
This is a repository copy of A genome wide linkage map for the house sparrow (Passer ‐

domesticus) provides insights into the evolutionary history of the avian genome.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/156923/

Version: Published Version

Article:

Hagen, I.J., Lien, S., Billing, A.M. et al. (7 more authors) (2020) A genome wide linkage ‐

map for the house sparrow (Passer domesticus) provides insights into the evolutionary 
history of the avian genome. Molecular Ecology Resources, 20 (2). pp. 544-559. ISSN 
1755-098X 

https://doi.org/10.1111/1755-0998.13134

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


ƔƓƓ Պ|Պ    Mol Ecol Resour. 2020;20:544�559.wileyonlinelibrary.com/journal/men

 

ReceivedĹ ƑƖ May ƑƏƐƖՊ |Պ RevisedĹ ƕ November ƑƏƐƖՊ |Պ AcceptedĹ ƐƏ December ƑƏƐƖ

DOIĹ ƐƏĺƐƐƐƐņƐƕƔƔŊƏƖƖѶĺƐƒƐƒƓ  

R E S O U R C E  A R T I C L E

A genome-wide linkage map for the house sparrow (Passer 

domesticus) provides insights into the evolutionary history of 

the avian genome

Ingerid J. Hagen1,2 Պ|   Sigbjørn Lien3 Պ|   Anna M. Billing1Պ|   Tore O. Elgvin4Պ|   

Cassandra Trier4Պ|   Alina K. Niskanen1,5 Պ|   Maja Tarka1,6 Պ|   Jon Slate7 Պ|     

Glenn-Peter Sætre4Պ|   Henrik Jensen1

This is an open access articѴe under the terms of the Creative Commons Attribution Licenseķ which permits useķ distribution and reproduction in any mediumķ 
provided the originaѴ work is properѴy citedĺ
š ƑƏƑƏ The Authorsĺ Molecular Ecology Resources pubѴished by John WiѴey ş Sons Ltd

1Centre for Biodiversity Dynamicsķ 
Department of BioѴogyķ Norwegian 
University of Science and TechnoѴogyķ 
Trondheimķ Norway
2Norwegian Institute for Nature Research 
ŐNINAőķ Trondheimķ Norway
ƒCentre for Integrative Geneticsķ 
Department of AnimaѴ and AquacuѴturaѴ 
Sciencesķ FacuѴty of Biosciencesķ Norwegian 
University of Life Sciencesķ ܲsķ Norway
4Centre for EcoѴogicaѴ and EvoѴutionary 
Synthesisķ Department of BioѴogyķ 
University of OsѴoķ OsѴoķ Norway
5EcoѴogy and Genetics Research Unitķ 
University of OuѴuķ OuѴuķ FinѴand
6Department of BioѴogyķ Lund Universityķ 
Lundķ Sweden
ƕDepartment of AnimaѴ and PѴant Sciencesķ 
University of SheffieѴdķ Western Bankķ 
SheffieѴdķ UK

Correspondence

Ingerid Jĺ Hagenķ Norwegian Institute 
for Nature Research ŐNINAőķ Trondheimķ 
Norwayĺ
EmaiѴĹ ingeridĺarnesenŠninaĺno

Funding information

NTNUĸ The Norwegian Research CounciѴķ 
GrantņAward NumberĹ ƐƖƐѶƓƕķ ƑƑƐƖƔѵ and 
ƑƑƒƑƔƕĸ The Norwegian Directorate for 
Nature Managementĸ The EUŊcommission

Abstract

The house sparrow is an important modeѴ species for studying physioѴogicaѴķ ecoŊ
ѴogicaѴ and evoѴutionary processes in wiѴd popuѴationsĺ Hereķ we present a medium 
densityķ genome wide Ѵinkage map for house sparrow ŐPasser domesticuső that has 
aided the assembѴy of the house sparrow reference genomeķ and that wiѴѴ provide 
an important resource for ongoing mapping of genes controѴѴing important traits in 
the ecoѴogy and evoѴution of this speciesĺ Using a custom house sparrow ƐƏ K iSeѴect 
IѴѴumina SNP chip we have assigned ѵķƓƖѶ SNPs to ƑƖ autosomaѴ Ѵinkage groupsķ 
based on a mean of ƓƒƏ informative meioses per SNPĺ The map was constructed by 
combining the information from Ѵinkage with that of the physicaѴ position of SNPs 
within scaffoѴd sequences in an iterative processĺ Averaged between the sexesĸ the 
Ѵinkage map had a totaѴ Ѵength of ƑķƏƏƓ cMķ with a Ѵonger map for femaѴes ŐƑķƑƓƏ cMő 
than maѴes ŐƐķѶƏƐ cMőĺ AdditionaѴѴyķ recombination rates aѴso varied aѴong the chroŊ
mosomesĺ Comparison of the Ѵinkage map to the reference genomes of zebra finchķ 
coѴѴared fѴycatcher and chickenķ showed a chromosome fusion of the two avian chroŊ
mosomes Ѷ and ƓA in house sparrowĺ LastѴyķ information from the Ѵinkage map was 
utiѴized to conduct anaѴysis of Ѵinkage disequiѴibrium ŐLDő in eight popuѴations with 
different effective popuѴation sizes ŐNeő in order to quantify the background ѴeveѴ 
LDĺ Togetherķ these resuѴts aid the design of future association studiesķ faciѴitate the 
deveѴopment of new genomic tooѴs and support the body of research that describes 
the evoѴution of the avian genomeĺ
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ƐՊ |ՊINTRODUC TION

Recent technoѴogicaѴ advances have decreased the cost of next genŊ
eration sequencing and made the technoѴogy broadѴy avaiѴabѴe for 
nonŊmodeѴ speciesĺ WhoѴe genome sequencing and the construcŊ
tion of draft genome assembѴies have become routine and are curŊ
rentѴy appѴied to nonŊcommerciaѴ species for the purpose of studies 
in ecoѴogy and evoѴution ŐEѴѴegrenķ ƑƏƐƓőિĺ WhiѴe a draft genome 
assembѴy accurateѴy describes the physicaѴ position of genes aѴong 
scaffoѴdsķ it does not provide information about the order and oriŊ
entation of scaffoѴds and highŊѴeveѴ chromosome organizationĺ 
As suchķ evoѴutionary information cannot be found in highѴy fragŊ
mented assembѴiesĺ In contrastķ Ѵinkage maps are inaccurate at a fine 
scaѴe due to difficuѴties of resoѴving recombination between adjaŊ
cent markersķ but highѴy vaѴuabѴe to describe genome structure at 
the chromosome ѴeveѴĺ Combining the two resources can be used 
to order and orientate scaffoѴds aѴong Ѵinkage groups to generate 
chromosomeŊscaѴe assembѴies ŐFierstķ ƑƏƐƔőĺ

The comprehensive information in a reference genome cannot be 
fuѴѴy utiѴized without further knowѴedge about the genetic distance 
between Ѵoci and the pattern of inheritanceĺ Linkage maps repreŊ
sent an invaѴuabѴe tooѴ in this respectķ as they describe the genetic 
distance aѴong the chromosomesĸ that is the ѴikeѴihood that two Ѵoci 
are inherited together and the frequency at which their association 
is broken by crossing over during meiosisĺ Recombination is a fundaŊ
mentaѴѴy important force in evoѴutionķ as it creates new hapѴotypes 
by breaking up associations between Ѵinked Ѵociķ thus increasing hapŊ
Ѵotype variation and improving the efficiency of naturaѴ seѴectionĺ 
WhiѴst advantageous gene combinations may be disruptedķ recombiŊ
nation may aѴso break associations between disadvantageous aѴѴeѴes 
and favourabѴe mutations at Ѵinked Ѵoci ŐKawakami et aѴĺķ ƑƏƐƕőĺ The 
rate of recombination is therefore expected to correѴate with rate of 
adaptive evoѴutionĺ

