the 

longest external branches were represented by the Theta values that failed to reach ESS > 200 

(Table 4). The mean Theta values are shown above the branches (Fig. 7). In all cases the longest 

branches have the highest Theta values. While Theta represents the population size in SNAPP, 

the very large values might represent the fragmentation within the taxa in the clade with the 

longest external branches or poor delimitation with the respect to the other two clades (Bryant et 

al. 2012).  

In the DensiTrees (Fig. 8) the first SNP set has a bigger web of different topologies than the 

other two sets. The reason behind that could be a much higher number of SNPs (90,000) used for 

the phylogenetic inference from SNP set 1 than from the sets 2 and 3. However, in all cases the 

most uncertainty seems to arise in the placement of blythi individuals – different trees suggest the 

splitting of the two blythi and grouping them with either halimodendri or curruca. This explains 

the low node supports for the halimodendri-blythi clade as well as just the blythi clade shown in 

Fig. 7. Even though the majority of the trees place halimodendri and blythi in one clade in 

agreement with the mitochondrial cyt b tree published by Olsson et al. (2013), DensiTrees and 

maximum clade credibility trees show little support for this placement. SNAPP results show that 

the phylogeny could not be well resolved from the data used in this study and thus indicates that 

more samples should be used in the future.  

Nevertheless, even with the low node support for the halimodendri – blythi clade, an 

assumption could be made that these two taxa are more genetically similar than either of them to 

curruca. Such an assumption would be contrasting to the morphological characteristics of these 

three taxa as morphologically curruca and blythi are very similar and thus are synonymized by 

(Shirihai et al. 2001). These two taxa live in similar habitats of the temperate forest region, and 

due to their morphological similarities, their exact breeding ranges are not well known, although, 

they are believed to meet in a wide intergradation zone east of Yenisei River in Russia (Olsson et 

al. 2013; Svensson 1992). It could be speculated that due to the similar breeding habitats of 

curruca and blythi, they have been under similar selective mechanisms thus making blythi have 

more curruca – like alleles in many genes.  

However, further tests of population structure suggested more support for genetic similarity 

between curruca and blythi in disagreement with the SNP species tree. The admixture tests for 

two ancestral populations (K =2) inferred that blythi holds alleles from both halimodendri and 
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curruca with slightly varying proportions – more alleles were suggested to have come from 

curruca. When admixture was tested for three populations (K=3), two different signals were 

returned: 1) all three taxa are different – they were placed in distinct clusters; 2) one of the blythi 

individuals has alleles that came from curruca and halimodendri which is indicative of gene 

flow. Under both assumptions of number of populations, when tested for admixture, curruca and 

halimodendri were always placed in distinct clusters suggesting that there is no gene flow 

between these two taxa. Even though no strong conclusions can be drawn from these results of 

the population admixture tests, a signal of admixture between blythi and both curruca and 

halimodendri is present. The evident gene flow between blythi and the other two taxa explains 

why SNAPP could not resolve the species tree with high support. 

The principal component analysis (PCA) demonstrated a clear structuring of the three taxa. 

halimodendri and curruca separate along the first principal component with blythi placed in 

between them, and none of the three clusters overlap. blythi is also separated from the other two 

taxa on the second principal component axis. Very similar results from PCA were demonstrated 

in a study on hybridization of Spanish and house sparrows (Elgvin et al. 2017). The 

hybridization of these two species gave rise to a new species of Italian sparrow which showed a 

mixture of genetic and morphological characteristics from both parent species. The PCA analysis 

in that study demonstrated the same clustering pattern as in this one. The authors argued that the 

separation along the second principal component indicates novel differentiation of the Italian 

sparrow against both parents. It can arise as a result of segregation of the alternative alleles in the 

hybrid, differences from the parent species because of selection or mutations in the hybrid 

lineage after its formation (Elgvin et al. 2017). If such interpretation can be applied to the results 

of this study, the data indicates a possibility of blythi being a hybrid of curruca and 

halimodendri. Both PCA and NGSadmix (when K=2) supports this hypothesis. If blythi really is 

a hybrid of curruca and halimodendri, it is possible that it has inherited the mitochondrial genes 

from halimodendri which would explain why blythi and halimodendri were most closely related 

in the mitochondrial cyt b gene tree by Olsson et al. (2013).  In such case, the mitochondrial 

genome would be inherited from halimodendri, while nuclear genome would be a mixture of 

alleles from the both parents, which seems to be indicated by the inferred phylogenies from the 

SNP data. 

