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Summary 

The central question of this thesis is how hybridization can lead to the 
formation of new species. To approach this question, I used the hybrid Italian 
sparrow (Passer italiae) to explore the consequences of hybridization on 
genomic architecture and reproductive isolation at the genomic level. With 
the use of transcriptomic data and cline analyses in Paper I, we investigated 
if there is evidence for reproductive barriers between the hybrid species and 
its parents, the house sparrow (P. domesticus) and Spanish sparrow (P. 
hispaniolensis); and if so, which genes or genomic regions may be involved? 
We found that there is evidence of reproductive isolation between the Italian 
sparrow and its parent species and that Z-linked genes and mito-nuclear 
gene complexes play an integral role.  

In Paper II, we sought to examine the genomic architecture of the 
Italian sparrow in comparison to its parents. This "rst consisted of de novo 
assembling a high-quality reference genome of the house sparrow. We then 
mapped whole-genome sequencing data from populations of the parent 
house and Spanish sparrows, as well as the Italian sparrow to the reference 
genome. By using comparative genomics, we were able to characterize 
patterns of admixture and di!erentiation in the Italian sparrow genome in 
relation to both parent species. We show that the genomic landscape of the 
Italian sparrow is highly heterogenous with regions inherited alternately from 
either parent across the genome in a mosaic pattern. High divergence 
regions between the Italian sparrow and either of its parents were found to 
be disproportionately located on the Z chromosome and genes involved in 
body patterning, beak morphology and the immune system were over-
represented in these regions. We also found regions where the Italian 
sparrow is divergent from both parents that may represent areas of novel 
divergence in this homoploid hybrid lineage.  

In Paper III, we utilized genomic data from multiple geographically 
isolated Italian sparrow populations from di!erent Mediterranean islands to 
explore the extent to which the hybrid genome can vary. We "nd that there is 
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variation in the genomic combinations that compose a functional hybrid 
species, yet there are some areas that are invariably inherited from one 
parent. These regions of genomic constraint are over-represented on the Z 
chromosome and hold candidate incompatibility loci involved in DNA repair 
and mito-nuclear function.  

Overall, this dissertation helps demonstrate how a new species can 
arise via hybridization by painting a picture of how admixture can shape the 
genomes of di!erentiated populations and lead to the formation of 
reproductive barriers.  

Introduction 

Background 

Hybridization is widespread in nature and can have various impacts on 
species diversi"cation. Traditionally, interbreeding between distinct 
populations has been viewed as a detriment to species divergence and a 
‘biological mistake’ (Mayr 1932; Fisher 1930). Yet, around 10% of animal and 
25% of plant species are known to hybridize (Mallet 2007), making 
hybridization a prominent feature in nature. Hybridization has even been 
shown to have shaped the genome of our own species (Sankararaman et al. 
2014). In recent years, it has become apparent that hybridization can also 
serve as a source of genetic variation promoting diversi"cation (Abbott et al. 
2013; Seehausen et al. 2014). Since new genetic variation can have adaptive 
potential, species divergence can alternatively be facilitated through 
hybridization rather than impeded (Grant and Grant 1994; Heliconius 
Genome Consortium 2012). In fact, hybridization is particularly common 
among rapidly radiating groups (Mallet 2007; Grant et al. 2015) as it can allow 
for rapid local adaption through the introgression of new variation subject to 
selection (Lamichhaney et al. 2018). In some instances, hybridization can 
even give rise to new species through the recombination of parental 
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genomes, leading to a third population of mixed ancestry that remains 
distinct from both its parents (Rieseberg 1997; Mallet 2007; Mavarez and 
Linares 2008). Thus, the creative role of hybridization in evolution spans a 
continuum from adaptive introgression to hybrid speciation. This thesis 
focuses on the latter and aims at gaining a better understanding of how 
hybridization can play a primary role in the origin of new species.  

Hybrid speciation 

When two di!erentiated populations mate, hybrid o!spring possessing 
novel, mixed genotypes can arise (Rieseberg 1997; Buerkle et al. 2000; 
Coyne and Orr 2004). These hybrid o!spring may have reduced "tness 
relative to their parent taxa (Mayr 1963; Coyne and Orr 2004) due to genetic 
incompatibilities leading to inviability or infertility in "rst generation (F1) 
hybrids (Arnold and Hodges 1995) or ecological intermediacy (Schluter 
1993; 1995; Coyne and Orr 2004). However, empirical studies have shown 
that hybrid genotypes possess a wide range of "tnesses and that hybrids 
can have equivalent or higher "tness than their parents (Arnold and Hodges 
1995; Arnegard et al. 2014).  

Hybridization provides the means in which new genetic variation from 
multiple loci with adaptive potential are transferred simultaneously. 
Therefore, adaptive evolution may proceed more rapidly following 
hybridization than would be expected from mutations alone (Grant and Grant 
1994; Heliconius Genome Consortium 2012; Abbott et al. 2016). F1 hybrids 
can also experience an increase in growth rate, size and reproductive 
success, known as heterosis or hybrid vigor (Arnold and Hodges 1995), 
which may constitute an adaptive advantage relative to its parents. Though 
the genetic basis for hybrid vigor is subject to much debate, recent 
hypotheses suggest it may be attributed to complementary interactions of 
alleles at multiple loci (epistasis) (Baack and Rieseberg 2007). Hybrid vigor is 
often broken down in subsequent generations as recessive alleles become 
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exposed and parental gene combinations are broken up via recombination 
(Dobzhansky 1948; Templeton 1981; Felsenstein 1981). Yet, if the hybrid 
lineage is able to persist and develop reproductive barriers against both its 
parents, it has the potential to become its own species. This process in 
which interspeci"c hybridization gives rise to novel species is known as 
hybrid speciation.  

An important aspect of hybrid speciation is the hybrid karyotype in 
relation to its parents. Allopolyploid hybrids maintain a di!erent number of 
chromosome complements than their parents and consequently develop 
immediate reproductive isolation. This, combined with potential heterosis, 
may lead to the establishment of new lineages and has frequently been 
observed in plant taxa (Rieseberg 1997; Mallet 2007; Rieseberg and Willis 
2007; Hegarty and Hiscock 2008; Soltis and Soltis 2009). In contrast, 
homoploid hybrids, which share the same ploidy level as their parents, may 
struggle to develop reproductive barriers strong enough to remain distinct 
from their parents (Baack & Rieseberg 2007). For this reason, homoploid 
hybrid speciation has historically been considered to be a rare outcome of 
hybridization (Mallet 2007; Schumer et al. 2014), particularly in animals 
(Mavarez and Linares 2008). The hybrid must "rst escape genetic 
incompatibilities and "tness loss, and then the homogenizing e!ect of gene 
#ow from its parents; despite complementary ploidy levels and the fact that 
their parent’s reproductive barriers were su$ciently weak that they interbred 
in the "rst place (Buerkle et al. 2000; Coyne and Orr 2004). In some instances 
however, the recombination of parental alleles from initial hybridization could 
trigger the formation of reproductive barriers between the parents via 
ecological divergence (Gross and Rieseberg 2005), assortative mating 
(Mavarez et al. 2006; Melo et al. 2009) or genetic incompatibilities (Rieseberg 
1997; Schumer et al. 2014; Abbott et al. 2016). In particular, one mechanism 
predicted to allow for homoploid hybrid speciation is transgressive 
segregation - the production of hybrid traits outside the range of its parents  
- that enable the hybrid to colonize new ecological niches (Rieseberg et al. 
1999; Mallet 2007). While there are few well-documented cases of 
homoploid hybrid animal species, new methods have led to a growing 
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number of empirical examples in the past decade in #ies (Schwarz et al. 
2005), bats (Larsen et al. 2010), butter#ies (Mavarez and Gonzalez 2006; 
Kunte et al. 2011; Heliconius Genome Consortium 2012), birds (Elgvin et al. 
2011; Hermansen et al. 2011) and "shes (Salzburger et al. 2002; Meyer et al. 
2006; Keller et al. 2013) suggesting that homoploid hybrid speciation may be 
more common than initially thought (Mavarez and Linares 2008; Abbott et al. 
2013). 

Detecting hybrid origin 

For many years, con#icting phylogenetic trees from nuclear and organellar 
markers have been used to test for hybrid ancestry in proposed hybrids 
(Bullini 1994; Dowling and Secor 1997; Soltis and Soltis 2009). In the past, 
this has proven problematic when few markers are used because incomplete 
lineage sorting can also produce discordant phylogenies (reviewed in Ballard 
and Rand 2005). Genetic mosaicism, where there is evidence of alternating 
inheritance from two parental lineages, has been considered strong 
evidence for hybrid speciation, but it is also di$cult to demonstrate with few 
markers since hybridization upon secondary contact can give the same 
signal (vonHoldt et al. 2011; Schumer et al. 2014). As data sets have gotten 
bigger and genome-wide markers or whole genome sequencing are 
becoming commonplace, this has allowed for more robustly testing of hybrid 
ancestry hypotheses. However, it has also raised new questions in regards to 
what criteria are needed to determine if a taxon is derived from hybrid 
speciation. 

As the scale of genetic data has gotten larger, it has become 
increasingly apparent that hybridization is a prominent feature in nature 
(Mallet 2007; Abbott et al. 2013) and the number of cases of proposed 
hybrid species has increased dramatically (Schumer et al. 2013; 2014). This 
has led to some confusion in the literature as to what constitutes ‘hybrid 
speciation’ (Mallet 2007; Mavarez and Linares 2008; Jiggins et al. 2008; 
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Abbott et al. 2013; 2016). Schumer et al. 2014, argued that many purported 
examples of hybrid speciation do not have strong enough evidence and 
proposed criteria required in order to conclude that a species is product of 
hybrid speciation. They suggest there needs to be evidence of i) 
reproductive isolation between the hybrid lineage from its parents, ii) 
signatures of hybridization in the genome, and iii) reproductive isolation 
being a direct product of hybridization. Since speciation is a continuum and 
de"ning the point at which two divergent populations become a species has 
proven di$cult (Mallet 1995), it should come as no surprise that there is a 
debate on what evidence is required for a species to be considered of hybrid 
origin. In particular, Feliner et al. 2017 have criticized Schumer et al. 2014, 
speci"cally criterion iii, arguing that if a hybridization led to an established, 
ecologically and morphologically distinct hybrid lineage, this should be 
considered hybrid speciation regardless of whether or not hybridization 
directly led to reproductive isolation.  

There does however appear to be some agreement that support for 
hybrid speciation should include evidence of both hybrid ancestry and 
reproductive isolation from the parental lineages. Genomic data provides 
great opportunities to investigate these aspects of proposed hybrid species. 
For instance, since many more genomic regions can be sampled, the 
chances of identifying the areas involved in reproductive isolation are higher 
(Schumer et al. 2014). Also, large-scale signatures of hybridization such as 
genomic mosaicism can help distinguish between patterns of hybridization 
from those driven by incomplete lineage sorting, genetic drift or selection 
(Nice et al. 2013; Schumer et al. 2014). While there is certainly a gray area in 
what is considered hybrid speciation, what is perhaps more fruitful than 
squabbling over its de"nition is using newly available genomic data to better 
understand the processes involved in hybridization leading to the formation 
of new species. In this thesis, the goal was to do just that; use genomic data 
to explore how hybridization can result in a new, distinct and reproductively 
isolated lineage. 
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Hybrid zones  

Hybrid zones are regions where “genetically distinct groups of individuals 
meet and mate, resulting in at least some o!spring of mixed 
ancestry” (Harrison 1993). They provide an excellent opportunity to study 
reproductive barriers as they are in e!ect natural laboratories where parental 
ancestry blocks are broken down and new combinations of genes are 
exposed to selection (Barton and Hewitt 1989; Buerkle et al. 2000; Payseur 
and Nachman 2005; Harrison and Larson 2014).  

Postzygotic reproductive barriers between a hybrid and its parents are 
often the result of Bateson-Dobzhansky-Muller (BDM) incompatibilities 
(Bateson 1909, Dobzhansky 1936; Muller 1940; Orr 1996; Turelli and Orr 
1995). Under a BDM model, hybrids may receive alleles from two populations 
that have diverged at di!erent loci without su!ering a loss in "tness in either 
population, but when these divergent alleles introgress into a new genomic 
background, they may interact poorly resulting in a "tness loss (Figure 1). 
This could be due to selection against heterozygotes, selection against 
certain alleles in a foreign genetic background or a combination of the two 
(Barton 2001; Buerkle and Rieseberg 2001; Baack and Rieseberg 2007). The 
rate of gene #ow of an allelic variant in a hybrid zone is consequently 
determined by its e!ect on "tness and linkage disequilibrium to other 
genomic regions (Gompert and Buerkle 2011b). This is true for all loci 
experiencing divergent selection in the hybrid zone and is expected to be 
especially strong for BDM incompatibilities as they often have large "tness 
e!ects. Therefore, hybrid zone analyses provide an opportunity for studying 
genomic regions that may drive speciation.  
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Figure 1. BDM model of genetic incompatibilities. After populations of the 
ancestral genotype split, new mutations arise and reach !xation without a 
!tness loss. When the divergent populations meet again and mate, new 
combinations of incompatible alleles result in a !tness loss in the hybrid 
o"spring. 

By examining patterns of di!erentiation of loci across hybrid zones, it is 
possible to identify loci that exhibit reduced introgression and consequently 
are candidates for being involved in reproductive barriers between species 
(Barton and Hewitt 1985; Gompert and Buerkle 2011a; Gompert et al. 2012). 
One manner of quantifying di!erential rates of introgression among loci in 
hybrid zones is through the use of cline theory. Cline theory measures the 
gradient in a trait or allele frequency across a geographic or genomic range. 
In terms of gene #ow, cline theory can be used to measure rates of gene #ow 
across a geographic range (geographic clines) (Szymura and Barton 1986; 
Carling and Brum"eld 2008; Teeter et al. 2010; Taylor et al. 2012) or into 
di!erent genomic backgrounds (genomic clines) (Szymura and Barton 1986; 
Gompert and Buerkle 2011b; Taylor et al. 2014). Cline theory predicts that 
the width of a cline is dependent on a balance between selection and 
dispersal (Slatkin 1973; Barton and Hewitt 1985). Neutral alleles are 
predicted to introgress proportionally to dispersal distance, i.e. the gene #ow 
out of the hybrid zone. Meanwhile, alleles that reduce "tness or contribute to 
assortative mating are expected to introgress less due to strong selection 
creating narrow clines (Figure 2) (Barton and Hewitt 1989; Harrison 1993; 
Buerkle and Lexer 2008; Gompert and Buerkle 2011b). If partial reproductive 
isolation exists between two taxa at a given locus, steep clines in allele 
frequencies indicative of reduced introgression would be expected in hybrid 
zones (Slatkin 1973; Nagylaki 1975; May et al. 2015). 
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In the context of hybrid speciation, advantageous alleles are expected 
to spread rapidly and be driven to "xation in the hybrid lineage while BDM 
incompatibilities are expected to be purged via recombination (Buerkle and 
Rieseberg 2008). Once the hybrid lineage diverges from one or both of the 
parents in areas of the genome, novel incompatibility factors may then arise 
if the hybrid backcrosses with its parent taxa (Buerkle and Rieseberg 2008). 
Only a few generations of recombination may be su$cient in creating a high 
"tness hybrid lineage with reproductive isolation from its parents (Buerkle et 
al. 2000; Buerkle and Rieseberg 2008). Detection of loci experiencing 
reduced introgression between a hybrid and its parental lineages in hybrid 
zones can therefore provide insight into how reproductive barriers form in 
the hybrid speciation process. 

  

Figure 2. Example of geographic clines. Two populations !xed for di"erent 
alleles hybridize creating steep (red) and shallow (blue) clines in allele 
frequencies depending on the strength of selection in relation to dispersal. 
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The genomic architecture of hybrid speciation 

Genomic analyses have consistently shown that there is variation in the 
permeability of foreign alleles across the genomic landscape (Payseur and 
Nachman 2005; Baack and Rieseberg 2007; Harrison and Larson 2014; 
Payseur and Rieseberg 2016). The term ‘genomic islands’ has become 
commonly used to refer to regions where gene #ow is restricted and thus 
divergence between lineages is relatively high (Turner et al. 2005). Genomic 
islands are suggested to develop through selective sweeps of favorable 
variants along with physically linked surrounding neutral variation (Via and 
West 2008) while the homogenizing e!ect of gene #ow reduces 
di!erentiation in the rest of the genome (Burri et al. 2015). The sizes of these 
regions is expected to be in#uenced by selection and the rate of 
recombination (Nachman and Payseur 2012; Samuk et al. 2017; Ravinet et al. 
2017) and they vary largely between hybridizing species pairs. For example, 
some hybridizing species have only small regions of divergence (Good et al. 
2015; Toews et al. 2016) while others have substantial areas of genome-wide 
divergence (Ellegren et al. 2012; Parchman 2013). Identifying and 
characterizing high divergence areas, or ‘islands’ where introgression is 
reduced can therefore aid in understanding which genome regions may be 
involved in the maintenance of species barriers. 

In particular, sex chromosomes have been considered ‘hot spots’ of 
species divergence as numerous studies have found higher di!erentiation 
and reduced introgression on sex-linked loci (Macholán et al. 2007; Teeter et 
al. 2010; Ellegren et al. 2012; Carneiro et al. 2013; Taylor et al. 2014). This 
pattern is likely attributed to i) a smaller e!ective population size, ii) lower 
recombination rates, iii) exposure of recessive alleles to selection in the 
heterogametic sex, and iv) non-random accumulation of genes involved in 
sex and reproduction (Charlesworth et al. 1987; Qvarnström and Bailey 2008; 
Mank et al. 2010). For these reasons, sex chromosomes are often viewed as 
farther along in the speciation continuum than the rest of the genome. An 
example in hybridizing birds are collared (Ficedula albicollis) and pied 

!  11



(Ficedula hypoleuca) #ycatchers. They exhibit higher species di!erentiation 
on sex chromosomes than autosomes (Ellegren et al. 2012) and evidence 
has shown that both male traits under sexual selection and female 
preference are sex-linked, thus accelerating the speciation process on sex 
chromosomes (Sæther et al. 2007). 