The rate of recombination is not uniformķ but eѴevated in genomic 
hotspotsķ aѴso caѴѴed ļfragiѴe sitesĽ characterized by specific repeats 
Ősee AguiѴera ş GomezŊGonzaѴezķ ƑƏƏѶ for reviewőĺ GenomeŊwide 
and siteŊspecific recombination rates are species specific and inŊ
formation in Ѵinkage maps cannot be extrapoѴated between taxaķ 
aѴthough some generaѴ trends existĺ Due to at Ѵeast one obѴigate 
crossover for each chromosome pair prior to segregationķ the rate 
of recombination per physicaѴ unit of distance generaѴѴy increases 
with decreasing chromosome size ŐEѴѴegrenķ ƑƏƐƏĸ Kabackķ Guacciķ 
Barberķ ş Mahonķ ƐƖƖƑőĺ In the zebra finch ŐTaeniopygia guttataőķ 
hotspots were detected on average every ƑƐƔ kbķ with a totaѴ of 
nearѴy ƓķƏƏƏ hotspots ŐSinghaѴ et aѴĺķ ƑƏƐƔőĺ These were in the proxŊ
imity of GC rich regionsķ gene promotor regions and transcription 
startņstop sitesĺ In zebra finch and coѴѴared fѴycatcher ŐFicedula albi-

collisőķ these hotspots are often associated with chromosome endsķ 
whiѴst areas near centromeric regions are characterized as recomŊ
bination deserts ŐBackstrक़m et aѴĺķ ƑƏƐƏĸ BoѴझvarķ MugaѴķ Naterķ ş 
EѴѴegrenķ ƑƏƐѵĸ Kawakami et aѴĺķ ƑƏƐƕőĺ Different species of finches 
show greater conservation in the Ѵocation of recombination hotspots 
than do mammaѴs ŐSinghaѴ et aѴĺķ ƑƏƐƔőķ perhaps in concordance with 

the higher degree of synteny in bird genomes compared to mamŊ
maѴs ŐBackstrक़m et aѴĺķ ƑƏƐƏĸ EѴѴegren et aѴĺķ ƑƏƐƑőĺ Moreoverķ severaѴ 
studies spanning a wide variety of taxa have reported sex specific 
recombination ratesķ aѴso termed heterochiasmy ŐHanssonķ ܲkessonķ 
SѴateķ ş Pembertonķ ƑƏƏƔĸ Johnstonķ Huismanķ EѴѴisķ ş Pembertonķ 
ƑƏƐƕĸ Lien et aѴĺķ ƑƏƐƐőķ aѴthough no cѴear pattern exists with respect 
to the sex that dispѴays the eѴevated recombination rateĺ

Linkage maps were previousѴy Ѵimited to humans ŐHomo sapienső 
ŐWeissenbach et aѴĺķ ƐƖƖƑő and modeѴ or Ѵife stock species such as mice 
(Mus musculuső ŐCopeѴand et aѴĺķ ƐƖƖƒőķ sheep ŐOvis arieső ŐCrawford 
et aѴĺķ ƐƖƖƔőķ zebra finch ŐBackstrक़m et aѴĺķ ƑƏƐƏő or AtѴantic saѴmon 
(Salmo salarő ŐLien et aѴĺķ ƑƏƐƐőĺ With the advancement of genotyping 
technoѴogyķ Ѵinkage maps from many wiѴd popuѴations have become 
avaiѴabѴeķ and incѴude great reed warbѴer ŐAcrocephalus arundinaceuső 
Őܲkessonķ Hanssonķ HasseѴquistķ ş Benschķ ƑƏƏƕőķ red deer ŐCervus 

elaphuső ŐJohnston et aѴĺķ ƑƏƐƕőķ coѴѴard fѴycatcher ŐFicedula albicolliső 
ŐKawakami et aѴĺķ ƑƏƐƓőķ great tit ŐParus majorő Ővan Oers et aѴĺķ ƑƏƐƓő 
and Soay sheep ŐSѴate et aѴĺķ ƑƏƐƏőĺ These Ѵinkage maps greatѴy faŊ
ciѴitate association studies in wiѴd popuѴationsķ often with the aim 
of mapping genes for ecoѴogicaѴѴy important phenotypesĺ In this 
contextķ the extent of Ѵinkage disequiѴibrium ŐLDő is importantĹ LD 
describes the nonrandom association between aѴѴeѴes at different 
Ѵociĺ A Ѵong LD range suggests that fewer markers are needed to deŊ
tect an associationķ but it aѴso impѴies that the underѴying causative 
variants wiѴѴ be more difficuѴt to identify ŐLindbѴadŊToh et aѴĺķ ƑƏƏƔőĺ 
Higher LD is the resuѴt of genetic driftķ naturaѴ seѴectionķ and popŊ
uѴation structureņadmixtureķ whiѴst the breakdown of LD is mainѴy 
caused by recombination ŐDe La Vega et aѴĺķ ƑƏƏƔőĺ Because the efŊ
fective size of a popuѴation refѴects the rate of genetic driftķ LD is 
expected to increase with decreasing popuѴation sizeĺ Information 
about LD in different focaѴ popuѴations is therefore important when 
carrying out association studiesĺ

ImportantѴyķ Ѵinkage maps provide insight into the evoѴution of 
the avian genomeķ which is characterized by a high chromosome 
number and a karyotype consisting of a mixture of microchromoŊ
somes and a few Ѵarger macrochromosomes that may differ by as 
much as an order of magnitude in size ŐRodionovķ ƐƖƖѵőĺ Despite 
Ѵong evoѴutionary divergence timesķ the avian karyotype has proved 
to be remarkabѴy weѴѴ conserved compared to other amniotic taxa 
such as mammaѴs ŐBackstrक़m et aѴĺķ ƑƏƐƏķ ƑƏƏѶĸ EѴѴegren et aѴĺķ ƑƏƐƑĸ 
Kawakami et aѴĺķ ƑƏƐƓőĺ Passerine birds diverged from GaѴѴiformes 
approximateѴy ƐƏƏ miѴѴion years ago ŐMYAő ŐTuinenķ SibѴeyķ ş Hedgesķ 
ƑƏƏƏőķ and whiѴe Passeriformes is the Ѵargest and most diverse bird 
cѴadeķ the synteny is simiѴar in aѴѴ species investigated Őܲkesson et 
aѴĺķ ƑƏƏƕĸ Backstrक़m et aѴĺķ ƑƏƐƏĸ Kawakami et aѴĺķ ƑƏƐƓĸ van Oers 
et aѴĺķ ƑƏƐƓőĺ

The house sparrow ŐPasser domesticuső is a smaѴѴ passerine bird 
that has served as a modeѴ species of a number of evoѴutionaryķ 
physioѴogicaѴ and ecoѴogicaѴ studies ŐAndersonķ ƑƏƏѵőĺ The house 
sparrow is native to Europe and Asiaķ and due to introductions 
aided by humansķ the species is now estabѴished on aѴѴ major 
habitabѴe Ѵand masses across the gѴobe ŐAndersonķ ƑƏƏѵőĺ House 
sparrows are nonmigratory with a Ѵow dispersaѴ rate from their 
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nataѴ area ŐP࢜rnķ Ringsbyķ Jensenķ ş Sætherķ ƑƏƐƑő and popuѴaŊ
tions and individuaѴs can be monitored over muѴtipѴe yearsĺ The 
house sparrow is commensaѴ with humansķ individuaѴs are easiѴy 
captured using mist netsķ and the species wiѴѴ readiѴy make use of 
nest boxesķ which again faciѴitates the access to eggs and chicksĺ 
Togetherķ these characteristics make popuѴations of house sparŊ
rows suitabѴe for pedigree studiesĺ UntiѴ recentѴyķ genomic reŊ
sources for the house sparrow were Ѵacking and the genetic tooѴs 
were Ѵimited to microsateѴѴites ŐDawson et aѴĺķ ƑƏƐƑőĺ A custom 
made ƐƏ K IѴѴumina SNP array represented the first genomic reŊ
source ŐHagen et aѴĺķ ƑƏƐƒő and has greatѴy faciѴitated further deŊ
veѴopment of genetic tooѴsĺ A major recent achievement has been 
the house sparrow reference genome ŐEѴgvin et aѴĺķ ƑƏƐƕőķ which 
was deveѴoped in concert with the house sparrow Ѵinkage map 
presented hereinĺ The house sparrow Ѵinkage map is constructed 
based on ѵķƓƖѶ genome wide SNPs and a pedigree of ѶѵƑ indiŊ
viduaѴs incѴuded in ƐƏƔ famiѴiesķ and represents an important 
resource for further popuѴation studiesķ association studies and 
for comparative evoѴutionary anaѴysisĺ We have estimated reŊ
combination rate across the house sparrow genome and investiŊ
gated how it varies with sexķ chromosome size and distance from 
chromosome endsĺ Moreoverķ we have identified chromosomaѴ 
synteny between house sparrow and zebra finchķ fѴycatcher 
and chickenķ respectiveѴyķ and estimated the gѴobaѴ genomic LD 
in eight geographicaѴѴy separated house sparrow popuѴations of 
varying effective sizesĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊBѴood sampѴing and pedigree