Four population D-tests suggest that there has been gene flow between blythi and curruca, 

as well as blythi and halimodendri which further supports blythi being a hybrid of the other two 

taxa. As in all previously described results, ABBA-BABA did not show any gene flow between 

curruca and halimodendri. Although, it is important to keep in mind that the ABBA-BABA 

results obtained in this study may not be able to shine light on the real underlying phylogenetic 

relationships between the studied taxa. Preferably, the outgroup should not be a part of the 

species complex in focus. And the future study should consider using a more distant species as 

an outgroup. The genetic differentiation Fst test showed that curruca and halimodendri have the 

most differences, while blythi and curruca were demonstrated to have the least genetic 

differentiation.  

The results obtained from this whole genome sequencing data thus suggest the gene flow 

between blythi and the other two taxa, but not between curruca and halimodendri. Such a 

scenario seems feasible as blythi comes into contact with both curruca and halimodendri over 

large intergradation zones. The results of this study have a potential explanation to why the 

nuclear loci used in the study by (Olsson et al. 2013) failed to resolve the phylogeny – in the 

presence of gene flow, the differences fail to become fixed in the nuclear gene loci. This study 

shows that species trees can be inferred from whole genome SNP data when nuclear loci are not 

informative enough to resolve the phylogenetic relationships. However, in our case the species 

trees obtained with SNAPP failed to resolve the topology and thus more samples should be 

analyzed. Preferably, all six taxa recognized by the mitochondrial cyt b tree in (Olsson et al. 
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2013) should have representatives in a future whole genome study. In addition to that, 

individuals from intergradation zones as well as edges of the breeding ranges should be included. 

Moreover, only individuals caught on the breeding grounds should be used because it is often 

hard to say with certainty where exactly birds caught on migration come from. Further 

improvements could be done in regard to the reference genome. Scaffolds should be assigned to 

chromosomes in order to find out which regions of the genomes harbor the most differences 

between individuals. This in turn could provide a better understanding behind the evolutionary 

processes that lead to the formation of these morphologically different taxa.  

In conclusion, even though the taxonomical conundrum is not fully resolved, and more 

future studies are needed, this project still shows the power of NGS to shed light on difficult 

phylogenetic questions that cannot be resolved by the traditional genetic markers.  
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Summary 

 

This thesis attempts to shed light on the taxonomical conundrum that is the Lesser 

Whitethroat (Sylvia curruca) species complex, by employing next-generation, whole-genome 

sequencing data. These birds are widespread throughout the whole Eurasia – all the way from 

England in the west to China in the East, south to Kazakhstan and Iran. Due to different 

environments inhabited by different populations and their slight morphological differences the 

systematics of this species complex has long been a point of disagreement among different 

authors. It has been variously regarded as one species, several species in a superspecies complex, 

or three separate species (S. curruca, S. minula, S. althaea). 

A study based on mitochondrial genes by Olsson et al. (2013) recognized six distinct clades 

within the species complex. The three taxa that are the focus of my thesis, S. c. curruca, S. c. 

blythi and S. c. halimodendri, are most often classified as subspecies of S. curruca or even 

synonymized with it (Shirihai et al. 2001). However, in the mitochondrial gene tree these taxa 

were split into different clades. Nevertheless, the mitochondrial gene tree cannot be taken at face-

value, but the nuclear markers used in the previous study were uninformative. For this reason, we 

decided to employ whole-genome sequencing data to infer a species tree and carry out population 

structure tests.  

We found that the phylogenetic trees inferred from single-nucleotide polymorphism data 

also place S. c. curruca as a sister to the S. c. blythi – S. c. halimodendri clade – the result that 

was seen in the mitochondrial gene tree. However, even in this case we cannot be sure this is the 

true phylogeny without including the other three taxa. The population structure tests showed 

signs of gene flow between S. c. blythi and S. c. curruca as well as S. c. blythi and S. c. 

halimodendri, potentially indicating that S. c. blythi may be a hybrid of the other two taxa – 

morphologically more similar to S. c. curruca but placed as a sister to S. c. halimodendri in the 

species tree, while still showing signs of genetic affinity to S. c. curruca.  

This thesis serves as a foundation for further studies of the relationships between different 

Lesser Whitethroat taxa. Despite not being able to solve the taxonomic conundrum, this study has 

added important evidence that next-generation sequencing data is a powerful tool to study the 

relationships between species. 

 

 

 