As there are few well-documented cases of homoploid hybrid species, 
little is known about the genomics of this form of speciation including the 
nature of reproductive barriers and how genomic mosaicism evolves. One 
proposed mechanism for driving hybrid incompatibilities and species 
divergence is through mito-nuclear incompatibilities (Bar-Yaacov et al. 2015; 
Hill 2017). The mitochondrial genome is maternally inherited and responsible 
for energy production via oxidative phosphorylation in animals. It is also non-
recombining with a mutation rate an order of magnitude higher than the 
nuclear genome, yet both nuclear and mitochondrial genomes are 
responsible for mitochondrial function (Rand et al. 2004). Mito-nuclear 
dysfunction is expected to have strong e!ects on hybrid "tness as it has 
been shown to a!ect (among other things) aging and fertility (Camus et al. 
2015; Patel et al. 2016). Therefore, strongly selected upon co-adapted mito-
nuclear gene complexes are strong candidates for BDM incompatibilities 
and may act as potent reproductive barriers during hybridization and 
speciation (Hill 2017).  

With whole genome sequencing becoming increasingly more 
a!ordable, new opportunities have arisen to study hybrid speciation through 
patterns of introgression on a genomic scale. The examination of 
di!erentiation and admixture between populations across the genome can 
shed light on the evolutionary processes involved in hybrid speciation 
(Payseur and Rieseberg 2016). In this thesis, I use genomic data on a 
proposed hybrid species to examine its genetic composition in relation to its 
parents and help elucidate how a new species was formed as a product of 
hybridization. 
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The Passer sparrow system 

The Italian sparrow represents one of the few examples of vertebrate 
species shown to be of hybrid origin (Elgvin et al. 2011; Hermansen et al. 
2011). Found on the Italian peninsula and some Mediterranean islands 
(Figure 3), the Italian sparrow was for many years suggested to have arisen 
through hybridization between the Spanish sparrow and the house sparrow 
(Summers-Smith 1988; Töpfer 2006) based on its intermediate male 
plumage coloration (Figure 3). More recently, genetic studies have provided 
support for this hypothesis by demonstrating that the Italian sparrow is 
genetically mosaic with genes on the Z chromosome nearly "xed for 
alternate parent’s alleles as well as mitochondrial DNA (mtDNA) nearly "xed 
for house sparrow inheritance (Elgvin et al. 2011; Hermansen et al. 2011). 
However, these studies were preformed with small sets of genetic markers 
with limited power in detecting hybrid ancestry. 

One proposed scenario for the origin of the Italian sparrow is that as 
the human commensal house sparrow’s range expanded throughout Europe 
<10,000 years ago alongside the spread of agriculture during the Neolithic 
revolution, it encountered and hybridized with the Spanish sparrow which is 
believed to have already been present in the Mediterranean (Hermansen et 
al. 2011; Sætre et al. 2012; Ravinet et al. 2018). A challenge in studying 
hybrid species systems can be the lack of geographic overlap between the 
species, which makes it more di$cult to investigate reproductive barriers. 
Yet, the Italian sparrow’s distribution overlaps with those of its parents as it 
encounters and occasionally hybridizes with the house sparrow in narrow 
contact zones in the Alps (Hermansen et al. 2011) and lives in sympatry with 
the Spanish sparrow in a small, recently established contact zone on the 
Gargano peninsula of southeast Italy (Figure 3). Furthermore, 
morphologically divergent Italian sparrow populations are also present on 
the islands of Corsica, Crete, Sicily and Malta (Figure 3). This unique sparrow 
system, combined with modern genomic tools, therefore provides an 
excellent opportunity to study how reproductive barriers have evolved in a 
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hybrid species and this is where my PhD research begins. 
  
 

Figure 3. Distribution map and male plumage. Top: Illustrations of male plumage 
patterns in house (left), Italian (center) and Spanish (right) sparrows modi!ed 
from Svensson et al. 1999. Bottom: Distribution map of house, Italian and 
Spanish sparrows in Europe and Northern Africa. 
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Aims 
The over-arching aim of my thesis has been to gain a better understanding 
of the hybrid speciation process at a genomic level. When I began my work, 
we had just scratched the surface of the Italian sparrow hybrid system. It had 
been shown that the Italian sparrow is phenotypically and genetically mosaic 
(Summers-Smith 1988; Hermansen et al. 2011; Elgvin et al. 2011), yet little 
was known about the nature of reproductive barriers between the hybrid and 
its parents. While Hermansen et al. 2011 suggested there was evidence for 
partial reproductive isolation, this was inferred from the allele frequencies of 
micro-satellite markers with limited power in di!erentiating species. 
Therefore, the "rst goal of my PhD research in Paper I was to test whether or 
not there is evidence for reproductive barriers between the Italian sparrow 
and its parents in zones of contact. This would serve to both solidify the 
Italian sparrow’s status as a hybrid species and provide insight into how the 
Italian sparrow has maintained as its own distinct, hybrid lineage. Once we 
con"rmed that there was evidence for reproductive isolation between the 
Italian sparrow and its parents, the next step was to investigate the hybrid 
system on a larger scale. Understanding which genomic regions were 
inherited from either parent, where there is evidence of selection and 
identifying areas of the genome potentially involved in reproductive isolation 
would provide further insight into how the Italian sparrow became its own 
species. Thus, in Paper II, we sought to characterize the Italian sparrow in 
relation to its parents by comparing entire genomes of the three focal taxa.  

Finally, in Paper III, the goal was to extend our genomic 
understanding of the hybrid system by comparing multiple geographically 
isolated populations of the Italian sparrow on di!erent Mediterranean 
islands. Investigating which genomic regions were invariably inherited from 
one parent or the other, would help in identifying areas that may be 
constrained for the formation of a functional hybrid, as well as which regions 
are more free to vary. Together, these papers shed light onto the hybrid 
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speciation process by providing a detailed investigation into the genome of 
Italian sparrow and highlighting regions that may have been important in the 
formation of species barriers that have enabled the Italian sparrow to remain 
distinct from its parents. 

Paper Summaries 

Paper I – Evidence for mito-nuclear and sex-linked 
reproductive barriers between the hybrid Italian 
sparrow and its parent species 

In this paper, we tested if there was evidence of reproductive barriers 
between the Italian sparrow and its parent species at geographic range 
boundaries. We "rst utilized whole-transcriptome sequencing of the house 
and Spanish sparrows to identify 86 parent species diagnostic SNP markers. 
We then sequenced these markers in Italian sparrows (n=385) from 
populations across its range throughout Italy and Sicily including contact 
zones with both parents at its range boundaries. Spanish sparrows (n=142) 
from Spain, Sardinia and a Spanish/Italian sympatric zone in southeast Italy, 
and house sparrows (n=85) from the Czech Republic and Norway were also 
sequenced for the same SNP set. We employed Bayesian genomic and 
geographic cline analyses to identify markers exhibiting steep clines at 
range boundaries, indicative of a decrease in introgression of a parent’s 
alleles into the Italian sparrow’s genetic background. We demonstrated that 
there is evidence for post-zygotic reproductive barriers between the hybrid 
and its parents and identi"ed seven markers that exhibited the steepest 
clines as candidate loci involved in reproductive isolation. A 
disproportionately large number of these candidate loci were found on the Z 
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chromosome. Also, the mitochondria and nuclear genes with mitochondrial 
function demonstrated patterns of reduced introgression of Spanish 
sparrow alleles in the Italian sparrow. We conclude mito-nuclear 
incompatibilities isolate Italian and Spanish sparrows while sex-linked 
incompatibilities isolate Italian and house sparrows. We also found no 
evidence for hybridization between sympatric Italian and Spanish sparrows 
in the Gargano peninsula indicating pre-zygotic barriers may also exist 
between the taxa. We suggest habitat dependent assortative mating plays a 
part as the Italian sparrow more closely resembles the human commensal 
house sparrow rather than the Spanish sparrow, which occupies more rural 
habitats. Overall, we conclude that the mechanisms of reproductive isolation 
in hybrid speciation may be similar to those of non-hybrid speciation with 
the exception that they are against two parent species rather than one. 

Paper II – The genomic mosaicism of hybrid 
speciation 

In Paper II, the goal was to examine hybrid speciation at a whole-genome 
level by characterizing patterns of parental inheritance and looking for 
signatures of selection in the Italian sparrow genome. To accomplish this, we 
"rst whole-genome sequenced and de novo assembled a reference house 
sparrow genome. We then mapped whole genome data from populations of 
the three focal taxa to the reference genome. Through population genetic 
and admixture analyses as well as phylogenetic inference we characterized 
the composition of the Italian sparrow’s genome in relation to its parents. We 
found balanced yet heterogenous levels of parental contribution in the 
hybrid genome and identi"ed regions where the Italian sparrow exhibits 
divergence from both parent species. Areas of novel divergence in the Italian 
sparrow lineage demonstrated patterns of variation consistent with 
balancing selection suggesting a heterozygotic advantage in the hybrid and 
were enriched for genes involved in immune system regulation. We 
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speculate that the admixed Italian sparrow genome may have had an 
advantageous e!ect on "tness thereby facilitating its spread. Furthermore, 
we identi"ed regions of high divergence between the hybrid and each of its 
parents. These regions were disproportionately located on the Z 
chromosome and overrepresented in gene networks likely to be involved in 
reproductive barriers and species-speci"c adaptations such as body 
patterning and beak morphology. Additionally, we found evidence for 
heteroplasmy with mitochondrial sequences from both house and Spanish 
sparrows in two Italian sparrows. We conclude that both a mosaic pattern of 
parental inheritance and novel divergence in the hybrid lineage have 
contributed to the formation of the Italian sparrow. 

Paper III – Variation and constraints in hybrid 
genome formation 

In this paper, we investigated the extent to which the Italian sparrow genome 
varies between populations and if there is evidence for constraints in hybrid 
genome formation. We used whole-genome data from four Mediterranean 
island populations (Crete, Corsica, Sicily and Malta) of Italian sparrows with 
divergent morphologies to test this by comparing patterns of admixture and 
di!erentiation between them. We show that there is variation in the genomic 
combinations making up the Italian sparrow genome and suggest that these 
novel hybrid genomic combinations may have arisen independently more 
than once in the Mediterranean islands. In particular, we "nd that the islands 
di!erentiate in regions holding candidate genes for beak shape and plumage 
color and suggest that the di!ering combinations of parental genomes 
allowed for adaptive di!erentiation between the isolated island populations. 
We also "nd that some areas of the genome are inherited invariably from one 
of the parent species indicating the presence of genomic constraints. Mito-
nuclear genes and genes involved in DNA repair were strongly constrained 
to house sparrow inheritance indicating the importance of incompatibilities 
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in reproductive isolation between Spanish and Italian sparrows. There were 
fewer genes invariably inherited from the Spanish sparrow, but the ones that 
were identi"ed a!ected external phenotype rather than genome function. In 
general, these constrained regions are over-represented on the Z 
chromosome, consistent with the pattern of reduced introgression on sex 
chromosomes. This paper demonstrates that while there are varying 
genomic combinations that can lead to a functional hybrid genome which 
likely facilitate local adaptation, some regions are constrained in parallel 
producing strong reproductive barriers against one parent.  

Discussion 

Patterns of admixture in a hybrid species 

To date, the Italian sparrow represents one of the few homoploid hybrid 
species studied in depth with genomic data. The papers in my dissertation 
help shed light on the processes at play in this poorly understood mode of 
speciation. First and foremost, my work helps to further validate the Italian 
sparrow’s status as a hybrid species by demonstrating evidence of 
reproductive isolation as well as extensive, genome-wide admixture from its 
parents. The Italian sparrow’s mosaic pattern of parental inheritance more 
closely resembles what has been observed in Helianthus sun#owers 
(Rieseberg et al. 2003) and the tiger swallow tail butter#ies (Kunte et al. 2011) 
than hybrid species shown to di!er in only small genomic regions such as 
the Heliconius butter#ies (Heliconius Genome Consortium 2012). Patterns of 
mosaicism across a hybrid’s genome are likely a product of both the age of 
the hybrid species and degree of divergence between the parental lineages.  

The Italian sparrow is a hybrid species proposed to have arisen 
around 8,000 years ago when the house sparrow's range rapidly expanded 
throughout Europe during the spread of agriculture with the Neolithic 
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revolution (Hermansen et al. 2011; Sætre et al. 2012). The parental house 
and Spanish sparrows are inferred to have split from a common ancestor < 1 
million years ago (Ravinet et al. 2018). At later stages of speciation, high 
levels of divergence are expected to be maintained genome-wide while 
introgression is localized to small genomic regions (Ravinet et al. 2018). 
Therefore, the largely heterogenous landscape of parental inheritance in the 
Italian sparrow may re#ect the fact that the parent species themselves are 
not highly divergent. Larger block-like patterns of inheritance are observed 
on the Z chromosome in the Italian sparrow, which is consistent with 
recombination rate variation and selection shaping patterns of hybrid 
ancestry. In areas of low recombination, BDM incompatibilities are expected 
to be purged along with larger surrounding areas of neutral variation, 
producing block-like inheritance patterns. In contrast, in areas of high 
recombination or weak selection, haplotype blocks are expected to be 
broken apart more easily, allowing for decoupling of neutral variation from 
incompatibility loci (Schumer et al. 2018). Furthermore, the Z chromosome 
also has a lower recombination rate since recombination occurs only in 
males. The larger ancestry blocks on the Z chromosome relative to 
autosomes in the Italian sparrow supports previous studies (Carling and 
Brum"eld 2008; Ellegren et al. 2012) in "nding that sex chromosomes are at 
a later stage of speciation than the rest of the genome.  

While the Italian sparrow maintains large portions of its genome from 
both parents, the amount from each respective parent is variable re#ecting 
the fact that there is a spectrum of genomic parental contributions within the 
hybrid lineage as demonstrated in Paper III. The relatively low divergence 
between the parents may mean that few incompatibilities exist between 
them and occur in their hybrid o!spring. With fewer incompatibilities in need 
of purging from the hybrid lineage, multiple functional hybrid genomic 
combinations are possible. The papers in this PhD provide an in-depth look 
at admixture across the genome of a hybrid species helping to elucidate how 
hybridization can shape genomes. 
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Reproductive isolation from the parents  

Escape from genetic incompatibilities is believed to be easier when the 
parent species are more closely related (Orr et al. 1997; Tubaro and Lijtmaer 
2002), yet this may in turn make the establishment of reproductive isolation 
between the hybrid and its parents more di$cult. The Italian sparrow may 
represent a good balance of these conditions as Paper III demonstrates that 
there are variable genomic combinations that constitute the Italian sparrow, 
while some areas are genomically constrained to inheritance from one 
parent. In Paper I, we found evidence for reproductive isolation between the 
Italian sparrow in zones of contact and identi"ed candidate reproductive 
isolation loci. Subsequently, (Hermansen et al. 2014) found that these 
candidate reproductive isolation loci are a subset of loci isolating the parent 
species. This suggests the Italian sparrow has sorted incompatibilities 
isolating its parents in order to form reproductive barriers against both.  

In line with many previous studies (Macholán et al. 2007; Carling and 
Brum"eld 2008; Teeter et al. 2010; Gompert and Buerkle 2011b; Ellegren et 
al. 2012; Taylor et al. 2014), the papers in this dissertation "nd candidate 
incompatibility loci were disproportionately found on the Z chromosome. 
The Z chromosome has a reduced e!ective population size due to female 
heterogamety, which is expected to increase the rate of "xations via drift or 
selection. However, selection tests on coding sequences and Tajima’s D 
estimates are consistent with a role for selection on the Z chromosome. 
Together, the papers in this thesis provide support for sex chromosomes 
being paramount in establishing reproductive barriers during hybrid 
speciation.  

In Papers I and III, we also "nd evidence for less well-documented 
mito-nuclear incompatibilities playing a crucial part in isolating the Spanish 
and Italian sparrow. There is strong selection for compatibility between the 
nuclear and mitochondrial genomes (Hill 2016) as mito-nuclear dysfunction 
can have severe consequences on "tness (Camus et al. 2015; Patel et al. 
2016). In fact, other hybridizing bird species have been shown to experience 
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reduced introgression of mitochondrial loci compared to nuclear loci (Kvist 
and Rytkoenen 2006; Carling and Brum"eld 2008; Taylor et al. 2013). 
Moreover, "tness costs associated with suboptimal respiration have been 
found in hybridizing bird species (Olson et al. 2010; McFarlane et al. 2016). 
The majority of Italian sparrows have inherited solely house sparrow mtDNA 
and I found evidence that there is also strong selection against Spanish 
sparrow inheritance in nuclear genes with mitochondrial function. In Paper I, 
we suggest this pattern is consistent with patterns of genomic con#ict in the 
form of ‘mothers curse’. Since mitochondria are maternally inherited, male 
detrimental mutations will not be subject to selection and female 
advantageous, yet male detrimental mutations can accumulate (Beekman et 
al. 2014). This e!ect can be remedied in males through compensatory 
mutations which is expected to arise on the Z chromosome where male-
speci"c "tness e!ects are more likely (Connallon et al. 2018). This is 
consistent with our "ndings that candidate reproductive isolation loci were 
predominantly sex-linked. Paternal leakage is another suggested mechanism 
for overcoming negative "tness e!ects of maternally inherited mitochondria. 
Notably, heteroplasmy has also been observed in hybridizing taxa (Shitara et 
al. 1998; Kvist et al. 2003; Radojicic et al. 2015; Śmietanka and Burzyński 
2017), which we found evidence for in Papers II and III.  

While mito-nuclear incompatibilities were shown to be instrumental in 
isolating the Italian and Spanish sparrows, Paper III found that genes 
invariably inherited from the Spanish sparrow as candidates for a!ecting 
external phenotype and included a candidate gene for plumage color. A role 
for pre-zygotic barriers in isolating the Italian sparrow from the house 
sparrow may therefore be important. This has been supported by a cline 
analysis in the Alps hybrid zone between house and Italian sparrows 
demonstrating selection on plumage traits (Bailey et al. 2015).  