The sampѴes used in the Ѵinkage anaѴysis were coѴѴected from ƐƖƐƏ 
individuaѴs from four different isѴand popuѴationsĹ AѴdra ŐN Ʒ ƒƓѶőķ 
Hestmannøy ŐN Ʒ ƓƓѶőķ Leka ŐN Ʒ ƔƐƐő and Vega ŐN Ʒ ѵƏƒő Ősee 
TabѴe Ɛő during the years ƐƖƖѶŋƑƏƐƐĺ Due to the isoѴated nature 
of the popuѴations ŐHagen et aѴĺķ ƑƏƐƒőķ these sampѴes constitute 
four different pedigreesĺ The pedigrees were constructed using 
individuaѴ microsateѴѴite genotypes and knowѴedge of which indiŊ
viduaѴs were potentiaѴ mothers and fathers of offspring produced 
in different years in the program CERVUS 3.0 ŐKaѴinowskiķ Taperķ ş 
MarshaѴѴķ ƑƏƏƕőĸ for detaiѴs see BiѴѴing et aѴĺ ŐƑƏƐƑő and KvaѴnes 
et aѴĺ ŐƑƏƐƕőિĺ AdditionaѴѴyķ we used sampѴes coѴѴected from the 
isѴands of Gjærøy ŐN Ʒ ѶƖőķ Indre Kvarøy ŐN Ʒ ƖƓőķ Myken ŐN Ʒ ƔƑő 
and Nesøy ŐN Ʒ ƒѵőĺ These individuaѴs were not incѴuded in the 
pedigrees used in the Ѵinkage anaѴysis but were used for estimatŊ
ing popuѴationŊspecific ѴeveѴs of Ѵinkage disequiѴibriumĺ The estiŊ
mated average annuaѴ effective popuѴation size ŐNeő for each of 
the isѴand popuѴations are from Stubberud et aѴĺķ ŐƑƏƐƕő and are 
presented in TabѴe Ɛĺ Extraction of the bѴood sampѴes and subŊ
sequent genotyping on the ƐƏ K IѴѴumina iSeѴect HD BeadChip is 
described in detaiѴ in Hagen et aѴĺ ŐƑƏƐƒőĺ The resuѴts were scored 
using GenomeStudio ŐIѴѴuminaő foѴѴowing the manufacturerŝs 

guideѴines ŐIѴѴuminaķ Incĺ ƑƏƐƏőĺ We used PLINK version ƐĺƏƕ ŐPurceѴѴ 
et aѴĺķ ƑƏƏƕő for further quaѴity controѴĺ Markers with a minor aѴŊ
ѴeѴe frequency ŐMAFő ƺ ƏĺƏƐ were removedĺ Firstķ we removed 
markers that deviated significantѴy from HardyŊWeinberg equiŊ
Ѵibrium frequencies within the four popuѴations used in Ѵinkage 
mapping Őn Ʒ Ɛѵƒőĺ Nextķ markers with a minor aѴѴeѴe frequency 
ŐMAFő ƺ ƏĺƏƏƔ Őn Ʒ ƐķƓѵƑőķ and individuaѴs with ƻƐƏѷ missing 
genotypes were removedĺ FinaѴѴyķ we removed SNPs with ƻƑƏ 
MendeѴian errors based on parentŊoffspring Ѵinks in the microsŊ
ateѴѴite pedigrees Őn Ʒ ƕƒőĺ After quaѴity controѴ our data set conŊ
sisted of ѵķƕѵƓ ŐautosomaѴő SNPs typed in ƐķѶƖѶ individuaѴsĺ

ƑĺƑՊ|ՊConstruction of the Ѵinkage map

The Ѵinkage map was constructed in concert with the house sparŊ
row reference genome ŐEѴgvin et aѴĺķ ƑƏƐƕőĺ A modified version of 
the CRIMAP 2.4 software ŐGreenķ FaѴѴsķ ş Crooksķ ƐƖƖƏőķ incѴuding 
added utiѴities that prepare text fiѴes to faciѴitate downstream anaѴŊ
ysis of Ѵarge marker sets provided by XueѴu Liu and MichaeѴ Grosz 
ŐMonsantoőķ were used for the map constructionĺ Preceding the 
mapping procedureķ the microsateѴѴite pedigrees were corrected 
using caĺ ƒķƕƏƏ of the SNPsķ and spѴit into ƐƏƔ separate and smaѴѴer 
famiѴies with eight individuaѴs on average ŐrangeĹ Ɠŋƒƕőķ in which 
both parents were known for on average seven individuaѴs in the 
famiѴyĺ Among famiѴiesķ ѵƓѷ incѴuded onѴy individuaѴs for which 
both parents were knownķ whereas ƒƖѷ of the famiѴies incѴuded at 
Ѵeast one individuaѴ with onѴy one known parentĺ No individuaѴs had 
two missing parentsĺ InitiaѴѴyķ SNPs were assigned to Ѵinkage groups 
ŐLGső based on pairwise Ѵinkages and the grouping aѴgorithm impѴeŊ
mented in the AUTOGROUP option of the programĺ Of the initiaѴ 
ѶķƖƔƕ SNPsķ the Ѵinkage anaѴysis assigned ѵķƓƖѶ SNPs to ƑƖ autoŊ
somaѴ LGs which comprise the Ѵinkage map presented in this studyĺ 
AdditionaѴѴyķ ƓƔѵ SNPs were assigned to an unmapped Ѵinkage 
group corresponding to the Z chromosomeĺ After the initiaѴ groupŊ
ing of SNPsķ markers on the ƑƖ autosomaѴ LGs were ordered using 
the BUILD and FLIPSN options in CRIMAPĺ FoѴѴowing thisķ ƐƑƏ bp 
fѴanking each SNP was positioned in the house sparrow genome asŊ
sembѴy using BLAST and used to assign scaffoѴds to LGsķ order and 
orientate scaffoѴds within LGsķ and buiѴd sequences for ƑƖ autosoŊ
maѴ chromosomes in P. domesticus ŐEѴgvin et aѴĺķ ƑƏƐƕőĺ If a scaffoѴd 
contained onѴy one marker in the Ѵinkage mapķ the scaffoѴd was asŊ
signed the same orientation as in the zebra finch genomeĺ FoѴѴowing 
the construction of chromosome sequencesķ the SNPŊorder within 
each LG was fineŊtuned using physicaѴ positions of the SNPs in the 
chromosomeĺ The CHROMPIC option in CRIMAP was then used to 
phase genotypes within Ѵinkage groupsĺ CHROMPIC output were 
utiѴized to identify doubѴe recombination events caused by singѴe 
SNPsĺ Such events are considered highѴy dubiousķ most probabѴy 
caused by genotyping errorsķ and the genotypes were zeroed out 
before constructing the finaѴ version of Ѵinkage mapsĺ FinaѴѴyķ muѴtiŊ
point Ѵinkage maps for the ƑƖ autosomaѴ Ѵinkage groups in the ѴinkŊ
age map were constructed using the FIXED option of CRIMAP and 
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the Kosambi map function ŐKosambiķ ƐƖƓƒőિĺ Chromosome nomenŊ
cѴature in house sparrow was determined by aѴignments against 
the zebra finchķ fѴycatcher and chicken genomes and named Pdom 
ƐŋƐƔķ Pdom ƐƕŋƑѶķ Pdom ƐA and LGEƑƑķ where Pdom is derived 
from the scientific nameĺ