In all, my work provides evidence for the existence of reproductive 
barriers between the Italian sparrow and its parents and highlights the 
importance of sex-linked and mito-nuclear incompatibilities in the formation 
of hybrid species. 
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Selection within the hybrid lineage 

The papers in this dissertation also provide evidence of selection within the 
hybrid lineage. One proposed mechanism of hybrid speciation is that a 
hybrid maintains "tness advantages compared to the parents by being able 
to occupy a new ecological niche (Mallet 2007) and that hybrids may even 
displace their parents if they experience higher "tness in a given habitat 
(Buerkle et al. 2000). Both Papers II and III "nd evidence for balancing 
selection in areas where the Italian sparrow is divergent from both parent 
taxa and in Paper II these regions were enriched for genes with functions in 
the immune system. We postulate that the admixed genome may also have 
an advantageous e!ect in traits with an intermediate optimum and that this 
may have facilitated its spread. Genomic regions where the morphologically 
divergent populations of Italian sparrows di!erentiated from each other were 
also found to harbor candidate loci for beak shape, feather development and 
melanogenesis underscoring the fact that novel variation combined into 
admixed genomes can allow for adaptive di!erentiation between isolated 
populations of hybrid species.  

Future perspectives & concluding remarks 

Though my work provides a glimpse of how hybrid speciation can occur at a 
genomic level, there are still many avenues of further research to help 
elucidate the hybrid speciation process. One question that remains to be 
answered is how the timing and magnitude of hybridization events a!ect 
speciation potential. Phylogenetic analysis of mitochondrial markers in the 
system have supported the hypothesis that the Italian sparrow arose as a 
result of human activity during the Neolithic revolution (Hermansen et al. 
2011; Sætre et al. 2012), however, further research is needed to more 
robustly test this. More speci"cally, model based estimation of the timing 
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and magnitude of gene #ow would provide further insight into the hybrid 
speciation process (Payseur and Rieseberg 2016). 

Additionally, while my work points to candidate regions and genes 
involved in reproductive isolation, the functional genetics behind these 
proposed areas is still unknown. Further research into the phenotypic 
e!ects of these regions, and the identi"cation of the speci"c genes and 
causative factors is needed. It would also be interesting to investigate if 
structural variation plays a role in reproductive isolation in the system. 
Inversions have been shown to rapidly drive species divergence (Noor et al. 
2001) and combining two parental genomes into a hybrid genome may result 
in structural variation potentially forming powerful reproductive barriers. In 
fact, both pre- and post-zygotic reproductive barriers have been shown to 
map to inversions in species pairs (Kirkpatrick 2010). 

Another question raised from my work and an avenue for further 
research is the role and extent of heteroplasmy in Italian sparrows. If mito-
nuclear incompatibilities are instrumental as reproductive barriers, then how 
does heteroplasmic mitochondria "t into the picture? The system would 
bene"t from a more detailed investigation into how heteroplasmic individuals 
di!er from the Italian sparrows with solely house sparrow mitochondria in 
terms of "tness, patterns of parental inheritance in nuclear-encoded 
mitochondrial genes and degree of isolation from the parents. 

Finally, another line of research that needs to be further explored is 
the role of ecology and geography in shaping hybrid traits in the Italian 
sparrow. In Paper II, we suggest that the hybrid genome may have 
experienced "tness advantages facilitating its spread, one of the proposed 
mechanisms for hybrid success (Buerkle et al. 2000; Mallet 2007). 
Additionally, Paper III demonstrated there is evidence for adaptive 
di!erentiation among island populations of Italian sparrows and beak shape 
has been shown to be strongly in#uenced by precipitation regimes in Italy 
(Eroukhmano! et al. 2013). This points to a role of ecology and local 
adaptation in the formation of the Italian sparrow. However, the 
phylogeographic history of a species is important in understanding how new 
species can successfully spread, and combining it with phenotypic and 
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genomic data is needed to understand how species are able to occupy new 
niches (Trucchi et al. 2016). Thus, investigating the phylogeographic history 
of the Italian sparrow and pairing it with the morphological, ecological and 
genomic data would be powerful way to move forward and investigate how 
the Italian sparrow has been successful in occupying the Italian peninsula 
and surrounding islands.  

Overall, throughout my PhD research, I have used genomic data to 
paint a picture as to how hybridization between two lineages has the 
potential to create a novel species. My work serves as a detailed 
investigation of an example of homoploid hybrid speciation in animals and 
provides a jumping o! point for future hybrid speciation research. It is an 
exciting time as fast developing technology has enabled new approaches for 
studying hybrid speciation and as more information becomes available, it is 
becoming clear that hybridization is a powerful force of variation and can be 
a catalyst for speciation.  
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Abstract

Studies of reproductive isolation between homoploid hybrid species and their parent species have rarely been carried out.
Here we investigate reproductive barriers between a recently recognized hybrid bird species, the Italian sparrow Passer
italiae and its parent species, the house sparrow P. domesticus and Spanish sparrow P. hispaniolensis. Reproductive barriers
can be difficult to study in hybrid species due to lack of geographical contact between taxa. However, the Italian sparrow
lives parapatrically with the house sparrow and both sympatrically and parapatrically with the Spanish sparrow. Through
whole-transcriptome sequencing of six individuals of each of the two parent species we identified a set of putatively parent
species-diagnostic single nucleotide polymorphism (SNP) markers. After filtering for coverage, genotyping success (.97%)
and multiple SNPs per gene, we retained 86 species-informative, genic, nuclear and mitochondrial SNP markers from 84
genes for analysis of 612 male individuals. We show that a disproportionately large number of sex-linked genes, as well as
the mitochondria and nuclear genes with mitochondrial function, exhibit sharp clines at the boundaries between the hybrid
and the parent species, suggesting a role for mito-nuclear and sex-linked incompatibilities in forming reproductive barriers.
We suggest that genomic conflict via interactions between mitochondria and sex-linked genes with mitochondrial function
(‘‘mother’s curse’’) at one boundary and centromeric drive at the other may best explain our findings. Hybrid speciation in
the Italian sparrow may therefore be influenced by mechanisms similar to those involved in non-hybrid speciation, but with
the formation of two geographically separated species boundaries instead of one. Spanish sparrow alleles at some loci have
spread north to form reproductive barriers with house sparrows, while house sparrow alleles at different loci, including
some on the same chromosome, have spread in the opposite direction to form barriers against Spanish sparrows.
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Introduction

Hybridization between divergent populations has diverse
impacts on evolution [1–3], including the rapid formation of
hybrid species [1–6]. Homoploid hybrid speciation (HHS) is the
process through which hybridization between two taxa results in a
third, novel taxon that remains distinct by means of reproductive
barriers against both parent taxa, without a change in number of
chromosome sets. This mode of speciation is thought to be rare in
nature as hybridization must be initiated by gene exchange
between two taxa, but this gene exchange also subsequently
reduces the likelihood of hybrid speciation occurring. Gene flow
from the parents must be countered or reduced after initial contact
despite complementary ploidy levels and weak initial isolation
[2,5].

In non-hybrid speciation involving species with chromosomal
sex-determination, sex-linked genes have repeatedly been found to
strongly influence reproductive isolation (RI) [7–10]. The prom-
inent role of sex chromosomes as reproductive barriers between
non-hybrid species is attributed to a fast rate of genetic divergence,

exposure of recessive alleles to selection in the heterogametic sex, a
predominance of genes with sexual functions, and high average
linkage between the disproportionately many sex-linked genes
involved in RI [7,8]. However, an equally important role for sex
chromosomes in HHS is far from settled. One of the most likely
mechanisms for HHS is thought to be through transgressive
segregation: the production of trait values outside the range of
both parent taxa in the hybrids, allowing adaptation to ecological
niches unavailable to those parent taxa [5,11]. Whereas divergent
selection on reproductive traits is expected to be heavily involved
in non-hybrid speciation, increasing the influence of sex chromo-
somes, transgressive ecological adaptations are more likely to be
autosomal and evolve under stabilizing selection in parents [8,11–
13]. Divergent selection produces extreme phenotypes when it
leads to parent taxa being fixed for alleles with opposite effects at
each locus. Hence in this situation, additive genetic variation leads
to intermediate hybrid trait values [11,13]. In contrast, divergence
under stabilizing selection occurs through weakly selected turnover
of alleles contributing to a trait with an intermediate optimum.
This promotes divergence on autosomes [12], and leads to a
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mixture of loci fixed for alleles with both positive and negative
effects on trait values in each taxon. Thus, through additive effects
alone, hybrids with more positive- or negative-effect alleles than in
either parent taxon will often be produced, leading to transgressive
phenotypes [11].

The study of RI in hybrid species systems can be complicated by
a lack of geographical overlap between the hybrid and one or both
of its parent species [5]. In Passer sparrows, however, the
distribution of the hybrid Italian sparrow Passer italiae [14,15]
overlaps with those of both its parent species, the Spanish sparrow
P. hispaniolensis and the house sparrow P. domesticus (Figure 1) [14]
allowing for the study of reproductive barriers. The Italian
sparrow is in contact with the house sparrow in a stable, narrow
hybrid zone in the Alps [14,16] and with the Spanish sparrow in a
recently established sympatric zone in southeast Italy. In Sardinia,
off the west coast of Italy, Spanish sparrows occur allopatrically
(Figure 1). House and Spanish sparrows are themselves broadly,
and often locally, sympatric across the entire Spanish sparrow
range, remaining phenotypically distinct in all but a few locations
[16]. Hence reproductive barriers exist and are typically effective
in maintaining isolation between the parent species, but can be
broken down to form viable hybrid populations and species.

Previous studies have indicated that Italian sparrows are almost
fixed for house sparrow mitochondrial DNA [14,15]. Moreover,
two markers on the Z chromosome (birds are female-heteroga-
metic with a ZZ/ZW sex chromosome system) were found to be
fixed for the Spanish sparrow allele in one case (CHD1Z) and
nearly fixed for the house sparrow allele in the other (PLAA),
indicating strong mosaicism on the Z chromosome not paralleled
by autosomal markers [15].

The evidence of Z chromosome mosaicism from existing studies
[15] may indicate that Italian sparrow isolating mechanisms are
more similar to those involved in non-hybrid speciation than
would be expected given a strong influence of transgressive
segregation. Furthermore, CHD1Z has been shown to be under
divergent selection and associated with RI between several non-
hybrid bird species pairs [15 and references therein]. For example,
CHD1Z shows evidence of divergent selection in sympatric but not
allopatric population comparisons of pied and collared flycatchers
(Ficedula hypoleuca and F. albicollis) [17]. Should CHD1Z prove to be
an informative marker in Italian sparrows, it may be particularly

likely to represent a functional variant directly involved in RI (or at
least a linked marker within the same gene) rather than a linked
marker within a neutral gene.

Evidence is accumulating that mito-nuclear interactions cause
postzygotic isolation and are influential in speciation [18,19].
Mitochondrial DNA also commonly shows strongly shifted clines
relative to nuclear markers, and this is often attributed to adaptive
introgression [20]. Such introgression can occur in the face of
detrimental effects on males, a phenomenon known as ‘‘mother’s
curse’’ [21,22]: selection in males has no direct effect on
mitochondrial fitness due to maternal inheritance, causing a
selective sieve allowing the excessive build-up of male-detrimental
mutations. Hence, if ‘‘mother’s curse’’ is acting in the Italian
sparrow we would expect male-compensatory alleles to track the
spread of house sparrow mitochondria and show concordant
clines.

Here, we analyze species-informative single nucleotide poly-
morphism (SNP) markers, located within functional transcribed
genes, across the breeding range of the Italian sparrow, as well as
the contact zones with its parent species. We use a cline analysis
approach [23] to identify candidate hybrid-parent RI genes, and
hence to elucidate the mechanisms involved in HHS. In particular,
we look for evidence of coincidence between nuclear and
mitochondrial clines and discuss the possibility that they represent
the outcome of mother’s curse in a hybrid species, and whether
this mechanism may be influential in hybrid speciation. We test
whether markers with clines falling on current hybrid-parent
species boundaries are disproportionately (i) Z-linked, thus
showing similarities with non-hybrid speciation, or (ii) autosomal,
suggesting differences in mechanisms of hybrid speciation relative
to non-hybrid speciation and a greater influence of stabilizing
selection and transgressive segregation.

Results

We identified putatively parent species-diagnostic SNP markers
through transcriptome sequencing of six individuals of each of the
two parent species. After filtering for coverage, sufficient flanking
sequence, genotyping success (.97%) and multiple SNPs per
gene, we retained 86 species-informative, genic, nuclear and
mitochondrial SNP markers from 84 genes for analysis. Using this
marker set, we found the Italian sparrow to exhibit high levels of
genomic admixture over the entire study area (Figure 1 and Table
S1). We also found evidence for on-going but restricted gene
exchange between Italian sparrows and house sparrows in the
contact zone in the Alps (Figure S1), though no evidence for gene
exchange between Italian and Spanish sparrows in the sympatric
zone in southeast Italy (see below). However, STRUCTURE [24]
analysis revealed evidence of migration between Italian sparrow
populations on mainland Italy and Spanish sparrow populations
on Sardinia. Early generation migrants were present in both
locations indicating ongoing gene flow through dispersal events
(Figure 1).

As gene flow was observed between the Italian sparrow and
both parent species, we implemented a cline analysis framework to
look for genes exhibiting steep clines, and therefore decreased gene
flow at the species boundaries. The SNPs are within functional
coding genes and hence any such clines may indicate a direct
influence of the gene on RI. They may also, however, be neutral
but closely linked to loci under selection. These genes nevertheless
represent the most likely candidates to be involved in RI at this
inferential stage of analysis.

Cline analysis is a method used to measure the steepness, shape
and location of changes in allele frequency or locus-specific

Author Summary

Hybridization between two species has the potential to
create a third, hybrid species. However this process, known
as hybrid speciation, is thought to be unlikely because it
requires reproductive barriers against both parent species
to develop despite the barriers between parents being
weak enough to allow for the formation of viable, fertile
hybrids. The Italian sparrow, which occupies the entire
Italian peninsula and some Mediterranean islands, is the
product of past hybridization between house and Spanish
sparrows and therefore represents one of the few
documented cases of vertebrate hybrid speciation in
nature. We show that reproductive barriers between
Italian sparrows and their parent species exist and that
genes on the sex (Z) chromosome and mitochondria are
heavily involved. We suggest that speciation in this system
may have been driven by dissociation of the sex (Z)
chromosome into blocks of different parent species-
specific genes, which have shifted alongside mitochondrial
genes to form reproductive barriers where the hybrid now
meets each of its parent species.

Reproductive Barriers in a Hybrid Species
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ancestry, as well as in quantitative traits [23,25]. It is typically used
to examine geographic clines where, given the assumption that the
cline is maintained by a balance between dispersal into a hybrid
zone and selection against hybrids [25–27], various parameters
including the strength of selection acting on traits or loci can be
estimated. Cline analysis is therefore useful for identifying loci
involved in RI in hybrid zones [23]. However, many contact zones
do not conform to the assumption of a dispersal/selection balance
and show a more complex pattern of contact and changes in locus-
specific ancestry or allele frequency. This has led to the emergence
of genomic cline analysis, in which geographic distance is replaced
by a ‘hybrid index’, and cline width and location represent the
amount and bias of introgression at a locus into the foreign
genomic background [23,28–30]. With the caveat that use of
genomic clines does not fully remove the influences of genetic drift
and geographic structure alongside selection on introgression,
these analyses can be employed on any geographic pattern of
contact and so are amenable for use in studies of hybrid speciation.

Bayesian genomic cline analysis (BGC) [29,31] fits the Barton
cline and estimates the parameters a (excess of house or Spanish
alleles) and b (rate or steepness of cline), analogous to geographic
cline center and width respectively [28,30]. As there was some

variation between runs, our BGC analysis revealed 31–35 genes to
have excess house sparrow ancestry while 18–22 genes exhibited
excess Spanish sparrow ancestry (Figure 2, Figure 3, and Figure
S2). Furthermore, 25–27 genes exhibited steeper clines than
neutral expectations (Figure 3, Figure S2) while 14–16 genes
exhibited clines shallower than neutral expectations. Of the 25–27
genes with steeper clines than neutral expectations, 10 exhibited
excess house sparrow ancestry, and another 5–8 exhibited excess
Spanish sparrow ancestry. The remaining 8–10 genes exhibiting
steep clines were not significantly shifted in either parental
direction (Figure S2).

Combined BGC and geographical analysis using Geneland
[32,33] further revealed seven genes to exhibit abrupt allele
frequency shifts and thus steep clines at the hybrid-parent range
boundaries (Figure 2 and Figure 3, Table S2). Of these seven
genes, five (i.e. 71.4%) were Z-linked (Figure 2 and Figure 3).
Three of these Z-linked genes shifted at the Italian-Spanish
boundary (Figure 2 and Figure S2) alongside mitochondrial ND2,
whereas clines in two Z-linked and one autosomal gene were
located at the Italian-house boundary (Figure 2, Figure 3 and
Figure S3). These results indicate a mosaic pattern of introgression
along the Z chromosome, as predicted by previous results [15].

Figure 1. Phenotypic and genetic makeup of the hybrid Italian sparrow. Coloration of the map denotes phenotypic distribution as indicated
by the bird drawings to the right of the map (blue: house sparrow, turquoise: Italian-house hybrids, yellow: typical Italian sparrow, orange: Italian
sparrows with plumage intermediate between typical Italian and Spanish sparrows, red: Spanish sparrow). Bird drawings indicate species-specific
male plumage characteristics of the three taxa [16]. Pie charts denote mean hybrid index at sampling localities where white and black color indicate
house and Spanish sparrow genetic contribution, respectively. Locations with evidence of recent gene exchange between Spanish and Italian
sparrows are indicated by arrows.
doi:10.1371/journal.pgen.1004075.g001
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There was a significant overrepresentation of Z-linkage among
the genes exhibiting steep clines at the species boundaries
considering that the Z chromosome holds about 3–7% of the
genome of birds [9,34,35] (One-tailed binomial test: null
probability based on flycatcher genome = 0.066, successes = 5,
trials = 7, P = 2.3561025).

As observed in previous studies [14,15], we found Italian
sparrows to be nearly fixed for house sparrow mitochondrial
haplotypes (Figure 2 and Figure 3; Table S2). Moreover, two of
the three Z-linked genes that exhibit steep clines at the Italian-
Spanish boundary are classified as nuclear-encoded mitochondrial
proteins (HSDL2 and MCCC2) [36,37]. This is a significant
overrepresentation of mitochondrial function compared to 8.3% in
chickens [34,37] (One-tailed binomial test: null probabili-
ty = 0.083, successes = 2, trials = 3, P = 0.02; null probability data
from The Gene Ontology Project’s Gene Association file for Gallus
gallus, GOC validation date: 4 December 2012, gaf-version 2.0
and The Gene Ontology Project’s Gene Ontology file, date: 4
December 2012, cvs revision version 4708) among the nuclear
genes shifting at this boundary. The Z-linked gene HSDL2
exhibited a near-identical pattern of fixation for house sparrow
alleles in the Italian sparrow as the mitochondrial marker ND2
(Figure 3; Table S2).

In three transects through the hybrid zone in the Alps, the Z-
linked markers CETN3 and CHD1Z and autosomal marker RPS4
exhibited the steepest clines (Figure 2 and Figure 3). Unlike in

other bird species [9,34,35], CHD1Z and CETN3 appear to be
tightly linked in sparrows (Figure S4). Outlier analyses indicated
that CHD1Z but not CETN3 is a candidate for being under
divergent selection (Figure S5).

The three markers MCCC2, GTF2H2 and HSDL2 also show
evidence of statistical association, although HSDL2 is predicted to
be a long physical distance from the other two based on the zebra
finch genome (Figure S4). A conservative estimate can therefore be
made that two out of four sets of markers (ND2, RPS4, one from
CHD1Z/CETN3 and one from HSDL2/MCCC2/GTF2H2) with
steep clines on range boundaries are Z-linked. This remains a
significant overrepresentation of Z-linked markers (One-tailed
binomial test: null probability = 0.066, successes = 2, trials = 4,
P = 0.02).

While the steepest genomic clines were found for markers with
major geographic clines at the Italian sparrow range boundaries
(Figure 2 and Figure 3; Figure S2, Table S2), clines steeper than
neutral expectations were also found within the Italian sparrow’s
range in a number of both autosomal and Z-linked genes (Figure 3c
and Figure S2), some of which were also significantly shifted
(significant a; Figure 3 a–c, Figure S2). Seven other markers were
strongly shifted towards an excess of Spanish sparrow alleles, but
had clines much shallower than the rest (Figure 3 a–c). Not all of
the a and b estimates for these markers were significant however,
and the parental allele frequency difference was ,0.5 in every
case. With such a low parental allele frequency difference and

Figure 2. Genetic incompatibilities between the hybrid Italian sparrow and its parent species. (A) Representative geographic cline (ND2)
for the mitochondrion and Z-linked genes shifting significantly between the Italian and Spanish sparrows of mainland Italy/Sicily and Sardinia. Colors
refer to posterior likelihood of belonging to group corresponding to the Italian sparrow (.0.9, no color) relative to the Spanish sparrow (,0.1, red).
The numbers refer to three transects through the Italian-house sparrow hybrid zone in the Alps. Black dots denote sampling locations. (B) Genomic
location (in zebra finch) of genes inferred to be involved in hybrid-parent reproductive isolation. Blue outlines denote genes shifting significantly
between the Italian and house sparrow, and red outlines denote genes shifting significantly between the Italian and Spanish sparrow. Markers
highlighted in yellow have significantly steeper clines (significant b) than the neutral expectation according to a BGC-analysis (see main text) in
addition to being significantly skewed towards either hybrid-parent species boundary (significant a), and hence represent the strongest candidate RI
genes. Markers in white have significant a only. Chromosomal location for the Z-linked and Chr. 4A genes are indicated. (C) Geographic clines along
transect 2 for the three genes shifting significantly in the Italian-house sparrow hybrid zone in the Alps. Upper panel shows results from the Z-linked
genes CHD1Z/CETN3, lower panel shows results for the autosomal gene RPS4. Colors refer to posterior likelihood of belonging to group
corresponding to the house sparrow (.0.9, white) relative to the Italian sparrow (,0.1, red). Black dots denote sampling locations.
doi:10.1371/journal.pgen.1004075.g002
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significantly shallow rather than steep clines, we do not consider
these as potential RI genes. However, this does not rule out other
forms of selection on these loci within the hybrid species.

Whereas Sardinian Spanish sparrows show evidence of on-
going introgression from Italian sparrows, Spanish sparrows in the
recently established sympatric population in southeast Italy appear
to be genetically pure (Table S1, ‘Lesina (Spanish)’). We found no
difference in FST between these Spanish sparrows and sympatric
Italian sparrows versus Spanish sparrows and nearby allopatric
Italian sparrows (Table 1). Thus, there was no sign of gene flow in
sympatry between Italian and Spanish sparrows.

Discussion

Reproductive barriers between the hybrid Italian sparrow
and its parent taxa

In this study, we utilized the Italian sparrow’s gene exchange
and geographical overlap with both parent species, house and
Spanish sparrows, to investigate hybrid-parent reproductive
barriers using a cline analysis framework. Results of geographic
and genomic cline analyses reveal that several markers with an
excess of Spanish sparrow alleles within Italian sparrows are
associated with RI at the house-Italian range boundary, and that
several markers with house sparrow excess are associated with RI
at the Spanish-Italian range boundary. A disproportionately high
number of the markers showing steep clines at one or the other
hybrid-parent species boundary are Z-linked, including when
potential physical linkage is accounted for. Of these SNPs, which
are all within functioning transcribed genes, the strongest
candidates to be within genes directly involved in RI are those

that exhibit the most extreme cline parameters. This includes
CHD1Z (Z chromosome) and RPS4 (chromosome 4A) at the
Italian-house sparrow boundary in the Alps, and HSDL2 (Z
chromosome) and ND2 (mitochondria) at the Italian-Spanish
sparrow boundary between the Italian mainland and Sardinia.
Furthermore, two of the three nuclear markers with steep clines
coincident with that of the mitochondria at the Italian-Spanish
boundary (HSDL2 and MCCC2) are classified as nuclear-encoded
mitochondrial proteins [36,37]; a statistical overrepresentation. As
outlier loci revealed by cline analysis may result from genetic drift
rather than from selection on introgression [29], we note that a
significant overrepresentation of sex-linkage and mitochondrial
function among candidate RI genes as reported here is not
expected to arise through drift.

Excessive sex linkage of RI supports the hypothesis that HHS in
Italian sparrows is facilitated by divergent selection between the

Figure 3. Candidate RI genes revealed by genomic cline analysis. (A–B) Markers are ordered along chromosomes as in Table S3. (A) BGC run 2
estimates of genomic cline center (a) with 95% credibility intervals for all 86 SNP markers. Red dots indicate markers with significant excess house
sparrow ancestry, blue dots indicate markers with significant excess Spanish sparrow ancestry, grey dots indicate markers with either significant
house or Spanish excess ancestry but where the difference in allele frequency between the parent species are below 0.5, and black dots indicate
markers that do not differ from neutral expectations. (B) BGC run 2 estimates of genomic cline rate (b) with 95% credibility intervals for all 86 SNP
markers. Orange dots indicate markers with clines significantly steeper than neutral expectations, white dots indicate markers with significantly
shallower clines than neutral expectations, grey dots indicate markers with either significantly steeper or shallower clines than neutral expectations
but where the difference in allele frequency between the parent species is below 0.5, and black dots indicate markers that do not differ from neutral
expectations. (C) Genomic cline center (a) plotted against genomic cline rate (b). Red dots indicate markers that exhibit significant excess house
sparrow (P. d.) ancestry, clines steeper than neutral expectations and where the difference in allele frequency between the parent species is greater
than 0.5. The red dots that are encircled and named shift at the Italian-Spanish boundary and are hence candidate RI genes. Blue dots indicate
markers that exhibit significant excess Spanish sparrow (P. h.) ancestry, clines steeper than neutral expectations and where the difference in allele
frequency between the parent species is greater than 0.5. The blue dots that are encircled and named shift at the Italian-house boundary and are
hence candidate RI genes. Green dots indicate markers that have allele frequency differences between the parent species greater than 0.5 and clines
steeper than neutral expectations but do not exhibit excess house or Spanish sparrow ancestry. These markers are candidates for being
incompatibilities within the Italian sparrow. Grey dots indicate markers in which the allele frequency difference between the parent species is less
than 0.5. (D). Examples of BGC genomic clines representative of the marker categories described in panel (C). For illustrations of all clines, see Figure
S2.
doi:10.1371/journal.pgen.1004075.g003

Table 1. Test for gene exchange in sympatry.

Lesina Spanish Guglionesi Lesina Italian

Guglionesi 0.4163***

Lesina Italian 0.4105*** 0.0025

Mass Montanari 0.3926*** 0.0073 0.0041

FST values between Gargano peninsula populations of Spanish sparrows and
sympatric (Lesina) and nearby allopatric Italian sparrows.
***indicates highly significant genotypic divergence, P,0.0001.
doi:10.1371/journal.pgen.1004075.t001
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parent species. HHS differs from non-hybrid speciation in that an
isolating mechanism is required against each parent. This may be
aided by transgressive segregation leading to extreme hybrid
phenotypes [5,11]; a process promoted more by stabilizing
selection in the parent species than by divergent selection
[11,13]. Stabilizing selection is more likely to produce transgressive
hybrid phenotypes through purely additive effects due to the
greater likelihood of complementary gene action [11]. While traits
under divergent selection may also produce transgressive pheno-
types in some circumstances, for example with epistasis, the
emphasis on transgression in HHS represents a contrast to theories
of non-hybrid adaptive speciation, in which genes under divergent
selection are thought more likely to contribute to isolation
[38,39].The mechanisms promoting Italian sparrow HHS may
therefore more closely resemble those involved in typical non-
hybrid speciation. While transgression cannot be ruled out, Italian
sparrows appear phenotypically intermediate between the parents
and share the house sparrow’s human-commensal niche.

We recognize that the genes with steep clines may represent
neutral markers in linkage disequilibrium with the RI genes under
selection (this is likely to be the case for the mitochondrial ND2,
which is in linkage disequilibrium with all other mitochondrial
genes), rather than being directly involved in RI. In the case of
RPS4, there is no a priori expectation that it should be involved in
RI. However this gene, the sole autosomal representative
associated with hybrid-parent isolation, is found on chromosome
4A in zebra finch [35]. This chromosome is orthologous to the
mammalian X chromosome and RPS4 is in fact X-linked in
Eutherian mammals [40]. Chromosome 4A appears to be
enriched for genes with properties similar to sex-linked genes,
including the avian homolog to the human sex-determining SRY,
and about one third of this chromosome has even translocated to
the sex chromosomes in the whole avian superorder Sylvioidea
[40]. Hence, the sole autosomal gene with a significantly steep
cline on a species boundary may be linked to genes with properties
more typical of sex-linked genes.

We hypothesized that CHD1Z may directly influence RI
because it has been previously highlighted as a candidate
speciation gene in other bird systems [15 and references therein].
This therefore represents a stronger RI gene candidate than RPS4
or CETN3 on the Italian-house boundary. Though CHD1Z and
CETN3 appear be closely linked to the same RI locus, our outlier
analysis indicates CHD1Z is under divergent selection while
CETN3 is not, and is therefore a more likely candidate to be the RI
locus. CHD1 (the generic name for this gene in all organisms,
represented by divergent Z-linked and W-linked copies in birds) is
a chromatin-remodeling factor potentially affecting the expression
of many genes [41]. Of particular interest is its essential role in
chromosome centromere localization [42]. ‘‘Centromeric drive’’ is
a proposed mechanism of intra-genomic conflict potentially
causing rapid evolution of incompatibilities and speciation [43].
In this process, male-detrimental centromere drivers causing
biased meiosis lead to selection for compensatory mutations in
centromeric proteins, potentially including CHD1. Centromeric
drive has been proposed as an important mechanism in the non-
hybrid speciation of pied and collared flycatchers [9], in which
CHD1Z also shows evidence of involvement in RI [17]. This adds
weight to the argument that CHD1Z represents a candidate RI
gene, maintaining parapatric differentiation between hybrid
Italian sparrows and the house sparrow.

We also hypothesized a role for mito-nuclear interactions, and
in particular the tracking of spreading mitochondrial variants by
nuclear male ‘restorer’ genes, compensating for ‘mother’s curse’.
The overrepresentation of nuclear genes with a mitochondrial

function on the Italian-Spanish sparrow boundary provides some
support for this hypothesis. However, only one of these genes,
HSDL2, shows a cline almost as steep as mitochondrial ND2. While
this may be a linked neutral marker, the fact that HSDL2’s protein
product is located within mitochondria [37,44] supports its
candidacy as an RI gene. HSDL2 is thought to be involved in
fatty acid metabolism, although its exact functions are unknown
[44].

Our results thus appear consistent with the influence of mito-sex
chromosome conflict acting as a reproductive barrier at the
Spanish-Italian sparrow boundary. Furthermore, due to the lack of
global dosage compensation in birds, Z-linked genes typically have
higher expression and – combined with the fact that Z
chromosomes spend two thirds of their time in males - stronger
fitness effects in males than females. Consequently, genes with
male-specific fitness effects are overrepresented on the Z chromo-
some [8,45]. We thus postulate that nuclear male-compensatory
‘restorer’ genes are most likely to occur on the Z chromosome,
leading to reduced fitness in hybrids with mito-sex chromosome
mismatches. HSDL2 in fact has been shown to have higher
expression levels in male than female chickens [46]. As an
alternative to ‘‘mother’s curse’’, isolation through co-adaptation
between nuclear and mitochondrial genes is also possible. Because
natural selection can only act on such bi-directional co-evolution
through female fitness effects, we propose that mito-nuclear co-
adaptation should involve disproportionately many autosomal
genes, as they spend equal time in both sexes and show no overall
sex bias in gene expression [45]. Hence our results are more
consistent with mito-nuclear conflict.

There is no evidence for hybridization between Spanish
and Italian sparrows in the sympatric zone of southeast Italy,
supporting previous results [14]. This suggests a role for prezygotic
barriers between the two taxa. Spanish sparrows are much
less associated with humans than house and Italian sparrows
and occupy a different habitat, providing some habitat-
dependent assortative mating [16]. We suggest that evolution
of Italian sparrows towards the house sparrow human-
commensal niche may have contributed to rapid development of
prezygotic isolation with Spanish sparrows alongside, or even
reinforced by, the aforementioned mito-nuclear postzygotic
barrier.

Reproductive barriers within the hybrid Italian sparrow
In addition to the steep clines at the species range boundaries,

some genes exhibited clines steeper than the neutral expectation
within the Italian sparrow’s range. One possible interpretation of
this result is that moving clines of incompatibility genes may have
become trapped by environmental transitions or population
density troughs before reaching the current hybrid-parent
boundaries. In this way, intraspecific incompatibilities within a
hybrid species may increase future diversification relative to non-
hybrid species, in particular through the effect of divergence
hitchhiking in promoting the build-up of novel isolating mecha-
nisms surrounding pre-existing incompatibilities [47,48]. Isolation
by adaptation may be occurring in Italian sparrows [49], so
moving clines of incompatibility genes may also have become
trapped by association with niche differentiation [50]. Neverthe-
less, neutral processes cannot be ruled out. The spatial spread of a
partially reproductively isolated taxon into the range of the other
taxon may lead to neutral allele frequency clines at historical
invasion wave fronts [51], although these would become more
diffuse over time since the spread.

The Italian sparrow genome represents a mosaic, particularly
on the Z chromosome, in which some Spanish sparrow alleles
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have spread to form reproductive barriers against house sparrows,
while house sparrow alleles at different loci on the same
chromosome have spread in the opposite direction to form
barriers against Spanish sparrows. We envisage that HHS in the
Italian sparrow may match the ‘mosaic genome hybrid speciation’
model [52] with the addition of secondary spatial spread of the
hybrid genotype. Such discordant spread would most likely occur
through selective sweeps, if one parental allele had a fitness
advantage over the other in the mosaic genomic background.
However, if strong selective sweeps occurred, some mechanism
would be needed to cause them to stop at the current hybrid-
parent boundaries. We note that these boundaries lie on major
barriers to dispersal in the case of the Passer sparrows, and
that beneficial alleles often do not sweep across the whole range
of a species for a variety of reasons including geographical
barriers.

Conclusions
Using a cline analysis framework we have identified sets of

candidate RI genes and genomic regions between the hybrid
Italian sparrow and its parent species. These results support our
predictions that mito-nuclear interactions and loci on the Z
chromosome strongly influence RI. In this regard, we suggest that
HHS in the Italian sparrow resembles non-hybrid speciation, and
we would therefore predict that the same loci would be involved in
RI between the parent taxa; house and Spanish sparrows. An
important next step is therefore to replicate this study in a region
of parental sympatry and hybridization [53].

Materials and Methods

Sample collection
Only males, which are diploid for the Z chromosome, were

analyzed to avoid issues related to haplodiploidy of the Z
chromosome. Blood samples from the three taxa (n = 612) were
taken from 64 locations between 2007 and 2011 (Figure 1 and
Table S1): Spanish sparrows (n = 142) from Badajoz, Spain,
Sardinia, Italy and a Spanish/Italian sympatric zone in southeast
Italy; allopatric house sparrows (n = 85) from Hradec Králové,
Czech Republic and Oslo, Norway; Italian sparrows, Italian-house
hybrids and parapatric house sparrows from the Italian peninsula
and the Alps (n = 385). The sparrows were caught using mist nets.
About 25 ml of blood was extracted by venipuncture of a brachial
vein and stored in 1 ml of Queens lysis buffer. Appropriate
catching and sampling permits were obtained for all sampling
locations from the relevant authorities. DNA was isolated using
Qiagen DNeasy 96 Blood and Tissue Kits (Qiagen N.V., Venlo,
Netherlands) according to the manufacturer’s instructions. For
transcriptome sequencing, three house (Oslo, Norway) and three
Spanish (Badajoz, Spain) sparrows of each sex were sampled in
October 2010. Liver, heart and brain tissue samples were taken
and stored on RNAlater (100 mg tissue in 1400 ml buffer)
according to the manufacturer’s protocol.