ƑĺƒՊ|ՊAnaѴysis of recombination rate and 
genome structure

We investigated the reѴationship between physicaѴ Ѵength and geŊ
netic Ѵength of aѴѴ mapped chromosomes using Ѵinear regression in 
R version ƒĺƔĺƒ ŐR Core Teamķ ƑƏƐѶőĺ The mean recombination rate 
of macroŊ and microchromosomes ŐѴarger and smaѴѴer than ƒƔ Mbpőķ 
according to the karyotype described in BuѴatovaķ RadjabѴiķ and 
Panov ŐƐƖƕƑő was compared using tŊstatistics in Rĺ To characterŊ
ize how recombination rate varies with distance from chromosome 
endsķ recombination rates were characterized in Ɛ Mbp bins aѴong 
the chromosomes and the physicaѴ Ѵength of each chromosome adŊ
justed to a reѴative size of Ə Őstartő to Ɛ Őendőĺ Due to size dependent 
recombination patternsķ we visuaѴised the recombination Ѵandscape 
of macrochromosomes ŐPdom ƐA and ƐŋѶő and microchromoŊ
somes ƺ ŐPdom ƖŋƑѶő separateѴyĺ

ƑĺƓՊ|ՊChromosomaѴ rearrangements

For visuaѴization of the aѴignments of the house sparrow genome 
with the genomes of zebra finchķ chicken and coѴѴared fѴycatcherķ 
we used CIRCOS version ƏĺѵƕŊƕ ŐKrzywinski et aѴĺķ ƑƏƏƖőĺ To obŊ
tain input fiѴes for CIRCOSķ we aѴigned the house sparrow genome 
ŐGenBank accession MBAEƏƏƏƏƏƏƏƏő with each of the three 

target genomes ŐGenBank accession numbers AGTOƏƑƏƏƏƏƏƏķ 
ABQFƏƏƏƏƏƏƏƏ and AADNƏƏƏƏƏƏƏƏő using Satsuma SYNTENY verŊ
sion ƑĺƏ ŐGrabherr et aѴĺķ ƑƏƐƏőĺ To get a measure of the percentŊ
age of interchromosomaѴ rearrangements on the ƑƖ mapped house 
sparrow chromosomes compared to zebra finchķ chicken and coѴŊ
Ѵared fѴycatcherķ we estimated the pairwise Ѵength of rearranged 
sequence for each chromosomeĺ Chickenķ fѴycatcher or zebra 
finch sequences that were in opposite direction than in the house 
sparrow genome were defined as ľnegative ѴengthĿķ and the totaѴ 
Ѵength of ľnegative sequenceĿ was summarised for each speciesĺ 
Due to chromosomaѴ rearrangements between speciesķ house 
sparrow chromosomes ƐA and Ɛ were compared with chicken 
chromosome Ɛķ and house sparrow chromosome Ѷ was compared 
with chicken chromosomes Ɠ and Ѷĺ House sparrow chromosome 
Ѷ was compared with zebra finch and coѴѴared fѴycatcher chromoŊ
somes ƓA and Ѷĺ

ƑĺƔՊ|ՊVaѴidation of interchromosomaѴ fusion

We utiѴized REAPR Őv ƏĺƐĺƖő ŐHunt et aѴĺķ ƑƏƐƒő and the Ѷ and ƐƏ kb 
mateŊpair sequencing Ѵibraries from the house sparrow geŊ
nome assembѴy to further vaѴidate the fusion of chromosomes 
ƓA and Ѷ identified in the Ѵinkage mapĺ REAPR uses short reads 
to score bases and Ѵong insert Ѵibraries to identify assembѴy 
errorsĺ To identify potentiaѴ assembѴy errorsķ both mateŊpair 
Ѵibraries were separateѴy mapped to the house sparrow assemŊ
bѴy using the defauѴt settings of BWA-MEM Őv ƏĺƕĺƐƕő ŐLiķ ƑƏƐƒő 
with the ŊM parameter added for Picard compatibiѴityĺ The 
resuѴting bam fiѴes were sorted with Picard Őv ƐĺƖĺѵő SortSam 
and dupѴicates were marked with Picard MarkDupѴicates with 
vaѴidation stringency set to ľѴenientĿĺ The fuѴѴ REAPR pipeѴine 
of assembѴy evaѴuation was then run using the REAPR pipeѴine 

Island population Sampling years Number of samples Population Ne

Nesøy ƐƖƖƔķ ƑƏƏƒķ ƑƏƐƐ ƒѵ ѶĺƒƏ

Gjærøy ƐƖƖƔķ ƑƏƏƒķ ƑƏƐƐ ѶƖ 15.90

Indre Kvarøy ƐƖƖƔķ ƑƏƏƒķ ƑƏƐƐ Ɩƒ ƐѶĺƐƏ

Myken ƐƖƖƔķ ƑƏƏƒķ ƑƏƐƐ 52 ƕĺƒƑ

HestmannøyŖ ƐƖƖѶŋƑƏƐƐ ŐƓƓѶő ƓƖƏ ƔƒĺƖƔ

AѴdraŖ ƐƖƖѶŋƑƏƐƐ ŐƒƓѶő ƒƓѶ ѶĺѵƏ

LekaŖ 2002�2010 ŐƔƐƐő ƔƐƐ ƑѶĺƒѶ

VegaŖ 2002�2010 ŐѵƏƒő ѵƏƒ ƒƕĺƏƏ

Note: For the isѴands with three sampѴing yearsķ the sampѴe consisted of aduѴts present on the 
isѴand in one or more of those yearsĺ For AѴdraķ the sampѴe consisted of aѴѴ individuaѴs ŐaduѴtsķ 
fѴedgѴings and fѴedged juveniѴeső present on the isѴand in the period ƐƖƖѶŋƑƏƐƐĺ For Hestmannøy 
the sampѴe consisted of a Ѵarge proportion of aduѴts present on the isѴand during the time period 
ƐƖƖѶŋƑƏƐƐĺ For Leka and Vegaķ the sampѴes consisted of a Ѵarge proportion of aduѴts present 
during the time period ƑƏƏƑŋƑƏƐƏĺ PopuѴations donated with Ŗ were used in the assembѴy of the 
Ѵinkage mapĺ Numbers in parenthesis represent the number of individuaѴs from each popuѴation 
that were used in the Ѵinkage map assembѴyķ aѴѴ other numbers represent individuaѴs used in LD 
anaѴysisĺ

TA B L E  Ɛ Պ Number of sampѴes Őafter 
quaѴity controѴő and average annuaѴ 
effective popuѴation sizes ŐNeő for each of 
the isѴand popuѴations

info:ddbj-embl-genbank/MBAE00000000
info:ddbj-embl-genbank/AGTO02000000
info:ddbj-embl-genbank/ABQF00000000
info:ddbj-embl-genbank/AADN00000000
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command and defauѴt settingsĺ LastѴyķ the Ѵocation of the fuŊ
sion between chromosomes Ѷ and ƓA was compared with reŊ
suѴts from the REAPR anaѴysis to determine if REAPR agreed with 
the fusionĺ

ƑĺѵՊ|ՊAnaѴysis of Ѵinkage disequiѴibrium

For the anaѴysis of LDķ we used ѵķƓƖƏ SNPs for ƑѶ autosomaѴ LGs 
ŐexcѴuding the eight SNPs on LGEƑƑőķ and genotypes from individuŊ
aѴs that originate from the foѴѴowing eight popuѴationsĹ AѴdraķ Gjærøyķ 
Hestmannøyķ Indre Kvarøyķ Lekaķ Mykenķ Nesøy and Vega Ősee TabѴe Ɛőĺ 
The genotypes were based on the data set described in Hagen et aѴĺ 
ŐƑƏƐƒőિ with additionaѴ ƑƕƐ sampѴes genotyped on the house sparrow 
ƐƏK IѴѴumina SNP arrayĺ The additionaѴ sampѴes were storedķ extracted 
and genotyped as previousѴy described in Hagen et aѴĺ ŐƑƏƐƒőĺ AnaѴysis of 
LD were carried out in PLINK version ƐĺƏƕ ŐPurceѴѴ et aѴĺķ ƑƏƏƕő and R verŊ
sion ƒĺƔĺƒ ŐR Core Teamķ ƑƏƐѶőĺ For measures of LDķ we used the squared 
correѴation coefficient r2ķ which is considered the most robust parameter 
of LD ŐKrugѴyakķ ƐƖƖƖőિĺ We quantified LD in six bins of Ɣ Kbp spanning 

ƏŋƒƏ Kbpķ seven bins of ƐƏ Kbp spanning ƒƏŋƐƏƏ Kbp as weѴѴ as adŊ
ditionaѴ bins spanning ƐƏƏŋƑƏƏ Kbpķ ƑƏƏŋƔƏƏ Kbpķ ƔƏƏŋƐķƏƏƏ Kbpķ 
ƐķƏƏƏŋƑķƏƏƏ Kbp and ƑķƏƏƏŋƒķƏƏƏ Kbpĺ Linkage disequiѴibrium was 
estimated separateѴy in each popuѴationĺ As a measure of background 
LDķ we used the LD estimate obtained for the ƑķƏƏƏŋƒķƏƏƏ Kbp binĺ The 
reѴationship between background LD and average effective popuѴation 
sizes for each of the eight popuѴations was tested using a Ѵinear modeѴ in 
R version ƒĺƔĺƒ ŐR Core Teamķ ƑƏƐѶőĺ As estimates of Ne for seven of the 
isѴands ŐAѴdraķ Gjerøyķ Hestmannøyķ Indre Kvarøyķ Nesøyķ Leka and Vegaő 
we used the estimates of ѴocaѴ demographic variance Ne in Stubberud et 
aѴĺ ŐƑƏƐƕő ŐTabѴe Ɛőĺ ImportantѴyķ these Ne estimates account for effects 
of overѴapping generations and environmentaѴ stochasticity on the rate 
of genetic driftķ in addition to variation in popuѴation sizeķ and amongŊ
individuaѴ variation in survivaѴ and reproduction within the ѴocaѴ popuŊ
Ѵation ŐEngenķ Landeķ Sætherķ ş Gienappķ ƑƏƐƏőĺ For the eighth isѴandķ 
Mykenķ onѴy aduѴt popuѴation size N was avaiѴabѴeĺ Henceķ to obtain Ne 

we muѴtipѴied the mean observed aduѴt popuѴation size at Myken during 
the years ƐƖƖƒŋƑƏƏƖ ŐN Ʒ ƑƏĸ BaaѴsrud et aѴĺķ ƑƏƐƓő with the average 
NeņN ratio Őusing generation time T Ʒ ƐĺƖƕő for the other seven isѴands 
ŐNeņN Ʒ Əĺƒѵѵőĺ

F I G U R E  Ɛ Պ Marker density for aѴѴ 
mapped autosomaѴ house sparrow ŐPasser 

domesticuső chromosomes indicated in 
Ɛ Mbp binsĺ The verticaѴ Ѵength of each 
chromosome represents the physicaѴ 
size ŐMbő ŒCoѴour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊLinkage anaѴysis

The Ѵinkage anaѴysis mapped ѵķƓƖѶ SNPs to ƑƖ autosomaѴ chromoŊ
somes ŐƐŋƐƔķ ƐƕŋƑѶķ ƐA and LGEƑƑő ŐFigure Ɛķ TabѴe Ƒőĺ For accurate 
physicaѴ and genetic marker positions and information on number 
of informative meioses for each markerķ see TabѴe SƐĺ The sex averŊ
aged Ѵinkage map had a Ѵength of ƑķƏƏƓĺƔ cMķ with a Ѵonger map 
for femaѴes ŐƑķƑƒƖĺƕ cMő than for maѴes ŐƐķѶƏƐĺƒ cMőķ a difference 
corresponding to a ƐĺƑƓ times higher recombination rate in femaѴes 
than maѴes ŐTabѴe Ƒőĺ

ƒĺƑՊ|ՊRecombination rate and genome structure

It is apparent that house sparrow chromosomes Ѵack the strong sŊ
shaped or sigmoid recombination rate pattern that is seen in zebra 
finch ŐFigure Ƒőĺ Insteadķ recombination rates aѴong the chromosomes 
more cѴoseѴy resembѴes the Ѵinear pattern that is seen in chickenĺ 
Howeverķ the recombination rate varied both within and between 
chromosomes in the house sparrow genomeĹ recombination rates 
were greater for microchromosomes ŐѵĺƓƐ cMņMbpő than for macroŊ
chromosomes ŐƐĺƕѶ cMņMbpő ŐoneŊsided t testķ p Ʒ ĺƏƏƐő ŐFigure ƒőĺ 
AdditionaѴѴyķ the recombination pattern aѴong the chromosomes difŊ
fers between microŊ and macrochromosomesĺ Macrochromosomes 

TA B L E  Ƒ Պ Number of SNP markersķ physicaѴ size Őbpőķ average distance between markers Őbpőķ and maѴeķ femaѴe and average 
recombination rate ŐcMő for each autosomaѴ chromosome in the house sparrow Ѵinkage map

Chromosome Number of markers

Total physical 

length (bp)

Average distance between 

markers (bp)