Transcriptomic cDNA library preparation and sequencing
Total RNA isolation from pooled liver, heart and brain samples

followed by normalized cDNA library preparation was performed
by Vertis Biotechnologie AG, Freising, Germany. Total RNA was
isolated from the cell powders using the mirVana RNA kit
(Ambion) including an on-column DNase treatment. From the
total RNA samples, poly(A)+ RNA was prepared and fragmented
with ultrasound (1 pulse of 30 sec at 4uC). First-strand cDNA was
synthesized from the fragmented RNA using a N6 randomized
primer and M-MLV RNaseH-reverse transcriptase. 454 adapters

A and B were ligated to the 59 and 39 ends of the cDNA. The
cDNA was amplified with PCR using a proof reading enzyme.
Normalization was carried out by one cycle of denaturation and
reassociation of the cDNA, resulting in N1-cDNA. Reassociated
ds-cDNA was separated from the remaining ss-cDNA (normalized
cDNA) by passing the mixture over a hydroxylapatite column.
After hydroxylapatite chromatography, the ss-cDNA was PCR
amplified. For GS FLX Titanium sequencing, the cDNA in the
size range of 450–700 bp was eluted from preparative agarose
gels. The resulting cDNA was double stranded, and had a size of
about 450–700 bp. The six samples from each species were pooled
in equal amounts and pyrosequenced on a Roche GS FLX
Titanium sequencer at the Norwegian Sequencing Center using
the manufacturer’s protocol.

Sequence alignment and SNP mining
The house sparrow reads were aligned and mapped against the

zebra finch genome, and reads of both species were then mapped
against the resulting contigs, providing a list of potential species-
informative SNPs. Species-diagnostic SNPs from the twelve
samples were chosen and subsequently filtered for those without
sufficient flanking sequence for PCR-primer design. Genes were
annotated by blasting against the zebra finch and chicken
genomes. Two exceptions were SNPs within CHD1Z and ND2
genes, which were genotyped using existing primers [15]. The
two CHD1Z SNPs in this initial set are within an intron [15].
The genomes of Passer sparrows have so far not been
mapped. Genomic locations of the various markers were therefore
inferred based on the Zebra finch Taeniopygia guttata genome
[35].

Genotyping
Multiplex sets of PCR primers were designed and all individuals

genotyped at each SNP locus using the Sequenom MassARRAY
system at CIGENE, Norwegian University of Life Sciences, Ås,
Norway. A total of 124 putatively diagnostic SNP markers from
107 different genes were genotyped successfully. Statistical
analyses were carried out on a subset of 86 species informative
SNPs after further filtering (Table S3). This involved removing
SNPs with ,97% genotyping success over all samples, plus
removing all but one SNP from each gene (except in APC and
A2ML1, in which two markers were included due to marked
differences in parental allele frequencies).

Detection of gene exchange
Recent migration between Spanish sparrows on Sardinia and

Italian sparrows was identified using the USEPOPINFO model
in STRUCTURE [22], with 100,000 iterations, a burnin
of 50,000, GENSBACK set to three generations and the
rest of the settings as default. A hybrid index value [54] was
calculated for each individual, based on the 86 SNPs. In the Alps
transects, the presence of many individuals with intermediate
hybrid index indicated hybridization with house sparrows (Figure
S1).

Detection of SNPs associated with reproductive isolation
If genotype frequencies for individual SNPs change more

sharply with changing hybrid index than a neutral expectation,
this indicates a potential association with reproductive isolation.
Examination of individual SNP cline width with respect to hybrid
index was carried out using Bayesian genomic clines method as
implemented in BGC [31]. Spanish sparrows from Badajoz and
Gargano, and house sparrows from Oslo and Hradec Králové,
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were used to indicate parental genotype frequencies (Table S3).
For the genomic clines analyses, all individuals from the Alps, the
Italian peninsula (excluding Spanish sparrows from the southeast
Italian sympatric zone), Sicily and Sardinia were pooled into one
admixed population. Genotypes at the mitochondrial ND2 locus
were coded as diploid homozygote as BGC failed to run with a
haploid marker included. Three independent runs with 100,000
iterations each were run with the first 25,000 iterations discarded
as burnin, MCMC samples thinned by recording every fifth value,
while the rest of the BGC settings were as default. SNPs were
identified as significantly deviating from null expectations when
the 95% credibility intervals of the cline parameters a and b did
not cross zero. Once candidate SNPs were chosen using the
genomic clines approach, geographic locations of sharp changes in
allele frequency for each SNP were identified in GENELAND
[32,33] using the uncorrelated allele frequency model and
allowing 1–10 clusters. Each SNP was run three times at 3 million
iterations with a burn-in of 200. For some SNPs Geneland
identified more than two geographic clusters, indicating multiple
rapid changes in allele frequency. In these cases the main cline was
determined to be on a species boundary if Geneland identified a
cline on that boundary and BGC indicated a significantly shifted
cline center (significant a) (Figure 2 and Figure S2). We further
narrow our focus primarily to markers that also have significantly
steep clines (significant positive b) in all three BGC runs (Figure 2
and Figure S2).

Linkage disequilibrium
On top of using the zebra finch genome to identify gene

location, genetic linkage was estimated using GENEPOP [55] to
calculate a P value for genotypic disequilibrium between every
SNP pair and by employing a Fisher test to combine probabilities
across all populations in the Italian peninsula, the Alps and
Sardinia (Figure S4).

Population divergence in sympatric Italian and Spanish
sparrows

To assess if there is introgression between sympatric Italian and
Spanish sparrows, FST values and genotypic differentiation were
calculated between four populations in southeast Italy (Lesina,
which is a sympatric population of Italian and Spanish sparrows,
and the nearby allopatric Italian sparrow populations of Mass.
Montanari and Guglionesi) in GENEPOP [55] using males and
the chosen 86 SNPs. FST estimates were calculated between i) the
Italian sparrows from each population and ii) the Spanish
sparrows in Lesina and the Italian sparrows in each of the three
populations. A shift in FST towards or away from Spanish sparrows
in Italian sparrows from Lesina, relative to the two allopatric
populations, would indicate introgression or displacement respec-
tively.

Outlier tests for divergent selection
BAYESCAN [56] and LOSITAN [57] are softwares that

implement methods to test for evidence of both divergent and
balancing selection through FST outlier analysis of molecular
markers. We used both softwares to determine which of CHD1Z
and CETN3, two highly linked markers, showed stronger evidence
for selection in the Alps house-Italian sparrow hybrid zone. Data
from all 85 nuclear SNPs (haploid mtDNA markers cannot be run
alongside diploid markers, and ND2 is invariant in the Alps) were
used and the three transects were pooled, excluding sites with just
a single individual sampled. For LOSITAN the options ‘neutral
mean FST’ and ‘force mean FST’ were chosen, along with the

infinite alleles mutation model and 50 k simulations. For
BAYESCAN, default settings were used.

Ethics statement
Handling of birds were conducted according to guidelines

approved by the relevant authorities in the respective countries
(Museum National d’Histoire Naturelle, Centre de Recherches sur
la Biologie de Populations d’Oiseaux, Paris (France), Institute for
Environmental Protection and Research – ISPRA (Italy), Con-
sejerı́a de Industria, Energı́a y Medio Ambiente (Spain), Norwe-
gian Food Safety Authority (Norway), Ministrstvo za okolje in
proctor, Agencija Republike Slovenije za okolje (Slovenia) and
Bundesamt für Umwelt BAFU, Abteilung Artenmanagement
(Switzerland)).

Supporting Information

Figure S1 Individuals with intermediate crown color have
already been reported in the Alps contact zone [14,16]. Further
evidence of hybridization comes from a large proportion of
individuals with hybrid index intermediate between house and
Italian sparrows in the contact zone. Hybrid index for each
individual is plotted against distance from the house sparrow end
of each transect, along a) transect 1 (see Fig. 2), b) transect 2 and c)
transect 3. d) Histogram of hybrid indices for populations at the
house sparrow end of the three transects (‘House’), the rest of the
transect collections (‘Hybrid zone’), and northern Italian popula-
tions away from the transects (‘Italian’).
(DOC)

Figure S2 Bayesian genomic clines for all 86 SNP markers. The
legend in each panel indicates genomic location (chromosome
number), SNP name and significance of cline center (a) and cline
rate (b) parameters for three independent BGC runs. Significant
excess house sparrow ancestry is indicated by H’s, significant
excess Spanish sparrow ancestry is indicated by S’s, significantly
steep clines are indicated by +’s and significantly narrow clines are
indicated by 2’s. The number of H’s, S’s, +’s and 2’s indicate for
how many runs the parameter estimates for a given marker
differed from neutral expectations. When none of the runs differed
from neutral expectations, this is indicated by ns. Red panels
indicate markers that exhibit significant excess house sparrow
ancestry and have clines steeper than neutral expectations, where
the difference in allele frequency between the parent species is
greater than 0.5 and for which Geneland revealed a shift at the
Italian-Spanish sparrow boundary. These are hence candidate RI
genes. Blue panels indicate markers that exhibit significant excess
Spanish sparrow ancestry, clines steeper than neutral expectations,
a difference in allele frequency between the parent species greater
than 0.5 and with a shift at the Italian-house sparrow boundary.
These are hence candidate RI genes. Green panels indicate
markers that have allele frequency differences between the parent
species greater than 0.5 and where the clines are steeper than
neutral expectations but do not exhibit a major allele frequency
cline on either hybrid-parent species boundary. These markers are
candidates for being incompatibilities within the Italian sparrow.
Only markers with significant ‘+’ on more than one BGC run are
highlighted.
(DOC)

Figure S3 GENELAND geographic clines for Alps transects 1–3
(Fig. 2a), for the three loci exhibiting rapid changes in allele
frequency coinciding with the hybrid zone between Italian and
house sparrows (CHD1Z, CETN3 and RPS4; see main text). Axes
represent longitude (x axis) and latitude (y axis) in decimal degrees.
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Colors refer to posterior likelihood of belonging to the group
corresponding to the house sparrow (.0.9, white) relative to the
Italian sparrow (,0.1, red). Black dots denote sampling locations.
CHD1Z and RPS4 results for transect 2 are also represented in
Fig. 2c.
(DOC)

Figure S4 Heat map of genotypic disequilibrium between Z-
linked markers with significantly steep genomic clines. Marker
positions in kbp are based on the zebra finch genome. Internal cell
values indicate distances between genes in kbp. Cell colors
represent genotypic disequilibrium, combining P values across all
Italian peninsula and Sardinian populations. Dark blue P = 0;
medium blue P,0.05; pale blue P,0.1.
(DOC)

Figure S5 FST-outlier analyses. (A) LOSITAN graphic of test for
evidence of divergent selection in the Alps, using the 85 nuclear
SNPs and combining data from all three transects (not including
populations represented by a single individual). SNPs in the red
area are candidates for positive divergent selection. At a false
discovery rate of 0.05 only CHD1Z and RPS4 were significant
outliers for divergent selection. (B) BAYESCAN graphic of test for
evidence of divergent selection in the Alps, using the 85 nuclear
SNPs and combining data from all three transects (not including
populations represented by a single individual). The estimated
alpha coefficient indicates the strength and direction of selection.
A positive value of alpha suggests diversifying selection, whereas
negative values suggest balancing or purifying selection. CHD1Z

and RPS4 (highlighted in red and named) were the only markers
that were significant at a false discovery rate of 0.1.
(DOC)

Table S1 Sample population details.
(DOC)

Table S2 FST between Italian sparrow and its parent species
where a steep cline exists on the hybrid-parent boundary, plus
estimates of cline shift (a) and steepness (b). Values in shaded boxes
are not significant (95% credibility intervals overlap with zero).
(DOC)

Table S3 Details of SNPs used in analyses.
(DOC)
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The genomic mosaicism of hybrid speciation
Tore O. Elgvin,1* Cassandra N. Trier,1* Ole K. Tørresen,1 Ingerid J. Hagen,2 Sigbjørn Lien,3

Alexander J. Nederbragt,1 Mark Ravinet,1 Henrik Jensen,2 Glenn-Peter Sætre1†

Hybridization is widespread in nature and, in some instances, can result in the formation of a new hybrid species. We
investigate the genetic foundation of this poorly understood process through whole-genome analysis of the hybrid
Italian sparrow and its progenitors. We find overall balanced yet heterogeneous levels of contribution from each
parent species throughout the hybrid genome and identify areas of novel divergence in the hybrid species exhibit-
ing signals consistent with balancing selection. High-divergence areas are disproportionately located on the Z chro-
mosome and overrepresented in gene networks relating to key traits separating the focal species, which are likely
involved in reproductive barriers and/or species-specific adaptations. Of special interest are genes and functional
groups known to affect body patterning, beak morphology, and the immune system, which are important features
of diversification and fitness. We show that a combination of mosaic parental inheritance and novel divergence
within the hybrid lineage has facilitated the origin and maintenance of an avian hybrid species.

INTRODUCTION
Hybridization is increasingly recognized as a potentially creative force
contributing to adaptation and species diversification (1, 2).New species
may arise as a direct consequence of interbreeding between diverged
taxa, inwhich the hybrid lineage comprises a recombinant genomewith
the same ploidy level and is reproductively isolated from its parent spe-
cies (3, 4). This process—known as homoploid hybrid speciation—may
take many forms with respect to genomic makeup, ranging from intro-
gression of a single or few genes into a foreign genomic background (5)
to balanced genomic contributions from both parent lineages (6, 7). At
both ends of the spectrum, novel allelic combinations and subsequent
evolution in the hybrid lineage may facilitate its escape from inferior
fitness and aid in the evolution of reproductive barriers toward both
parents, which is essential for maintaining its isolation. Characterizing
these combinations and their genomic distribution is therefore of par-
amount importance for understanding the hybrid speciation process
and enriching our knowledge of the role of hybridization in shaping
biodiversity. However, there are few well-documented cases of homo-
ploid hybrid species in nature, and, consequently, the genomics of this
mode of speciation are poorly understood.

The Italian sparrow (Passer italiae) is a homoploid hybrid species
found in mainland Italy and a fewMediterranean islands (Fig. 1A) that
has arisen from hybridization between the house sparrow (Passer
domesticus) and the Spanish sparrow (Passer hispaniolensis). Although
ecologically more similar to the house sparrow, male Italian sparrows
have plumage patterns that comprise a mosaic of male Spanish and
house sparrow traits (Fig. 1A) (8). The taxonomic status of the Italian
sparrow has been subject to much debate, and several hypotheses have
previously been proposed for its evolutionary relationship to the other
Passer sparrows (8, 9). Its intermediate appearance, in particular, led to
the proposition that it is of hybrid origin (10) [see also Anderson
(8)]. Only recently have genetic studies given support for this idea,
demonstrating the Italian sparrow’s genetic and phenotypic mosaicism

(11–13). A proposed scenario for its origin is that the Italian sparrow
arose <10,000 years ago as the human commensal house sparrow
expanded throughout Europe where it encountered and hybridized
with the Spanish sparrow (12).

The system is unique in that the hybrid Italian sparrow remains in
geographic contact with both its parent species. To the north of its
range, the Italian sparrow meets the house sparrow in a narrow hybrid
zone in proximity to the Alps. In addition, it lives in sympatry with the
Spanish sparrow on the southeastern Italian peninsula of Gargano, with
little evidence of gene flow (13). The lack of introgression in Gargano
may be due to premating barriers such as habitat differentiation and
timing of breeding, or to postzygotic isolating factors. Evidence for post-
zygotic reproductive barriers has been shown in areas of contact (13).
Furthermore, hybridization is likely to have directly contributed to the
development of reproductive barriers between the Italian sparrow and
its parents as preexisting parental incompatibility alleles are sorted
within the Italian sparrow lineage (14).

The Italian sparrow’s hybrid ancestry has thus far been characterized
by a limited set of genetic markers, and the genomic architecture and
regions underlying reproductive barriers in the system have yet to be
identified. Here, we investigate the genetic composition of an avian
hybrid species by using a whole-genome analysis of the Italian sparrow
and its parent species, the house sparrow and the Spanish sparrow.
Genome data provide powerful prospects for understanding hybrid
speciation. Although conflicting signatures of ancestry represent a hall-
mark of hybrid speciation, the traces of hybridization may be obscured
by processes such as backcrossing to either parent lineage, sorting of
ancestral polymorphisms, genetic drift, and selection. Hence, the degree
of admixture may vary widely throughout the hybrid genome (15, 16),
and studying only a subset of the genome can give confounding results.
Whole-genome data also offer the alluring potential for elucidating can-
didate regions responsible for the formation and maintenance of the
hybrid species.

With the aid of a high-quality de novo reference genome created for
the house sparrow, we mapped and analyzed genome data from key
populations of the three focal taxa. Population genetic parameters, ad-
mixture analyses, and phylogenetic inference were used to characterize
the genetic composition throughout the hybrid genome in relation to its
parents. This approach also allowed us to identify areas in which the
Italian sparrow segregates for alternative parental alleles and genes
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where the hybrid differs from both parents, which may play
instrumental roles in the reproductive barriers involved in the hybrid
system.

RESULTS
House sparrow reference genome
Wecreated a high-quality de novo reference genome by sequencing and
assembling the genome of a house sparrow (~130× coverage; table S1).
The final assembly encompasses 1.04Gb (gigabases), andwith the aid of
a medium-density linkage map, we ordered and oriented 88% of the
assembly scaffolds into chromosomes, resulting in anN50 sequence size
of 68.7 Mb (megabases) (table S2). We then sequenced whole ge-
nomes of 10 males of each of the focal species and one tree sparrow
(Passer montanus; outgroup) at ~10× coverage per individual (table S3)
and mapped them to the reference genome for downstream analysis.

Population structuring
Population genetic parameter estimates reveal genome-wide intermedi-
acy in the Italian sparrow compared to its parents, although it is overall
closer to the house sparrow (Table 1). The global average of differenti-

ation (FST) was, as expected under a hybrid speciation model, higher
between the parents, the house sparrow and the Spanish sparrow
(hereinafter HS; FST = 0.33), compared to differentiation between the
Italian sparrow and either the house sparrow (HI; FST = 0.18) or the
Spanish sparrow (SI; FST = 0.25).

A principal components analysis (PCA) of high-quality single-
nucleotide polymorphisms (SNPs), obtained by variant calling the
three focal taxa against the house sparrow reference genome and
pruning for linkage disequilibrium (LD), demonstrated striking
structuring between the three focal taxa. The house and Spanish
sparrows separate along the first eigenvector with the Italian sparrow
positioned in between with no overlap among the clusters (Fig. 1B).
Furthermore, separation along eigenvector 2 indicates novel differ-
entiation of the Italian sparrow against both parents, which may be
due to extensive segregation of alternative alleles from both parents
in the hybrid, differences from both parents due to selection, and/or
de novo mutations in the hybrid lineage subsequent to its formation.

Parental contributions to the hybrid lineage
Whole-genome admixture analysis revealed that the Italian sparrows,
on average, assign 61.9% to the house sparrow ancestry and 38.1% to
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Fig. 1. Population structuring and species information. (A) Top: Illustrations ofmale plumagepatterns in house, Italian, and Spanish sparrowsmodified fromSvensson et al. (83).
Bottom: A distribution map of house, Italian, and Spanish sparrows throughout Europe and northern Africa (9). (B) PCA of the LD-pruned high-quality SNP set. (C) Population
structuring based on admixture analysis for house, Italian, and Spanish populations.
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the Spanish sparrow ancestry (Fig. 1C). In addition, admixture analysis
across the Italian sparrow genome [100-kb (kilobase) nonoverlapping
windows] revealed a large variation (s =19% combined for all windows)
in the assignment probability to either parent (Fig. 2 and fig. S1).

Maximum likelihood phylogenies created using RAxML (17)
demonstrated a discordant evolutionary history throughout the
hybrid genome. Individual trees were created for 100-kb nonover-
lapping windows and classified according to whether the Italian spar-
rows grouped monophyletically with the house sparrow, Spanish
sparrow, or in its own clade. The vast majority of trees (76%) remained
unresolved, that is, the Italian sparrows did not form a monophyletic
group alone or with either parent. This is expected because any window
may harbor alleles derived from both parents as well as novelmutations
in thehybrid lineage.Nonetheless, in 14%of the genomicwindows, Italian
sparrows groupedwithhouse sparrows, in 9%with Spanish sparrows, and
in less than 1%, they formed their own clade (Fig. 2, fig. S1, and table S4).

A 100-kb window size was chosen for sliding window analyses be-
cause LD decays within this distance (fig. S2). To test whether a smaller
window size improved the proportion of resolved phylogenies by
limiting the number of windows where the Italian sparrows segregate
for haplotype blocks fromboth parents, RAxML analyses were also per-
formed for 50- and 10-kb window sizes. Despite the reduction in
window size, the proportion of resolved phylogenies remained largely
similar to that of the 100-kb window analyses (table S5), and the latter
was therefore kept for downstream analysis.

Incomplete lineage sorting can leave similar genomic footprints as
those of hybridization. However, we find significant introgression be-
tween both parents and the Italian sparrow on the whole-genome level,
as well as when the autosomes and Z chromosome are considered in-
dividually (Table 2). When ABBA BABA tests are performed in sliding
windows across the genome, the fd estimator (18) showed very similar
admixture proportions between the Italian sparrow and either parent,
withmore gene flow between the Italian and Spanish sparrows on auto-
somes and more introgression between the house and Italian sparrows
on the Z chromosome (Table 3). In addition, the SDs of fd estimates
were large, lending further support to the Italian sparrow’s mosaic
composition of alternating genomic ancestry from either parent, as
demonstrated in the admixture and RAxML analyses.

To investigate the composition of mitochondrial DNA (mtDNA)
in the Italian sparrow, we created a haplotype network and ran a
fastSTRUCTURE (19) analysis of complete mtDNA sequences. Al-
though the Italian sparrow has been shown to be nearly fixed for house
sparrow mtDNA (12), surprisingly, two Italian sparrows demonstrate
evidence of admixture from both parental mitochondrial haplotypes
(Fig. 3, A and C). Further, these “admixed” individuals display
intermediate estimates of sequence divergence (dXY) from the parent
species along the mitochondria (Fig. 3B and fig. S3). To test for hetero-
zygosity in mtDNA sequences, we also variant-called each individual’s
mtDNA as diploid and used VCFtools (20) to calculate per individual
inbreeding coefficient (F) estimates. VCFtools calculates F on the basis
of the number of observed homozygotes, number of sequenced sites,
and the expected number of homozygotes under the Hardy-Weinberg
equilibrium. F estimates for the admixed individuals indicated an excess
of heterozygosity (F = −0.25 and −0.36) compared to the other Italian
individuals, which were largely homozygous (average, F = 0.67). Fur-
thermore, the admixed individuals do not differ from the other Italian
sparrows in sequence coverage (Mann-Whitney U test, P = 0.4) nor in
their nuclear sequences (Mann-Whitney U test on nuclear F estimates,
P = 0.09; Fig. 1A). Thus, there is no evidence for contamination of the
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Fig. 2. Phylogenetic inference and admixture analysis of the Italian sparrow. (A) ADMIXTURE analysis of 100-kb nonoverlapping windows across the Italian
sparrows’ chromosomes 1A and Z, with the house sparrow ancestry shown in blue and Spanish sparrow ancestry shown in red. (B) RAxML tree assignment results
for 100-kb nonoverlapping windows across the genome for chromosomes 1A and Z. Windows depict whether the Italian sparrows grouped monophyletically with
house sparrows (blue), Spanish sparrows (red), in its own clade (green), or were unresolved (white).

Table 1. Mean values of population genomic statistics for 100-kb
sliding windows with 25-kb steps across the genome. df, density of
fixed differences.

Parameter Species Autosomes Z chromosome Whole genome

FST HS 0.32 ± 0.10 0.45 ± 0.09 0.33 ± 0.10

HI 0.17 ± 0.07 0.29 ± 0.16 0.18 ± 0.08

SI 0.23 ± 0.12 0.41 ± 0.17 0.25 ± 0.14

df (10
−3) HS 0.048 ± 0.28 1.440 ± 1.90 0.146 ± 0.67

HI 0.003 ± 0.01 0.005 ± 0.01 0.003 ± 0.01

SI 0.003 ± 0.02 0.211 ± 0.70 0.018 ± 0.19

p House 0.0073 ± 0.0021 0.0042 ± 0.0025 0.0071 ± 0.0023

Italian 0.0070 ± 0.0021 0.0048 ± 0.0025 0.0068 ± 0.0023

Spanish 0.0051 ± 0.0022 0.0025 ± 0.0023 0.0049 ± 0.0023

Q* House 0.0075 ± 0.002 0.0043 ± 0.002 0.0073 ± 0.002

Italian 0.0074 ± 0.002 0.0046 ± 0.002 0.0072 ± 0.002

Spanish 0.0055 ± 0.002 0.0027 ± 0.002 0.0053 ± 0.002

*Watterson estimator of Q based on the number of segregating sites.
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samples. Together, all the results from the mitochondrial analyses sug-
gest the presence of heteroplasmy, in which individuals retain mtDNA
haplotypes from both parental species.

Signatures of selection
Genomic regions exhibiting high interspecific divergence may have
been targets of species-specific selection and are often considered can-
didates for barriers to gene flow. For hybrid systems, this extrapolation
is not straightforward because the hybrid lineage inherits evolutionary
histories from two sources, thereby distorting such signals.We used dis-
parities in FST values between lineages to identify genomic regions
where the Italian sparrow displays elevated divergence from either or
both of its parents. For each comparison between the Italian sparrow
and either parent, we selected the top 1% 100-kb windows where the
Italian sparrow showed the largest difference in FST values between
one parent and the other (Eqs. 1 and 2; Fig. 4A and fig. S4)

(1) House versus Italian sparrow divergence (HI) = HI FST − SI FST
(2) Spanish versus Italian sparrow divergence (SI) = SI FST −HI FST.
Concern has been raised that relative measures of divergence,

such as FST, could be elevated because of reduced intraspecific variation
from processes unrelated to speciation, such as background selection in
low-recombining regions (21–23). Our three-taxa system enables us to
account for this confounding factor. If a high FST value is driven by low
nucleotide diversity due to reduced variation in the ancestral population
or regions of low recombination, then the FST values would be expected
to be elevated in all species comparisons. However, if one parent/hybrid
comparison has a high FST, whereas the other has low FST, then this
indicates a differentiated region separating the hybrid and the former
parent that is not attributed to low intraspecific nucleotide diversity
from background selection. Similarly, regions of higher divergence be-
tween the Italian sparrow and both parents, compared to the divergence
between the parents, indicate potential regions privately isolating the
Italian sparrow from both its parents. An advantage of using FST esti-

mates in this system is that it is sensitive to recent selection events,
allowing for the identification of areas of hybrid-specific evolution.
Regions of novel divergence in the Italian sparrow—that is, windows
in which the Italian sparrow displays high divergence against both
parents (hereafter referred to as PI)—were targeted using a similar
method as the HI and SI windows. For both of the hybrid/parent
comparisons, parental divergence in the same window was subtracted
from the Italian sparrow divergence against the respective parent. The
1% windows exhibiting the highest FST disparities, common to both
hybrid/parent comparisons, were kept as PI windows (Eq. 3; Fig. 4D
and fig. S4).

(3) Parents versus Italian sparrow divergence (PI) = SI FST − HS
FST ∪ HI FST − HS FST.

Overall, we find higher FST values, lower nucleotide diversity, more
extreme Tajima’s D (TD) values, and elevated levels of LD within the
outlier windows relative to the nonoutlier windows (Fig. 4 and Table 4).
These patterns bear signatures of selection, suggesting that the outlier
windowsmay harbor or are located adjacent to genes with a role in spe-
cies divergence. Particularly striking are the strongly positive TD values
in windows of novel divergence in the Italian sparrow, whereas both
parents exhibit negative TD values in the corresponding windows
(Fig. 4B). High TD values result from an excess of medium frequency
alleles, consistent with balancing selection or a population bottleneck,
whereas low values indicate an excess of low-frequency polymorphisms
following a selective sweep or population expansion (24). These con-
trasting values suggest that the Italian sparrow segregates for alleles
that have undergone selection in the parents and subsequently have
been subject to balancing selection within the hybrid lineage. Be-
cause the nonoutlier windows exhibit an overall negative tendency
in TD, indicating a genome-wide demographic signal of expansion
and/or background selection in the three species, the strongly posi-
tive TD density distribution in PI divergence windows is particularly
compelling.

The direction of selection (DoS) statistic was also estimated for all
100-kb genomic windows to test for selection in protein-coding
sequence between the three species comparisons. The DoS statistic is
conceptually similar to the McDonald-Kreitman test and uses protein-
coding SNPs to measure the direction and extent of selection on the
basis of nonsynonymous and synonymous fixed differences and
polymorphisms between lineages (25). DoS estimates revealedmore ex-
treme signals of selection within the outlier windows compared to the
genomic background. Furthermore, the extent and DoS differ between
the species comparisons within the outlier windows, whereas genomic
background values are very similar between the species comparisons.

Table 2. Results from Patterson’s D test for introgression between lineages with block jack-knifed SE estimates and significance values.

P1 P2 P3 Patterson’s D Jack-knifed SE Z score P

Autosomes House Italian Spanish 0.195 0.001 27.77 <0.00001

Spanish Italian House 0.035 <0.001 4.98 <0.00001

Z House Italian Spanish 0.552 0.004 8.34 <0.00001

Spanish Italian House 0.575 0.006 7.62 <0.00001

Whole genome House Italian Spanish 0.211 <0.001 24.23 <0.00001

Spanish Italian House 0.065 <0.001 5.39 <0.00001

Table 3. Mean fd values for 100-kb sliding windows with 25-kb steps
across the genome.

P1 P2 P3 fd (%)
Autosomes

fd (%)
Z chromosome

fd (%)
Whole genome

House Spanish Italian 31.7 ± 15.4 40.3 ± 23.7 32.1 ± 16.0

Spanish House Italian 27.5 ± 21.7 48.7 ± 27.8 32.4 ± 24.9
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Stark differences were revealed in the DoS statistic between the parents
and theHI and SI comparisons in the PI regions (Fig. 4C). Although the
parents exhibit the full range of possible DoS values with most of the
genes near neutrality, both HI and SI comparisons are largely negative,
indicating an excess of nonsynonymous polymorphisms. This is
expected under balancing or weak purifying selection (26). Together,
the excess of nonsynonymous polymorphism and high TD values sug-
gest the presence of balancing selection in the PI windows. Parental dif-
ferentiation is, on average, only slightly higher than the genomic
background in PI windows (Table 4); however, there is a higher density
of genes under positive divergent selection in the parents within these
windows compared to all other genomic regions (Fig. 4C). These DoS
patterns may be driven by low numbers of nonsynonymous fixed sites
that do not necessarily elevate the FST values across the entire genomic
window between the parent taxa. Hence, it appears that some genes
within PI windows are under divergent selection in the parents.

Within the SI windows, the TD value distributions are shifted to the
left in the Spanish sparrow and to the right in the house sparrow and
Italian sparrow (Fig. 4B). DoS estimates are variable in the SI windows
but reveal a higher density of genes with an excess of nonsynonymous
fixed differences between the Spanish and Italian sparrows compared to
all other genomic regions (Fig. 4C), indicating that some genes are un-
der positive divergent selection. Similarly, there is an excess of non-
synonymous fixed differences between the parent taxa within the SI
windows. This suggests that these regions, in which the Italian sparrow
may be assumed to have inherited from the house sparrow, harbor
genes under divergent selection in the parent taxa. Moreover, the TD
values indicate that this selection has mainly occurred in the Spanish
sparrow lineage.

The HI windows exhibit strongly negative TD values in the Spanish
and Italian sparrows, with more neutral values in the house sparrow

(Fig. 4B). Although the strongly negative values could be driven by
selective sweeps or purifying selection, DoS estimates indicate that
there are no genes with an excess of nonsynonymous fixed differ-
ences in any of the species comparisons (Fig. 4C). This suggests that
the high divergence within HI windows is attributed to the Italian
sparrow’s inheritance of regions, which are under background selec-
tion or have undergone a selective sweep in the Spanish sparrow but
are near neutrality in the house sparrow.

The Z chromosome versus autosomes
For all comparisons, we find overall higher divergence, lower nucleotide
diversity (Table 1), and a larger proportion of resolved phylogenies on
the Z chromosome relative to autosomes (table S4, Fig. 2, and fig. S1).
Contrasting patterns of divergence and polymorphisms are consistent
with a faster rate of evolution and/or reduced gene flow on the Z chro-
mosome. Furthermore, although we observe a mosaic pattern of paren-
tal inheritance across the Italian sparrow genome, this pattern is
strikingly more pronounced on the Z chromosome with large genomic
regions alternating in inheritance from one parent or the other (Fig. 2
and fig. S1) in a block-like fashion.

Among the outlierwindows, there is a significant overrepresentation
on the Z chromosome (SI, c2 = 87.064, P < 0.0001; HI, c2 = 79.794, P <
0.0001; PI, c2 = 787.461, P < 0.0001). Because sex chromosomes have a
lower effective population size than autosomes, it can be difficult to
parse out signals of selection from increased rates of genetic drift. How-
ever, DoS estimates on all genes throughout the genome for the three
species comparisons revealedmore extreme estimates of selection on
Z-linked genes compared to autosomes, as well as a lower density of
genes evolving neutrally, although the density distributions were only
significantly different in the HI and SI comparisons (Fig. 5, two-sided
permutation test: HS, P = 0.0649; HI, P < 0.00001; SI, P = 0.0013).
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Fig. 3. Mitochondrial ancestry in the Italian sparrow. (A) fastSTRUCTURE analysis of complete mitochondrial sequences for the house, Italian, and Spanish sparrow
individuals. (B) Mitochondrial haplotype network of all sparrow individuals. (C) Plots of sliding window (1-kb window and 100-bp step) sequence divergence (dXY) along
the mitochondria between the house and Italian (blue) and Spanish and Italian (red) sparrows for three Italian individuals. The top and middle panels depict the mixed
mitochondrial ancestry of two Italian individuals, whereas the bottom panel shows the sole house sparrow ancestry of a single Italian sparrow mitochondria that is
representable for the eight remaining Italian sparrows (see fig. S3).
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Gene ontology analysis of high-divergence regions
Annotated genes residing within the outlier windows were extracted for
ontology analyses, resulting in a total of 83 PI, 159 HI, and 76 SI outlier
genes (table S6).Gene enrichment analysis revealed ontology classes sig-
nificantly overrepresented for each of the three comparisons (Table 5
and tables S7 and S9), several of which have bearing on key traits
separating the species in the system. For the PI genes, one of the signif-
icantly enriched classes was “dorsoventral pattern formation,” which
encompasses a wide range of anatomical features, from body plan to
color patterning. Plumage coloration constitutes a strongmating barrier
in many bird species and is the most conspicuous phenotypic trait
separating males of the focal species (27). Furthermore, the PI windows
included four genes known to be associated with melanogenesis in ver-
tebrates (table S10) (28), and a total of 13 such genes were identified in
theother species comparisons, significantlymore thanexpectedby chance
(one-sided permutation test; P < 0.044). Also enriched in PI windows
were genes involved in the “negative regulation of immune response.”

Two of the eight significantly enriched functional groups in SI
divergence regions include “palate development” and “regulation of
bone morphogenetic protein (BMP) signaling pathway” (Table 5).

BMP proteins have been shown to play a key role in beak morphology
and diversification among Darwin’s finches (29). Another SI gene,
PTCH1, is a craniofacial signaling gene involved in adaptive variation
in lower jaw shape in cichlids (30). These findings suggest that evolution
of craniofacial structures has been an important component driving the
Italian-Spanish divergence. The functional group with the lowest
corrected P values and the highest number of assigned HI genes was
the “regulation of G protein–coupled receptor signaling,” which has
been shown to directly modify behavioral and morphological variation
in birds (Table 5 and table S7) (31).