cM

Male Female Average

1 ѶƐƒ ƐƐƑķѵƕƓķƒƏƓ ƐƒѶķƔƖƐ ƐƑƕĺƒ Ɛƕѵĺѵ 150.5

ƐA ƔƐƕ ѵƖķѶƕƒķƑƒƏ ƐƒƔķƐƔƐ 96.9 ƐƑƑĺƒ ƐƏѶĺƓ

2 ƐķƏƏƕ ƐƓƕķѶƒѵķƕƕƑ ƐƓѵķѶƏƖ ƐƒƒĺƑ 202.9 165.9

ƒ Ѷƒƕ ƐƐƏķƖѶƕķѶƏƏ ƐƒƑķѵƏƑ 115.1 ƐƕƓĺƖ ƐƓƒĺƓ

4 522 ƕƏķƒƓѶķƏƏѶ ƐƒƓķƕѵѵ 100.6 ƐƒƖĺƒ ƐƐѶĺƕ

5 491 ѵƐķƏѶƐķƐѶѶ ƐƑƓķƓƏƑ ƐƏƒĺѵ ƐƒƖĺƓ 120.6

6 249 ƒƔķƏƏƕķƑƓƐ ƐƓƏķƔƖƐ ѵƐĺƒ ѶƕĺѶ ƕƒĺƖ

ƕ Ƒƒѵ ƒѵķƔƑƐķѵƕƓ ƐƔƓķƕƔƒ 69.2 94.5 ѶƐĺƓ

Ѷ ƒѵѶ ƓƖķѵƖƒķƖѶƓ ƐѶƔķƓƑƔ 111.5 ƐƒѶĺƑ ƐƑƒĺƕ

9 169 ƑƔķƑƑƓķƖƏƖ ƐƓƖķƑѵƏ 59.2 ƕƔĺƕ 66.9

10 ƐƒѶ ƑƐķƏƕƕķƑƒƐ ƐƔƑķƕƒƓ 54.5 69.0 ѵƐĺƕ

11 ƐƒƑ ƑƏķƓƒƐķƓƐѵ ƐƔƓķƕѶƒ 55.4 69.9 61.9

12 Ɛƒƕ ƐƖķƕѶƕķƏƖƓ ƐƓƓķƓƒƐ 56.0 62.5 59.0

Ɛƒ 142 ƐѶķƏƑƐķƓƔƕ ƐƑѵķƖƐƑ 52.4 59.0 55.5

14 99 ƐѵķƓѵƕķƒƔƔ Ɛѵѵķƒƒƕ ƓѶĺƒ 61.1 ƔƓĺƒ

15 121 ƐƓķƏƓƑķѶƖƓ ƐƐѵķƏƔƕ 50.0 ƔƕĺƐ ƔƒĺƑ

Ɛƕ ѶƏ ƐƐķƑƓƐķƕƒƏ ƐƓƏķƔƑƑ 55.6 59.1 56.1

ƐѶ ƕƖ ƐƐķƔƑƖķƔƐƔ ƐƓƔķƖƓƒ 55.1 56.0 55.2

19 ƕƏ ƐƐķƐƐѵķѶƔƖ ƐƔѶķѶƐƑ 54.1 ƔƒĺƑ ƔƒĺƑ

20 ƐƏѶ ƐƓķƕƕѵķƒƖƐ ƐƒѵķѶƐѶ 45.0 45.2 45.0

21 Ƒƕ ƔķƕƐƑķƔƐƖ ƑƐƐķƔƕƔ ƑƒĺƑ 20.1 21.9

22 14 ƒķѵѵѵķƏƓƕ ƑѵƐķѶѵƐ ƒѵĺƓ ƓƕĺƐ ƓƐĺѶ

Ƒƒ Ƒƕ ƕķƏƒƒķƓƕƏ ƑѵƏķƓƖƖ 50.5 ƔƕĺƑ Ɣƒĺƒ

24 ƒƐ ƕķƏƕƕķƕƑѶ ƑƑѶķƒƐƓ ƔƑĺƒ 59.0 55.1

25 6 ƓƕѵķƔƏƕ ƕƖķƓƐѶ 16.0 11.6 ƐƒĺƖ

26 25 ѵķѶƖѵķѵƒƐ ƑƕƔķѶѵƔ ѵѵĺƒ 65.2 ѵƔĺƕ

Ƒƕ 15 ƒķƕƒƕķƖƔƏ ƑƓƖķƐƖƕ 16.2 Ɛƒĺƕ 15.1

ƑѶ ƒƏ ƒķƔƒƓķѶƒƓ ƐƐƕķѶƑѶ Ƒѵĺƕ 19.6 ƑƒĺƑ

LGEƑƑ Ѷ ƓѵƕķƔƔƓ ƔķѶķƓƓƓ 9.4 2.5 6.0

TotaѴ ѵķƓƖѶ ƖƐѵķƒƓƓķƑƖƑ ƐƔƖķѵƐƏ ƐķѶƏƐĺƒ ƑķƑƒƖĺƕ ƑķƏƏƓĺƔ

Note: For accurate marker position and marker names see TabѴe SƐĺ
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appear to have increased recombination rates towards the endsĹ 
the average recombination rate in the first and Ѵast ƑƏѷ of the Ѵarge 
chromosomes was ƑĺƔƕ cMņMbpķ whiѴst the average recombination 
rate in these chromosomesĽ middѴe part Őfrom ƑƐѷ to ƕƖѷ of reѴaŊ
tive Ѵengthő was ƐĺƏƖ cMņMbp ŐFigure Ɠaőĺ Microchromosomes Ѵack 
this pattern and instead show Ѵarge variation in recombination rate 
aѴong the entire chromosome Ѵength ŐFigure Ɠbőĺ StiѴѴķ physicaѴ and 
genetic size for the different house sparrow chromosomes correŊ
spond cѴoseѴy Őr2 Ʒ ĺѶƕķ p ƺ ĺƏƏƏķ sѴope Ʒ ƏĺƖƔķ intercept Ʒ ƒѵĺѶ Ƽ ƒĺƕƑő 

ŐFigure Ɣőĺ The mean genomeŊwide recombination rate was ƓĺѶƑ cMņ
Mbpĺ

ƒĺƒՊ|ՊChromosomaѴ rearrangements

In construction of the Ѵinkage mapķ we detected a noveѴ interchroŊ
mosomaѴ rearrangement in the house sparrow genomeĹ the fusion 
of the Passerine chromosome Ѷ and the Passerine chromosome 

F I G U R E  Ƒ Պ The reѴationship between the physicaѴ and genetic position for aѴѴ markers on each mapped autosomaѴ chromosome for three 
avian speciesĺ BѴack dots are house sparrow Őthis studyőķ red dots are chicken ŐGroenen et aѴĺķ ƑƏƏƖő and bѴue dots are zebra finch ŐBackstrक़m 
et aѴĺķ ƑƏƐƏőĺ The xŊaxis represents the physicaѴ size of the chromosomesķ based on the house sparrow genome assembѴy ŐEѴgvin et aѴĺķ 
ƑƏƐƕőĺ Due to the chicken Ѵinkage map being significantѴy Ѵonger than the two passerine speciesķ the chicken genome is aѴways presented 
on a secondary yŊaxis Őrightőķ and for chromosome Ɛ and Ɠķ a secondary xŊaxis Őtopőĺ House sparrow Ѵacks chromosome ƓAķ which for house 
sparrow is fused with chromosome Ѷĺ OnѴy chromosomes with ƐƔ or more markers are incѴudedĺ For zebra finchķ data was not avaiѴabѴe for 
chromosomes ƑƐķ ƑƑķ ƑƓķ Ƒѵķ Ƒƕ and ƑѶ ŒCoѴour figure can be viewed at wiѴeyonѴineѴibraryĺcomœ

www.wileyonlinelibrary.com
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ƓAĺ AnaѴysis of Pdom Ѷ using REAPR verified the assembѴy of the 
chromosome as a whoѴeķ thus supporting the fusion and the deŊ
tected inversions in Pdom Ѷ Ősee Supporting information ResuѴts 

and TabѴe SƑ for detaiѴsőĺ The part added to chromosome Ѷ in 
house sparrow is the part of chicken chromosome Ɠ which conŊ
stitutes the separate chromosome ƓA in zebra finchķ great tit 

F I G U R E  ƒ Պ ReѴationship between mean 
recombination rate ŐcMņMbpő and physicaѴ 
chromosome size ŐMbpő for ƑƖ autosomaѴ 
house sparrow chromosomes
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and coѴѴared fѴycatcher ŐFigure ѵőĺ As in zebra finch and coѴѴared 
fѴycatcherķ chromosome Ɛ in house sparrow is spѴit into Ɛ and 
ƐAķ whiѴst chicken has retained the ancestraѴ chromosome Ɛĺ 
Beyond thisķ the house sparrow chromosome karyotype ѴargeѴy 
resembѴes that of zebra finch and coѴѴared fѴycatcher ŐFigure ѵőĺ 
The separate Ѵinkage group LGEƑƑķ which is found in zebra finchķ 
great tit and fѴycatcher was aѴso detected in house sparrow and 
is homoѴogous to regions in the chicken Ѵinkage groups LGƑ and 
LGEƑƑCƐƖWƑѶōEƔƏCƑƒĺ

Despite the high degree of conserved synteny seen between 
house sparrowķ zebra finchķ coѴѴared fѴycatcher and chickenķ severaѴ 
inversions were detected when intrachromosomaѴ marker orders were 
compared ŐTabѴe Sƒőĺ When comparing the percentage of inverted seŊ
quence between house sparrow and chickenķ coѴѴared fѴycatcher and 
zebra finch respectiveѴyķ we found that onѴy a few chromosomes had 
near compѴete conserved synteny of marker order between the difŊ
ferent speciesĺ Chromosomes ѵķ Ɩ and Ɛƕ showed a high degree of 
conserved synteny between aѴѴ three speciesĺ The totaѴ percentage of 
ľnegative sequenceĿ between house sparrow and chicken was Ɠƕѷķ for 
coѴѴared fѴycatcher ƔƐѷ and for zebra finch ƔƏѷ Ősee TabѴe Sƒőĺ

ƒĺƓՊ|ՊLinkage disequiѴibrium

Our resuѴts show that LD Őr2ő decreased from vaѴues of ƏĺƐƔŋƏĺƑƏ 
for markers up to Ɣ Kbp apart to ƏĺƐƐŋƏĺƐƓ in the ƐƏŋƐƔ kbp bin 
ŐFigure ƕőĺ Thereafterķ LD decreased more sѴowѴy untiѴ reaching 
background ѴeveѴ at around ƐķƏƏƏŋƑķƏƏƏ Kbpĺ The popuѴations with 
the Ѵowest effective popuѴation size ŐNeő ŐAѴdraķ Myken and Nesøyő 
showed both higher initiaѴ LD as weѴѴ as higher background LD than 
did the popuѴations of Ѵarger Ne ŐLekaķ Vegaķ Hestmannøyķ Indre 
Kvarøy and Gjærøyőĺ A Ѵinear regression shows some evidence of a 
positive reѴationship Őr2 = .44; p Ʒ ĺƏƕķ intercept Ʒ ƴƑĺѶѶ Ƽ ƏĺƑƏķ estiŊ
mate for Ne Ʒ ƴƏĺƏƑ Ƽ ƏĺƏƐő between background LD and effective 
popuѴation size for the eight popuѴationsĺ

ƓՊ |ՊDISCUSSION

We have mapped ƑƖ autosomaѴ chromosomes for the house sparŊ
row ŐFigure Ɛķ TabѴe Ƒőĺ AdditionaѴѴyķ ƓƔѵ markers have been asŊ
signed to an unmapped reference sequence that corresponds 
to the zebra finch Z chromosome ŐEѴgvin et aѴĺķ ƑƏƐƕőĺ As the 
house sparrow has an expected hapѴoid chromosome number of 
ƒѶ ŐBuѴatova et aѴĺķ ƐƖƕƑőķ it is apparent that eight chromosomes 
ŐѴinkage groupső have not been mappedĺ It is ѴikeѴy that these repŊ
resent a corresponding number of microchromosomesķ which by 
nature are particuѴarѴy chaѴѴenging to map and assembѴeĹ they are 
often rich in tandem repeatsķ have a high GC content and often 
contain gene famiѴies that are difficuѴt to sequence such as the 
MHC gene compѴex on GgaƐѵķ which has proved difficuѴt to asŊ
sembѴe ŐWarren et aѴĺķ ƑƏƐƕőĺ Despite a highŊdensity Ѵinkage map 
and exceѴѴent reference genome for coѴѴared fѴycatcherķ for which 
the karyotype is unknownķ Kawakami et aѴĺ ŐƑƏƐƓő estimated that 
approximateѴy five or six microchromosomes remain unmappedĺ 
SimiѴarѴyķ for zebra finchķ which has a hapѴoid chromosome numŊ
ber of ƓƏ ŐItoh ş ArnoѴdķ ƑƏƏƔőķ eight microchromosomes remain 
unmapped ŐBackstrक़m et aѴĺķ ƑƏƐƏőĺ

The mean recombination rate reported in this study is comŊ
parabѴe to that found in chicken ŐѵĺƏƑ cMņMbpő ŐGroenen et aѴĺķ 
ƑƏƏƏőķ zebra finch ŐƒĺƐѶ cMņMbpő ŐStapѴeyķ Birkheadķ Burkeķ ş 
SѴateķ ƑƏƏѶő and coѴѴared fѴycatcher ŐƒĺƐ cMņMbpő ŐKawakami et aѴĺķ 
ƑƏƐƓőĺ Recombination rates in the zebra finch have been shown to 
be strikingѴy heterogeneous aѴong chromosomesķ with most recomŊ
bination events being concentrated towards the chromosome ends 
ŐBackstrक़m et aѴĺķ ƑƏƐƏőķ iĺeĺķ pѴots of recombination rate against 
physicaѴ distance have a sigmoidaѴ shapeĺ Even though there is a 
tendency for increased recombination rate towards teѴomeric ends 
on the Ѵarge chromosomes ŐFigure Ɠaőķ the house sparrow does not 
seem to have the pattern of very Ѵow recombination rate in midŊ
dѴe parts of the chromosomes that is seen in zebra finch ŐFigure Ƒőĺ 
Insteadķ the house sparrow dispѴays a recombination pattern that 

F I G U R E  Ɣ Պ ReѴationship between 
genetic size ŐcMő and physicaѴ size ŐMbpő 
for the ƑƖ autosomaѴ chromosomes in the 
house sparrow Ѵinkage map
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resembѴes the uniform distribution seen in coѴѴared fѴycatcher and 
chicken ŐKawakami et aѴĺķ ƑƏƐƓő ŐFigure Ƒőĺ As expected ŐGroenen 
et aѴĺķ ƑƏƏƏĸ StapѴey et aѴĺķ ƑƏƏѶőķ there was an inverse reѴationship 
between chromosome size and recombination rate as weѴѴ as a near 
Ѵinear reѴationship between genetic distance and physicaѴ size of 
chromosomes ŐFigure ƒő simiѴar to what has been reported for other 
Passerine species ŐBackstrक़m et aѴĺķ ƑƏƐƏĸ Kawakami et aѴĺķ ƑƏƐƓőĺ

Of the ƐƏ Ѵargest house sparrow chromosomesķ eight are eiŊ
ther submetacentric or subteѴocentricķ whiѴst two are teѴocentric 

ŐBuѴatova et aѴĺķ ƐƖƕƑőĺ Apart from chromosome Ƒķ which is the ѴargŊ
estķ the identity of the different chromosomes cannot be discerned 
based on karyotypeĺ AѴsoķ the position of the centromere for the 
ƑѶ smaѴѴer microchromosomes is unknown ŐBuѴatova et aѴĺķ ƐƖƕƑőĺ 
As recombination rate increases with distance from centromere 
ŐAkhunov et aѴĺķ ƑƏƏƒőķ we expect the different arms on acrocentric 
chromosomes to have different recombination ratesĺ It is therefore 
possibѴe that recombination rate as a function of distance from 
both the centromere and chromosome ends wouѴd provide the 

F I G U R E  ѵ Պ Comparative circuѴar visuaѴization of the house sparrow genome with the genomes of Őaő chickenķ Őbő coѴѴared fѴycatcher and 
Őcő and zebra finchĺ The pѴots show the fuѴѴ house sparrow reference genome with the ƑƖ mapped autosomaѴ chromosomes as weѴѴ as the 
unmapped Z chromosomeķ for which scaffoѴd assembѴy was based on synteny with the zebra finch genome ŒCoѴour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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most accurate modeѴ for describing the heterogeneous recombiŊ
nation rates aѴong house sparrow macrochromosomesĺ Therein Ѵies 
the chaѴѴenge of achieving an accurate estimate for the centromere 
position for the different chromosomesĸ data which cannot be disŊ
cerned from the karyotype described in BuѴatova et aѴĺ ŐƐƖƕƑőĺ

AѴthough the avian karyotype is highѴy conserved across speŊ
cies ŐDerjushevaķ Kurganovaķ Habermannķ ş Gaginskayaķ ƑƏƏƓőķ 
severaѴ rearrangements have been reportedķ especiaѴѴy invoѴvŊ
ing chromosome Ɠĺ Chicken chromosome Ɠ is ѴikeѴy to be a resuѴt 
of a fusion between the ancestraѴ chromosome Ɠ and another 

chromosome ŐGriffinķ Robertsonķ Tempestķ ş Skinnerķ ƑƏƏƕőĺ In 
zebra finchķ great tit and coѴѴared fѴycatcherķ chromosome Ɠ is 
spѴit into Ɠ and ƓAķ respectiveѴy ŐKawakami et aѴĺķ ƑƏƐƓĸ StapѴey 
et aѴĺķ ƑƏƏѶĸ van Oers et aѴĺķ ƑƏƐƓőĺ MicrosateѴѴiteŊbased Ѵinkage 
maps suggest that chromosome Ɠ is spѴit into two or more Ѵinkage 
groups in bѴue tit as weѴѴ ŐHansson et aѴĺķ ƑƏƏƖĸ NietѴisbach et aѴĺķ 
ƑƏƐƔőĺ Moreoverķ evidence of sex Ѵinkage on parts of chromosome 
ƓA has been found in great reed warbѴer ŐAcrocephalus arundina-

ceusőķ skyѴark ŐAlauda arvensiső and common whitethroat ŐSylvia 

communisőķ indicating a fusion of parts of ƓA to the Z chromosome 

F I G U R E  ѵ Պ ŐContinuedő
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in these species ŐPaѴa et aѴĺķ ƑƏƐƑőĺ In the current studyķ we have 
shown that house sparrow Ѵacks the corresponding chromosome 
ƓAķ due to a fusion of ƓA with chromosome Ѷ ŐFigure ѵőĺ These 
resuѴts enѴighten the interesting evoѴutionary history of the avian 
chromosome Ɠĺ

As expectedķ when the house sparrow Ѵinkage map and referŊ
ence genome are compared to that of other speciesķ severaѴ inŊ
trachromosomaѴ inversions are found Ősee TabѴe Sƒőĺ OnѴy three 
chromosomes Őѵķ Ɩ and Ɛƕő have a simiѴar and conserved marker 
order aѴong the chromosomes across speciesĺ This Ѵends support 

to the findings in Kawakami et aѴĺ ŐƑƏƐƓő where the same chroŊ
mosomes in coѴѴared fѴycatcher were invoѴved with few inversions 
reѴative to the rest of the genome when compared to chicken 
and zebra finchĺ Divergence times between house sparrow and 
chickenķ coѴѴared fѴycatcher and zebra finch are approximateѴy 
ƐƏƏķ ƓƏ and ƒƔ MYAķ respectiveѴy ŐGriffin et aѴĺķ ƑƏƏƕĸ Tuinen et 
aѴĺķ ƑƏƏƏőĺ When the house sparrow genome is compared to the 
three speciesķ we find that approximateѴy ƔƏѷ of the genome is 
invoѴved with intrachromosomaѴ inversions in aѴѴ three casesķ deŊ
spite differing divergence timesĺ