To test whether the significant gene ontologies foundwithin the out-
lier regions are likely to be observed by chance when sampling windows
from the genome, gene ontology (GO) permutations were also run. For
each outlier window category (SI, PI, and HI), 50 permutations were
performed by randomly sampling the same number of windows as
the category being tested and extracting genes from the resulting
windows. No overlap was found between the permutations and the out-
lier windows in significant GOs. Thus, we find that the outlier windows
differ from the genomic background and that the significantGOgroups
are unlikely to be identified randomly.
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Among the genes within outlier windows, 13 have been previously
identified as candidate reproductive barrier genes between the focal spe-
cies (table S10), a significant overrepresentation (one-sided permutation
test; P < 0.0001). Two of these genes (RPS4 andHSDL2) exhibited steep
genomic clines over the Italian sparrow’s range boundaries, indicating
involvement in reproductive barriers against the parents (13). In addi-
tion, five PI genes (REEP5, A2M, A2ML1, APC, andMIA3) have been
shown to exhibit steep clines within the Italian sparrow range (13),
making them strong candidates for genes under selection in the hybrid
species.

DISCUSSION
Genomic mosaicism in a hybrid species
We demonstrate extensive genomic admixture in an avian homoploid
hybrid species, with significant contributions from both parent species.
The genetic intermediacy of the Italian sparrow is evident through pop-
ulation structure analyses, estimates of population genetic parameters,
and phylogenetic inference. Together with tests confirming introgres-
sion, our data suggest that hybridization has been the main process be-
hind the evolution of the Italian sparrow.

The Italian sparrow exhibits an overall closer affinity to the house
sparrow. Although hybrid speciation at the outset involves an equal
mixing of the two genomes, the contributions from the progenitors will
rarely be balanced in the hybrid species if subsequent backcrossing is
involved (4), causing a genetic bias toward one of the parents. Further-
more, local levels of admixture throughout the genome will vary con-

siderably and largely depend on the factors that rendered allele
combinations compatible yet also allowed for barriers to gene flow
against the parents. Hence, the house sparrow bias in the hybrid ge-
nomemay result froma range of processes.House sparrowsmay simply
have outnumbered the Spanish sparrow during the initial hybridization
events, resulting in an overrepresentation of the former species’ ge-
nomic background. In addition, a bias may be explained by the hybrid
overall experiencing selection that favored alleles from one parent more
than the other, as a result of either adaptive evolution or purging of in-
compatible allele combinations. Intriguingly, the Italian sparrow shares
an almost identical ecology to the human commensal house sparrow,
whereas the Spanish sparrow occupies more mesic habitats. One could
therefore speculate that the Italian sparrow has been exposed to a selec-
tive regime more similar to that experienced by the house sparrow,
thereby causing a bias toward house sparrow alleles at many genes.
Moreover, the extent of intermediacy throughout the Italian sparrow
genomemay indicate that it originated through bursts of parental inter-
breeding, which would retain admixture despite the hybrid being in
contact with either parent, as has been argued for the tiger swallowtail
hybrid system (7).

The mitochondrial analyses of the Italian sparrow revealed
surprising evidence of heteroplasmy in two individuals. Although het-
eroplasmy is uncommon in animals, it has been detected in a range of
species (32), particularly in interspecific hybrids (33, 34), including birds
(35). It has been proposed that the mechanisms destroying paternal
mtDNA in eggsmay break down in hybrids, leading to paternal leakage
during heterospecific crosses (33, 36). Heteroplasmy can be difficult to
detect because nuclear mitochondrial pseudogenes (numts) canmap to
mitochondrial sequences (32), distorting the analysis of true mtDNA.

Table 4. Average population genomic statistics for the high-
divergence windows and the genomic background.

Parameter Species PI HI SI Background

FST Parents 0.380 0.468 0.504 0.329

HI 0.651 0.389 0.109 0.178

SI 0.703 0.125 0.574 0.241

TD House −1.516 0.010 0.292 −0.132

Italian 1.625 −1.007 0.750 −0.206

Spanish −0.979 −0.785 −0.576 −0.374

p House 0.0014 0.0046 0.0057 0.0072

Italian 0.0038 0.0030 0.0057 0.0069

Spanish 0.0008 0.0023 0.0021 0.0050

r2* House 0.4415 0.4901 0.4427 0.3155

Italian 0.5527 0.4309 0.3957 0.2658

Spanish 0.3071 0.3896 0.3395 0.2736

Q† House 0.0021 0.0046 0.0054 0.0073

Italian 0.0029 0.0037 0.0050 0.0073

Spanish 0.0010 0.0027 0.0024 0.0054

*Mean estimates of LD in the form of pairwise r2 estimates for all SNPs
within 1 kb of each other in the specified genomic windows.
†Watterson’s estimator of Q based on the number of segregating sites.
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However, we would have expected sequence divergence patterns to be
more similar between the two admixed individuals if this was the case,
and that sequence coverage thenwould be higher compared to the other
Italian sparrows. In addition, such large mitochondrial regions would
not be expected to alternate in higher sequence divergence from either
parent throughout the entire mitochondrial genome, as we have ob-
served. Hence, we find that heteroplasmy best explains the mitochon-
drial patterns seen in the two Italian sparrow individuals. Further
analysis is required to determine its prevalence and potential fitness
effects in the hybrid lineage.

The role of the Z chromosome in hybrid speciation
Sex chromosomes are known to play a prominent role in the evolution
of reproductive isolation (RI) and speciation and have been suggested
to be where genomic incompatibilities, such as hybrid inviability or
sterility, first develop (3, 37). This has been attributed to faster rate
of adaptive evolution (faster X/Z), reduced recombination, and
overrepresentation of genes related to sex and reproduction (38–40).
Its role in hybrid speciation has been discussed in previous work [see
also Kunte et al. (7) and Elgvin et al. (11)] but has not yet been exten-
sively investigated. The current observation of contrasting patterns of
divergence and polymorphism on Z chromosomes versus autosomes
mirrors results formany other bird taxa, supporting the Z chromosome
as a hotspot in avian speciation. We also found more conspicuous
patterns of mosaicism and stronger selection signals on the Z chromo-

some relative to autosomes. An important consideration of Z chromo-
some evolution is its reduced effective population size relative to that of
autosomes (Ne at Z is three-fourth that of autosomes) due to female
heterogamety. Thismay significantly affect the sorting of parental alleles
through increased rates of fixation via drift or selection, especially in the
initial stages of speciation when the population size is expected to have
been small. However, our DoS estimates on protein-coding substitu-
tions revealed fewer genes under neutrality and more genes subject to
both positive and purifying selection on the Z chromosome. Overall,
and in line with earlier work on the system (11, 13), our data further
support the hypothesis that the Z chromosome has an important role
also in hybrid speciation.

Selection within high-divergence windows
Homoploid hybrid speciation is thought to require rapid development
of isolating barriers because the process is sympatric and the hybrid
lineage thereby risks getting swamped by the homogenizing effect
of gene flow from either parent species (4). Potential mechanisms
of escaping such swamping include the emergence of trait combi-
nations that instantly yield incompatibilities toward the parents via
deleterious epistatic effects (41), assortative mating (42, 43), or
transgressive effects that allow for adaptation to novel ecological
conditions in the hybrid (6, 44).

The SI and HI genomic windows are areas of the genome where the
Italian sparrow has strongly sorted for one parent’s genetic variation

Table 5. Significantly enriched functional groups within outlier windows.

Window type Functional group Bonferroni step-down corrected P

HI Amino acid transport 9.0995 × 10−4

HI Negative regulation of G protein–coupled receptor protein signaling pathway 1.6878 × 10−4

HI Positive regulation of translation 0.0492

HI Regulation of guanosine triphosphatase activity 1.5561 × 10−5

HI Regulation of autophagy 0.0012

HI Regulation of muscle system process 1.4758 × 10−5

SI Behavioral response to nicotine 1.1522 × 10−4

SI Cell differentiation in the spinal cord 0.0026

SI Cell differentiation involved in kidney development 0.0016

SI Erythrocyte homeostasis 0.0205

SI Palate development 0.0201

SI Regulation of BMP signaling pathway 0.0257

SI Regulation of mRNA processing 0.0069

SI Regulation of organ growth 0.0116

PI Cellular response to retinoic acid 0.0042

PI Dorsal/ventral pattern formation 0.0027

PI Negative regulation of innate immune response 0.0081

PI Negative regulation of stress-activated mitogen-activated protein kinase cascade 0.0027

PI Regulation of anion transmembrane transport 0.0017
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and are consequently candidate regions for barriers against the other
parent. The strongest patterns of selection were observed in the SI
windows where there is evidence for positive divergent selection be-
tween the parent taxa, as well as between the Italian and Spanish spar-
rows in coding regions. This is particularly interesting because two of
the significant gene ontologies within this region relate to craniofacial
development and include genes known to affect beak morphology and
diversification amongDarwin’s finches (29). Because beaks are themain
food processing tool in birds, their morphology is often related to indi-
vidual fitness (45) and subject to divergent selection to suit different
foraging ecologies (46), as has been shown in Italian sparrows (47). Be-
cause the Italian sparrow ecologically resembles the house sparrow,
whereas the Spanish sparrow occupiesmoremesic habitats, the SI com-
parisonmay be expected to show increased divergence in genes control-
ling beak size and shape, assuming that habitat preferences affect diet
and that the hybrid followed a similar genetic trajectory to its human
commensal parent. Among the HI windows, the lack of nonsynon-
ymous fixed differences in both HI andHS comparisons is perhaps un-
surprising because these regions appear to be largely neutral in house
sparrows and subject to selection in the Italian and Spanish lineages.
The GO analyses within HI windows revealed significant enrichment
of genes involved in the regulation of G protein–coupled receptor
signaling that are known to directlymodify behavioral andmorphologic
variation in birds (31). However, this group of genes encompasses a
wide range of potential functions, and further investigation is needed
to determine the phenotypic effects of these genes in sparrows.

Regions where the hybrid differentiated from both parents are can-
didate areas of novel divergence in the hybrid lineage. Within these
areas, we find evidence for balancing selection in the Italian sparrow,
which suggests heterozygote advantage (overdominance) in the hybrid.
However, there are multiple processes that have confounding effects on
sequence variation in a hybrid species and thereby the interpretation of
selection signatures, including demography and recombination. It may
be the case that background selection, potentially in areas of low recom-
bination, is occurring within these regions, resulting in negative TD
values in the parents. Reduced recombination is characterized by de-
creased nucleotide diversity in surrounding areas, because positive se-
lection and purifying selection are expected to affect larger genomic
regions due to stronger linkage among sites (48, 49). In a hybrid, the
recombinational landscape may be altered, breaking up haplotype
blocks that are largely conserved in the parental lineages. Under this
scenario, TDvalues are expected to increase and contrast the values seen
in the source lineages, consistent with the positive TD values in the
Italian sparrow. Furthermore, reduced recombination in the parents
may also have led to an accumulation of slightly deleterious alleles,
which cannot easily be purged from the population. With the release
of recombinational blocks in the hybrid, heterosis may occur from
the masking of these deleterious alleles.

Although there are a variety processes that may drive the observed
TD patterns within the outlier windows, the combination of DoS esti-
mates and TD values suggests a role for balancing selection in at least a
portion of the genes within the PI regions. Hybridization can boost ge-
netic variance (6), and through complementary gene action of additive
alleles in parental lineages, transgressive phenotypes outside both
parents’ ranges can arise in hybrids (50). This is one proposed mecha-
nism for how speciation can occur via hybridization as transgressive
traits may allow hybrids to occupy novel ecological niches, in turn, im-
peding gene flow from its parents (4). Hybrids may even displace their
parents ecologically if they experience higher fitness in a given habitat

(51). Furthermore, traits with a history of balancing selection are
expected to bemore likely to result in hybrid transgression because traits
with an intermediate optimummaintain alleles with effects in opposing
directions in the parental lineages, allowing for the additive effects of
complementary genes in the hybrid (50).We found a significant enrich-
ment of genes involved in the regulation of the immune system within
PI genomic regions. The immune system may have a large impact on
individual fitness, and several of its genetic components are expected to
be subject of balancing selection (52). It is possible that the combination
of such alleles in an admixed genome, such as the Italian sparrow, could
have an advantageous effect on the general fitness of the hybrids, there-
by facilitating their spread.

We acknowledge that caution should be taken in drawing con-
clusions about the functional effects of candidate genes from genome
comparisons alone (53). However, the study highlights candidate re-
gions that harbor genes with known associations to traits that are likely
to have a bearing on reproduction in the Passer system. In addition, the
concordance of genes recognized in the current study and the genes ex-
hibiting steep clines in the study by Trier et al. make them—and/or their
adjacent locations—strong candidates for the involvement in the hybrid
speciation process.

CONCLUSION
To our knowledge, our study represents the first detailed investigation
of the genomic admixture in a hybrid species in relation to its parents.
We demonstrate substantial parental contributions throughout an
avian hybrid species that maintains its integrity despite contact with
its parent species. Our study also highlights candidate regions that po-
tentially affect key traits in the system and thereby may have had
instrumental roles in the formation of the hybrid species. Overall, we
argue that the Italian sparrow serves as a well-documented case of the
striking potential of hybridization as a creative force contributing to spe-
cies diversity.

MATERIALS AND METHODS
Experimental design
The main objective of this study comprised a comparative genomic
analysis of the homoploid hybrid species the Italian sparrow and its
parents, the house sparrow and Spanish sparrow. The analytical
framework included whole-genome sequencing of key populations of
the three focal taxa andmapping these to the closely related house spar-
row reference genome assembly. The individual chosen for the
reference genome assembly was an inbred (pedigree F = 0.3125) female
house sparrow (individual ID 8887266) sampled in 2002 on the small
and inbred island of Aldra (54) in northern Norway (66°24′N, 13°6′E;
Lurøy kommune, Nordland). A previous study of genome-wide SNP-
chip genotyping of this population showed that this individual has a low
level of heterozygosity (0.161) compared to the populationmean, which
is advantageous in the reference assembly process.

We used male house sparrows from island populations in northern
Norway (n=10), Italian sparrows fromGuglionesi (n=10), and Spanish
sparrows from Lesina (n = 10), both of the latter locations in central
eastern Italy (Fig. 1 and table S3). In addition, one tree sparrow from
Giardini Naxos in Sicily was added to the sampling scheme to serve
as an outgroup. The sparrows were caught with mist nets, and ~25 ml
of bloodwas extracted through venipuncture of the left brachial vein and
stored in either 1 ml of standard lysis buffer (P. italiae, P. hispaniolensis,
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and P. montanus samples) or 100% ethanol (P. domesticus samples).
The appropriate catching and sampling permits were obtained from
the appropriate authorities for the respective locations.

Reference genome assembly
DNA from the house sparrow chosen for the reference genome
assembly was extracted using the protocol described by Hagen et al.
(55). Detailed information on the reference individual has been
deposited in the National Center for Biotechnology Information
(NCBI) BioSample database under accession number SAMN02929199.

Sequencing for the de novo assembly of the house sparrow reference
genome was performed on an Illumina platform using HiSeq 2000
instruments at the Norwegian Sequencing Centre at the University of
Oslo (www.sequencing.uio.no) and at Génome Québec at McGill Uni-
versity (www.genomequebec.com/en/home.html). The sequencing
strategy, including platform choice, fragment size, and coverage, was
chosen following recommendations of the ALLPATHS-LG assembly
software (Broad Institute, Cambridge, MA). ALLPATHS-LG has prov-
en to be a robust assembler for larger eukaryotic genomes (56), and it
uses a combination of short reads from paired-end and various mate
pair (MP) libraries. For a complete list of the library construction and
sequence yield, see table S1.

All MP library reads were trimmed for adaptor sequences using
cutadapt (v. 1.5) (57). Read files were trimmed for the specific adaptors
used for the various library construction protocols, including external
adapters and junction adapters. The adapter trimming resulted in
between 17.71 and 20.93% of the total bases being discarded be-
fore assembly. All adapter trimmed reads were used as input for
ALLPATHS-LG (v. 46923) (Broad Institute, Cambridge, MA). File
preparation was conducted according to the manufacturer’s recommen-
dations. The main run was performed using the TARGETS=submission
option to make a submission prepared assembly version. The re-
sulting assembly comprised a total of 1.04 Gb divided into 2766
scaffolds≥1 kb (N50 = 66.3 Mb). Each scaffold was blasted against
theNCBI nucleotide database using BLAST+ (v 2.2.29) (58). All scaf-
folds with a top hit that was not avian or reptilian were removed from
the assembly. Only top hits with an e value greater than e−5 and an
alignment length greater than 100 base pairs (bp) were considered
reliable. This resulted in the removal of 195 scaffolds from the
assembly.

For gene annotation of the reference assembly, we used theMAKER
(v. 2.31.8) pipeline (59). This pipeline used RNA sequencing (RNA-seq)
data to collect physical evidence for genes and incorporated additional
gene predictions from other programs [see Yandell et al. (60)]. To
obtain physical evidence for gene annotations, we used RNA-seq
data from a previous project (13), and all of these were downloaded
and assembled with Newbler (v. 3.0; -cdna option) to aid in the genome
annotation. GeneMark-ES (61), with the min_contig option set to
10,000, and CEGMA (62) were first applied on the genome assembly
file. The resulting CEGMA.gff file was then used to train a SNAP
.hmm file (63). Both SNAP and GeneMark .hmm files, in addition to a
transcriptome assembly and UniProt database (www.UniProt.org),
were then fed into a first-pass run of MAKER with the following mod-
ifications to the maker_opts.ctl file: est2genome=1, protein2genome=1,
keep_preds=1, single_exon=1, max_dna_len=300000, and
min_contig=10000. AUGUSTUS (v.3.0.2) (64) was trained on the
transcriptome assembly and a snap model of the MAKER .gff first
run predictions. MAKER was finally run a second round, including
the trained predictions from previous steps, with the CEGMA SNAP

.hmm file replaced by the predictions SNAP model from the MAKER
first run. Only the MAKER second-pass predictions were used for
further analysis. After quality filtering (annotation edit distance
score, ≥0.5), the resulting annotation included 13,685 protein-
coding genes.

Linkage mapping and construction of
chromosome sequences
Populations of P. domesticus on four different islands in the northern
part of Norway (Aldra, Hestmannøy, Leka, and Vega) have been exten-
sively monitored on an individual basis since 1993 [Hestmannøy; for
example, Jensen et al. (45)], 1998 [Aldra; Billing et al. (54)], or 2001
[Leka and Vega; Hagen et al. (55)]. A total of 2290 house sparrows
on these four islands were genotyped on a 10K SNP array developed
for P. domesticus (55), and data were used to construct a complex ped-
igree using the program Cervus (65). A subset of the pedigree, which
included genotype data on 6491 SNPs for 862 individuals included in
105 families, was used in the map construction.

A modified version of the CRIMAP 2.4 software (66), including
added utilities provided by X. Liu and M. Grosz (Monsanto, St. Louis,
MO), was used for the map construction. Initially, SNPs were assigned
to linkage groups (LGs) on the basis of pairwise linkages and the group-
ing algorithm implemented in the AUTOGROUP option of the
program. The analysis assigned 6491 SNPs to 29 larger autosomal
LGs (macrochromosomes), 456 SNPs to an LG corresponding to the
Z chromosome, and 37 SNPs to nine smaller LGs. Four of the smaller
LGs contained one or more SNPs showing weak linkage to markers on
other LGs, suggesting that they could be merged into other linkage
groups, whereas the remaining five LGs built groups on their own, sug-
gesting that they represent microchromosomes. Hence, because the
house sparrow karyotypewas expected to consist of 38 pairs of chromo-
somes [2n = 76; Bulatova et al. (67)], we identified LGs that probably
correspond to 35 of 38 chromosomes.

After the initial grouping of SNPs, markers on the 29 larger auto-
somal LGs were ordered using the BUILD and FLIPSN options in
CRIMAP. Following this, 120 bp flanking each SNPs were positioned
in the house sparrowassembly and used to assign scaffolds to LGs, order
andorientate scaffoldswithinLGs, andbuild sequences for 29 autosomal
chromosomes in P. domesticus. If a scaffold contained only one marker
in the linkage map, then the scaffold was assigned the same orientation
as in the zebra finch genome.

Following the construction of chromosome sequences, the SNP
order within each LG was fine-tuned using physical positions of the
SNPs in the chromosome. The CHROMPIC option in CRIMAP was
then used to phase genotypes within LGs, and a script was written to
correct or remove erroneous genotypes on the basis of unlikely tight
double recombination events. Finally, multipoint linkage maps for the
29 autosomal LGswere constructed using theFIXED optionofCRIMAP
and the Kosambi correction function (68).

Chromosome nomenclature in the house sparrow was determined
by alignments against the zebra finch, flycatcher, and chicken genomes.
To avoid potential confusion by adding new chromosome names for
the smaller linkage groups (microchromosomes), these LGs were not
included as separate chromosomes in the current assembly. Because no
linkage map was constructed for the Z chromosome, scaffolds on this
chromosome were ordered and orientated according to the zebra finch
genome. Moreover, other avian mitochondrial genomes were used to
identify the scaffold containing the house sparrow mitochondrial
genome.
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Sequencing
DNA was isolated using either Qiagen DNeasy 96 Blood and Tissue
Kits (Qiagen N.V.), according to the manufacturer’s instructions,
with the exception of eluting the isolate in EB buffer instead ofAEbuffer
(P. italiae, P. hispaniolensis, and P.montanus samples), or the ReliaPrep
Large Volume HT gDNA Isolation System (Promega) automated on a
Biomek NXp robot (Beckman Coulter), as described by Hagen et al.
(P. domesticus samples).

For each sample, an Illumina TruSeq gDNA 180-bp library was
created and quality-controlled for high-throughput massive parallel
sequencing. The libraries were then sequenced on the Illumina HiSeq
2000 platform with 100 bp read length and three individuals per lane.
All sequencing was performed by the Génome Québec at McGill Uni-
versity (Montreal, Canada) (www.genomequebec.com/en/home.html).

Mapping to the reference genome and variant calling
Before population genomic analyses, interspersed repeat elements were
masked from the assembly with RepeatMasker (v 4.0.5) (A. F. A. Smit,
R. Hubley, and P. Green; RepeatMasker at http://repeatmasker.org).
The default settings were used with the exception of adding the “Do
not mask simple” option, which conservatively masked only inter-
spersed repeats and left regions of low diversity unmasked. The
whole-genome sequences were mapped to the house sparrow assembly
with BWA-MEM (v 0.7.5a-r405) (69) using default settings with the
exception of adding read group identifiers and a -Mparameter to enable
Picard (http://picard.sourceforge.net) compatibility for downstream
analyses. With the mapped reads, we then removed polymerase chain
reaction duplicates withMarkDuplicates in Picard tools (v 1.72) (http://
picard.sourceforge.net) with the default settings for every parameter ex-
cept validation stringency, which was set to lenient. We then realigned
the reads mapped to the house sparrow reference genome using
GATK’s IndelRealigner tool with the default settings.

An SNP set was required for some analyses. Thus, to create an
SNP set from the wgs reads, we used GATK’s Genome Analysis
Toolkit (v 3.2.2) (70, 71). The realigned .bam files were run inGATK’s
HaplotypeCaller to create a genomic variant call format (gVCF) file
for each individual using the default settings. Next, the gVCF files were
genotyped using GATK’s GenotypeGVCFs function. This resulted
in a large VCF file of 37,526,610 SNPs and 5,784,223 indels for all
individuals across the genome.

Variants from the VCF file were further quality-filtered using
VCFtools (v 0.1.12b) (32). SNPs with a genotype quality >20, a quality
value >20, and a mean depth >5 across all individuals were kept as a set
of high-quality variants. In addition, because the downstream analyses
focused on the chromosomes and mitochondria, unplaced scaffolds
were removed, leaving 35,867,119 SNPs and 5,389,326 indels. For some
analyses, further filtering was applied and detailed in the appropriate
methods section.

Ancestry estimates and population structuring
We used NgsAdmix to estimate whole-genome admixture of each
sparrow individual from the focal populations because it estimated ad-
mixture on the basis of genotype likelihoods from the realigned reads
(.bam files) rather than genotype calls. We first calculated genotype
likelihoods from the .bam files mapped to the reference genome in
ANGSD (v 0.911-47-g4705d60) (72) with the parameters -doGlf 2,
-doMajorMinor 1, -SNP_pval 1e-6, -doMaf 1. We also filtered the
reads for quality scores >20. The resulting file was then input into
NgsAdmix and run with K = 2 and K = 3 ancestral populations to

calculate genome-wide admixture for each individual (K = 2 shown
in Fig. 1; K = 3 shown in fig. S6).

The PCAwas run on the filtered SNP set excluding the tree sparrow
using the R package SNPRelate (v 1.6.2) (73). Before the PCA, the SNP
set was LD-pruned for r2 values >0.5 in SNPRelate (l.d.threshold = 0.5).
The PCA was then run for the full nuclear genome for all biallelic sites
(268,962 SNPs) using default settings.

ADMIXTURE (v 1.23) (74) was run in 100-kb stepping windows
across the genome on the SNP set that was further filtered to include
only SNPs with genotypes in at least one individual of each species
(34,776,981 SNPs). A window size of 100 kb was chosen as LD tends
to decay within this distance in the genome (fig. S2). The SNP set
was converted to a BED file format using PLINK (v 1.07) (75). The
ADMIXTURE analysis was run with K = 2 set as the number of
ancestral populations for the analysis. To visualize the admixture of
the parent taxa’s ancestry in the Italian sparrow, a prior was set fixing
the parent species as K1 and K2, so that ancestry estimates to either
the house or the Spanish cluster were inferred for each window
across the Italian sparrow genome. Aside from this, the default set-
tings were used.

In addition, RAxML (v 8.0.26) (17) was run for 100-kb stepping
windows across the genome for SNPs genotyped in at least one individ-
ual in each species. The model was set to “GTRGAMMA,” and the tree
sparrow was designated as the outgroup. The resulting trees for each
window were then categorized on the basis of whether all Italian
sparrow individuals groupedmonophyletically with one of its parents,
in its own clade, or was “unresolved,”meaning the Italian sparrow in-
dividuals did not form a monophyletic group. The same method was
used for 50- and 10-kb stepping windows to test whether window size
affected the proportion of resolved phylogenies.

Mitochondrial analyses
A gVCF file of mitochondrial variants was created separately by
running GATK (v 3.3.0) HaplotypeCaller with its haploid option and,
aside from that, default settings. The gVCF file was then genotypedwith
GATK’s GenotypeGVCFs tool. The resulting VCF file was filtered in
the same manner as the main VCF file in VCFtools (v 0.1.12b) by
removing SNPs with a minimum genotype quality and/or minimum
quality threshold <20 and aminimum depth of 5. Themitochondrial
haplotype network was created in Fitchi (76) using the filtered mito-
chrondrial SNP set. A mitochondrial fastSTRUCTURE (19) analysis
was also performed on the filtered mitochondrial SNP set and was
further filtered for SNPs with a maximum depth of 50 and genotypes
in at least 30% of individuals using the default settings and withK = 2
to show the admixture of the parent taxa’s mitochondria in the Italian
sparrow.

A separate VCF file, including calls for every site, was made using
GATK’s GenotypeGVFs (v 3.3.0) under its default setting with the
exception of its –includeNonVariantSites option and ploidy=1 to
calculate dXY values for the mitochondria. dXY was calculated in
sliding 1-kb sliding windows with 100-bp steps for each sparrow
individual along the mitochondria using Martin et al.’s script
(v. August 2014) with –minimumExploitableData set to 0.3 and the
minimum SNPs per window set to 3. The Mann-WhitneyU test to de-
terminewhether the apparent heteroplasmic individuals differed in cov-
erage was tested in R on the mean depth per Italian sparrow individual
for themitochondrial sequences. Similarly, aMann-WhitneyU test was
implemented in R to determine whether nuclear F estimates for the
Italian sparrows with heteroplasmic mtDNA differed from values of
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the Italian sparrows with house mtDNA. Nuclear F values and
mtDNA coverage were calculated on a per-individual basis using
VCFtools (v 0.1.12b).

A mitochrondrial SNP set run as diploid was also created using
GATK’s (v 3.3.0) GenotypeGVCFs tool under default setting so that
the heterozygosity of each individual’s mtDNA sequence could be esti-
mated. Overall, F values were calculated for each individual using
VCFtools (v 0.1.12b) with the diploid SNP set filtered for a minimum
depth >3 and a maximum depth of 15.

Population genomic analyses in sliding windows
Estimates for FST, nucleotide diversity, and TD were calculated in
overlapping sliding windows 100 kb in size with 25-kb steps with
ANGSD with a minimum quality filter set to >20, minimum mapping
quality >20, and genotype likelihood model of 2. FST values are the
weighted mean FST for each window across the genome. ANGSD
calculated nucleotide diversity as qD, which was divided by the number
of sites in the window to obtain a nucleotide diversity value per site for
the window. TD was calculated using a folded site frequency spectrum
that treats the ancestral state as unknown.

To calculate the density of fixed differences (df) and identify
fixed differences in the genome, the SNP set created with GATK’s
HaplotypeCaller was further filtered so that each population had to
have at least three individuals genotyped for each SNP to ensure that
SNPs genotyped for very few individuals in a population were not
considered fixed differences between species. Fixed differences were
found using the R package PopGenome’s (v 2.1.6) (77) biallelic matrix
function to identify sites where a population is monomorphic and
another population is monomorphic with a different value.

Incomplete lineage sorting complicates inference of hybridization
as the two processes leave similar signatures in the genome and has
therefore been emphasized as a critical test when evaluating hybrid
species. To distinguish between these processes and quantify the ex-
tent of gene flow between the parent and hybrid lineages, we used a
four-taxon ABBA BABA test for introgression (D-statistics) and fd
estimator (18, 78, 79). The analysis uses patterns of ancestral and
derived alleles in the ingroups and outgroups to distinguish between
incomplete lineage sorting and hybridization and has been shown to
be a robust, although conservative, method for identifying intro-
gressed loci (18). Whole-genome ABBA BABA (D-statistics) and
the jack-knifed SE values were calculated for two topologies {(house,
Italian), Spanish [tree]} and {(Spanish, Italian), house [tree]} with the
tree sparrow individual used as the outgroup inANGSD’s ABBABABA
multipopulation tool. The tree sparrow fasta file was created directly
from the .bam file in ANGSD with the -doFasta 3 option. The fd
estimator used to quantify the gene flow based on ABBA BABA statis-
tics was calculated in 100-kb sliding windows with 25-kb steps with the
script fromMartin et al. (v. August 2014) using the high-quality SNP set
with –minimumExploitableData set to 0.3 and the minimum SNPs
per window set to 10. Again, the tree sparrow was designated as the
outgroup.

The decay of LD was calculated across each chromosome for the
three focal taxa by first filtering the SNP set for variants genotyped
for at least 80% of the individuals. Pairwise r2 values were calculated
between all SNPs within a 100-kb window in PLINK (v 1.09b) (75). De-
cay plots were created by binning the distance between SNPs in 1-kb
increments and averaging the r2 values within each bin.

To provide a comparison of LD estimates within and outside of
outlier divergence windows, pairwise r2 values were also calculated in

PLINK (v 1.09b) (75) for all SNPs (genotyped in at least 80% of indi-
viduals) within 1 kb of each other and binned into 100-kb genomic
windows with 25-kb steps where each bin represents the average r2

values for all pairwise comparisons within that window.
DoS estimates were calculated separately for all genes on across the

genome, as well as for sliding windows across the genome between all
three species comparisons (HI, SI, and HS). Nonsynonymous and
synonymous fixed differences and polymorphisms were identified in
PopGenome (v 2.1.6) (77) using the MKT-methods function, and their
values were used to calculate DoS according to the formula by Stoletzki
and Eyre-Walker (25).

Identification of high-divergence windows and genes
To select regions with FST values high against one parent and low
against the other, we subtracted the HI FST value for every sliding
window from the SI FST value and vice versa. We then took the top
1% windows for each hybrid/parent comparison as high-divergence
windows. Regions where the Italian sparrowwas divergent against both
parent species were identified by subtracting the parent’s FST value for
every sliding window from both hybrid/parent comparisons, and the
top 1% windows common to both comparisons were identified as pri-
vate Italian regions of high differentiation (see Eqs. 1 to 3). Genes were
then extracted from the sets of HI, SI, and PI high-divergence windows
(table S6). A gene was considered to be in the genomic window if a por-
tion of it falls within the region.

Statistical analysis: Gene enrichment analysis
and simulations
To investigate whether there were any significantly enrichedGOgroups
or network pathways within the high-divergence windows (SI, HI, and
PI), we ran gene enrichment analyses with the ClueGo (v 2.2.5) plugin
(80) implemented inCytoscape (v 3.3.0) (81). The lists of genes found in
each category of our high-divergence windows were input separately
and tested with a right-sided hypergeometric enrichment test using
both humans (tables S7 to S9) and, next, chickens (tables S11 to S13)
as the model organisms. The GO database BiologicalProcess-GOA (09
February 2016, humans; 09March 2016, chickens) was used along with
the network specificity set tomedium, Bonferroni step-downmethod of
P value correction and a minimum P < 0.05 for reporting results. All
other settings were set as default. The results between human and
chicken analyses were comparable with the chickens being a subset of
the human results (tables S11 to S13) because the human genome was a
better-annotated genome. Thus, the results based on the analysis with
the human reference genome are discussed in the main text.

Gene enrichment analysis permutationswere run to test whether the
enriched gene ontologies from our outlier windows could also be found
when choosing the same number of windows randomly across the ge-
nome. To do this, we used BEDTools (v 2.17.0) (82) shuffle to randomly
select the same number of 100-kb windows as found for the top SI, HI,
and PI regions 50 times for each comparison and excluded windows
that were already selected as high-divergence windows. We then
extracted the genes from all the window selections in the same manner
as genes were extracted from our outlier windows. For each permuta-
tion, we also randomly sampled genes from each gene list so that the
number of genesmatched that of genes found in the outlier comparison
it was simulating. We then ran ClueGo (v 1.8.0) for each permutation
against the human biological process database (09 February 2016,
humans) under the default settings with Bonferroni correction and
counted the number of times the significant gene ontologies from the
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outlier windows also showed up in the randomly selected windows.
None of the enriched gene ontologies from our outlier analyses reoc-
curred during our permutations.

Because important genes for species divergence within our outlier
windows may not fall into single enriched gene groups, we also cross-
checked our candidate genes with genes known to be involved in pig-
mentation and SNPs previously identified as being candidate RI genes
in the system (table S10). Candidate genes previously identified for the
system were the SNP set of species diagnostic markers between the
house and Spanish sparrows by Trier et al. (13). The color gene candi-
date markers were taken from the list identified by Poelstra et al. (28).
We used a permutation approach to test whether the number of previ-
ously identified RI candidate genes and/or candidate color genes among
outlier genes was likely to occur by chance.We randomly sampled out-
lier sets (n = 318 genes) 10,000 times and counted RI/color genes
occurring in each sample to generate a null distribution. We then used
a one-sided test to examine whether the observed number was greater
than the null distribution.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/6/e1602996/DC1
fig. S1. Stepping window ADMIXTURE and RAxML analyses across the Italian sparrow genome.
fig. S2. LD decay across all chromosomes.
fig. S3. Mitochondrial sequence divergence between each Italian sparrow and the parent
populations.
fig. S4. Divergence peaks between the Italian sparrow and either parent taxa on
microchromosomes.
fig. S5. Divergence peaks for PI regions on large chromosomes.
fig. S6. Population structuring analysis of sparrow individuals.
table S1. Sequencing scheme for the house sparrow reference genome assembly.
table S2. Final assembly statistics.
table S3. Sample information.
table S4. Results from genome-wide RAxML analysis.
table S5. Comparison of resolved RAxML phylogenies at variable window sizes.
table S6. ENSEMBLE gene IDs for genes within top divergence windows.
table S7. Significantly enriched GO pathways from ClueGo analysis in HI outlier windows.
table S8. Significantly enriched GO pathways from ClueGo analysis in SI outlier windows.
table S9. Significantly enriched GO pathways from ClueGo analysis in PI outlier windows.
table S10. Genes among outlier windows identified as candidates for the involvement in
melanogenesis and RI in sparrows.
table S11. Significantly enriched GO pathways from ClueGo analysis HI outlier windows with
chickens as the reference genome.
table S12. Significantly enriched GO pathways from ClueGo analysis in SI outlier windows with
chickens as the reference genome.
table S13. Significantly enriched GO pathways from ClueGo analysis in PI outlier windows with
chickens as the reference genome.
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