F I G U R E  ѵ Պ ŐContinuedő
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Within Passeriformesķ most research suggests higher recomŊ
bination rates in femaѴesĺ The most extreme heterochiasmy has 
been detected in the great reed warbѴerķ with femaѴe recombination 
rate being ƑĺƐƔ times higher than in maѴes ŐHansson et aѴĺķ ƑƏƏƔőĺ 
FemaѴe recombination rate aѴso exceeds that of maѴes in bѴue tits 
with a ratio of ƐĺƐѶ ŐHansson et aѴĺķ ƑƏƏƖőķ and in zebra finches with 
a ratio of ƐĺƏƑ ŐBackstrक़m et aѴĺķ ƑƏƐƏőĺ In the current studyķ recomŊ
bination rate was found to be ƐĺƑƓ times higher in femaѴe house 
sparrows compared to maѴesĺ InterestingѴyķ Kawakami et aѴĺ ŐƑƏƐƓő 
found the opposite in coѴѴared fѴycatchersķ where maѴes recombine 
more frequentѴy than femaѴesķ with a ratio of ƐĺƐķ whiѴst ѴittѴe geŊ
nome wide heterochiasmy was detected in great tit Ővan Oers et aѴĺķ 
ƑƏƐƓőĺ Heterochiasmy is found in a wide variety of taxaķ with no 
cѴear pattern emerging and it is intriguing to see that aѴso within 
Passeriformesķ opposite trends appear when more species are inŊ
vestigatedĺ The evoѴutionary benefit of heterochiasmy remains unŊ
resoѴved and severaѴ hypotheses have been proposed Őfor reviewķ 
see Hedrickķ ƑƏƏƕ and references thereinőĺ For instanceķ it has been 
suggested that pѴeiotropy ŐHaѴdaneķ ƐƖƑƑő and hapѴoid seѴection 
ŐLenormandķ ƑƏƏƒő shouѴd Ѵead to decreased recombination rates in 
the heterogameic sexĺ Our resuѴtsķ where femaѴe are the heterogamŊ
eic sexķ do not support these hypothesesĺ Moreoverķ Trivers ŐƐƖѶѶő 
suggested that in species where one sex experiences more variation 
in reproductive success than the otherķ the sex with higher variation 
shouѴd recombine Ѵess to maintain successfuѴ hapѴotypesĺ In house 
sparrowsķ the difference in sex specific variance in reproductive 
success is smaѴѴķ but sѴightѴy maѴe biased ŐJensen et aѴĺķ ƑƏƏƓőĺ Thusķ 
based on this scenarioķ maѴes are expected to experience a reѴativeѴy 
smaѴѴ evoѴutionary advantage by recombining Ѵessĺ An aѴternative 
hypothesis predicts that there shouѴd be higher recombination rate 
in the sex with the most variation in reproductive successķ because 
an eѴevated recombination rate tends to coevoѴve with any trait 
under seѴection ŐKoroѴ ş IѴiadiķ ƐƖƖƓőĺ The overaѴѴ Ѵower recombiŊ
nation rate seen in house sparrow maѴes Ѵends ѴittѴe support to this 
hypothesisķ unѴess specific chromosomes are consideredĺ The most 
pronounced heterochiasmy was seen on the macrochromosomesķ 
and on chromosomes Pdom ƑŋѶ in particuѴarķ where femaѴes had a 

recombination rate ƐĺƓ times higher than maѴesĺ InterestingѴyķ the 
reverse pattern was seen for the smaѴѴest chromosomes Pdom ƑƔ 
and Pdom ƑѶķ respectiveѴy ŐTabѴe Ƒőĺ DirectionaѴ seѴection on a trait 
can increase recombination ŐOtto ş Lenormandķ ƑƏƏƑő and it is posŊ
sibѴe that the aforementioned microchromosomes represent candiŊ
date regions that are particuѴarѴy affected by sexuaѴѴy antagonistic 
seѴection Ővan Oers et aѴĺķ ƑƏƐƓőĺ

Based on aѴready estabѴished researchķ our resuѴts on Ѵinkage disequiŊ
Ѵibrium are in concordance with expectationsĹ LD drops reѴativeѴy quickѴyķ 
the popuѴations with comparabѴy Ѵow Ne dispѴay higher LD for Ѵoci in 
cѴose proximity of each other ŐƏŋƔ Kbpőķ and popuѴations with Ѵow Ne 

aѴso have higher ѴeveѴs of LD at Ѵonger intermarker distances ŐFigure ƕőĺ 
The LD estimates for Leka and Vega are overaѴѴ higher compared to the 
other popuѴations considering their effective popuѴation sizesĺ It is posŊ
sibѴe that this is a resuѴt of seѴection experiments for body size that were 
carried out on Leka and Vega during the years ƑƏƏƑŋƑƏƏƔ ŐKvaѴnes et 
aѴĺķ ƑƏƐƕőĺ Strong seѴection is expected to increase LD ŐDe La Vega et aѴĺķ 
ƑƏƏƔőĺ Based on these LD anaѴysesķ it is apparent that in order to detect 
associations between a phenotypic trait and a Ѵocus in these house sparŊ
row popuѴationsķ the SNP markers shouѴd be spaced evenѴy aѴong the 
genome with intervaѴs of Ѵess than approximateѴy ƔŋƐƏ Kbp ŐFigure ƕőĺ 
If possibѴeķ the markers shouѴd be spaced cѴoser in regions of higher reŊ
combinationķ such as towards the ends of the macrochromosomesĺ With 
the current ƐƏK IѴѴumina SNP arrayķ markers are spaced at an average 
intervaѴ of ƐѶ Kbpķ at which point the LD has dropped to ƏĺƐƑ Őaveraged 
across aѴѴ eight popuѴationső and is therefore ѴikeѴy to miss associations 
with traits where the causative Ѵocus is not in proximity of a markerĺ The 
house sparrow popuѴations on which the Ѵinkage map is based has aѴso 
been used as focaѴ popuѴations for two different GWA studies to map 
genes for morphoѴogy in house sparrowsĺ These GWA studies made use 
of the same ѵķƓƖѶ SNPs as in the Ѵinkage map ŐSiѴva et aѴĺķ ƑƏƐƕő and a 
denser paneѴ of caĺ ƐѶƒķƏƏƏ SNPs ŐLundregan et aѴĺķ ƑƏƐѶőķ respectiveѴyĺ 
More significant hits were found when the denser paneѴ of SNPs and an 
average intermarker distance caĺ ѵ Kbp was used ŐLundregan et aѴĺķ ƑƏƐѶőķ 
thus iѴѴustrating our concѴusion that an average intermarker distance of 
ƐѶ Kbp is not dense enough to detect associations in GWA studies given 
the ѴeveѴ of LD in the house sparrow popuѴations used in these studiesĺ

F I G U R E  ƕ Պ Linkage disequiѴibrium Őr2ő 
in eight insuѴar house sparrow popuѴations 
of different effective popuѴation sizes 
ŐNeőĺ LD was estimated within Ɣ Kbp 
windows from ƏŋƒƏ Kbpķ ƐƏ Kbp window 
from ƒƏŋƐƏƏ Kbpķ from ƐƏƏŋƑƏƏ Kbpķ 
ƑƏƏŋƔƏƏ Kbp and ƔƏƏŋƐķƏƏƏ Kbp and 
in ƐķƏƏƏ Kbp windows from ƐķƏƏƏŋ
ƒķƏƏƏ Kbp ŒCoѴour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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We have presented a genome wideķ mediumŊdensity Ѵinkage map 
for an ecoѴogicaѴ and genetic modeѴ speciesķ the house sparrowĺ These 
data wiѴѴ greatѴy faciѴitate ongoing association studies in wiѴd popuŊ
Ѵations and aid our understanding of evoѴutionary adaptations in a 
Passerine speciesĺ Moreoverķ we have characterized a noveѴ interchroŊ
mosomaѴ transѴocationķ and thus added to the body of research that 
eѴucidates the evoѴution of the avian genomeĺ
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