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Summary

ic and genetic variation. This can be used to

Domestic chickens show massive phenotyp
ns influencing trait

quantify relationships between breeds and to detect genomic regio
divergence. Under the umbrella of the SYNBREED project, an ongoing research project

supported by the German Federal Ministry of Education and Research, molecular and
phenotypic data of a wide range of chicken breeds have been collected over the last years.
Collection was augmented by samples from previous international cooperation projects, in
particular the EC project AVIANDIV and other bilateral activities. The “Synbreed Chicken

Diversity Panel (SCDP)” encompasses more than 160 diverse chicken breeds from 25
countries around the world including two wild chicken populations and commercial purebred
lines. Individuals were genotyped with the newly available Affymetrix Axiom® Genome-
Wide Chicken Genotyping Array, and individual phenotypic records were collected for a
large part of these individuals. In this report, we provide first insight into the diversity of a
subset of 82 chicken breeds of this wide spectrum, mainly sampled in Germany, by
evaluating phenotypic variation and genetic relationships. Results presented here illustrate the
usefulness of this resource for high resolution analyses of phenotypic variability, architecture
of the genome across divergent populations, and for getting a deeper insight into phylogenetic

aspects of breed development.
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: Introduction

' Genetic diversity within a
which exhibit a wide range of characteristics an
differences between breeds and popu

genetic drift, natural selection and breeding

strongly forced the accumulation of genetic differences between breeds and

isolating them from others and selecting for favora

organized breeding in chickens
time, chicken breed standards have been developed for many breeds.

species is displayed by a large number of bree
d variants. Major forces creating gen
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ds and populations
etic
lations are mutation and recombination, along with

imposed by man. Since domestication man i
populations by.

ble traits. In Europe, a systematic ah&

e atted in the second half of the 19% century. SInce te8
Selection by hobby&

22::;32 Iiif:li\lflmliair; 1g:aldpictlﬁlre of the phenotype in accordance to breed standards. As a
R eeds there i i iati indivi ,
thqse traits breeds have been se]ectcdsf;f.r)ilz\t:ff;;?rzﬁgs:i: Zt\:izr; :::f"t'fi“als el %“
trlans bet_ween bre§ds and color variants making this source of variation . :.On s
d¥scovermg genetic mechanisms determining phenotypic variants Hov:eX "emil_y o ot
h]r}dered for many years by the lack of molecular markers in su%ﬁcient \:’r’ E D
ch1c]2<884genome. Since first publication of the chicken genome sequence iner;)lz))il a:’?i's "
gi :16 ma)r;prir:](;lec;;:;rr emfl:thods gnd tog[s have become available, opening new possitgili::iel: rts:
i énet- 1sh an increasing numb§r of publications describing the molecular
genetic mechanisms which determine phenotypes in chickens as for
%p(fyr:::rzct:e;f ?011;% shape, skin color or polydactyly to name a few (Wright eetfo’anZi):)l;e
Gemme_Widea .(,:hiCkl;)r; léubmt et. al., 2010). Recently, high density Affymetrix A;;iom@“:
ey enotyping .Array has become available comprising more than
e dpurposc of.th1s report we refer to it as chicken HDSNP array). Its
breedsp( et wa lase on extenswe_re-sequeneing of a considerable number of chicken
R esrsee cgsi,ci(;]]Z})).OT:; :0mbmation of this new tool for genomic studies with a set
| pnldsten et e

h\?lf;;};;?r;l}eogra;i\:;rilg r?f thz SYNBREED project, a project supported by the German Federal
i — 21120 dl%esearch_(www.synbreed.tum.de), a large panel of ~ 3000
B e ot 1:]1 , iverse chlcken breeds has been collected. These chicken breeds
o eeCian I:5 countries and‘represent a wide phenotypic as well as genetic
B i ot and com shape s valbie, and Iot more tan ol of thom idividus body |
3 more than 3 indivi
;r;e:;;ntrenil;:n‘t:hhave be.en .collected, in .addition to DNA samplesfujlﬂl\T s‘:afntgzggi;:g];;igio?otii
discretgpand C;Lr:;l;lerlzatlon of gene-tlc div<?rsity in chickens has been developed for both
BB - S ey, genoone-vide ligh deusity SN macker nformation 1 available,
' ., ge - ensity marker information i i
‘HV;?CCE, \:,}:SC:T; ?;epggu!f:)nons col?ected w.ithin the framework of the SY?fll;;EI]SEI;V;EZS
;e yn reed Chl.cken Diversity Panel (SCDP)”, is a vital and val bls
or high resolution population genomic analyses in chickens e

The aim of thi i i i
el hls ]:eport is to lr.ltI‘OdLlCC first results of these on-going research activities i
hicken breeds to illustrate the enormous diversity and potential of the SCDP i

Material and Methods
?ﬂmple collection

Chicken ions i in thi
emEWp;bpouultatclﬁ?csk ;ncll)uded in this re.po‘rt are a subset of the SCDP. Table 1 provides an
B, e, brsedre§dtsc.} The majority of the samples used in this study were collected
B e, s [;n ermany between 2010 and 2012, The German Association of
. D deu;scher Rassgefliigelziichter e.V., BDRG) maintains a wide
i frn ancy poul‘try breeds. They reflect various types of breeds
. o 205]0 O]Enb\farlous regions according to the German Poultry Standard of
. Organiz,eda. eTl). Addl.tlona] samples were collected from chicken breeds
. in The Soc1ety. for the Conservation of Old and Endangered
). Finally, the collection was completed by samples of two Red Jﬁngle
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T

H - ~ 1
fow] populations, Gallus gallus gallus and Gallus gallus spad:lceu.s, as we}l z:sAs\a}?’E Ne]sJ I(i/f
omrr?ercial purel;red chicken lines which were taken from previous EC projec A
((:w3.tzv.fa1.de/aviandiv/ ) and other subprojects of the SYNBREED project, respectively.

ng vein of each bird using EDTA as anticoagulant,

Sampling was carried out in strict accordance to thej Germa‘m Ar;?m;al (\Jhe’it]zr: fﬁﬂiﬁl(&t‘?ﬁ
iced to the authorities of Lower Saxony accordmg.tf) § 8 of the velts
i e asked for their agreement. In addition, several quy measuremen re
g&rﬁ;egf; \:[heer- same individuals. These measurements included wing length (WL), shank

length (SL), shank thickness (ST), and keel length (KL).
eds used in this study (= 15 individuals per breed)

Blood sample were collected from wi

'(l;a_bl.e 1: Categori’m;sv;);‘chwken bre ek -
rigin 3
) 1 i
Asia Long tailed breeds PHxx, SAsch, YOwr
rbx ; 5
Game type and related breeds ASrb, IKxx, Maxx, OFrbx, SHsch
s sch, DLIa, 14
i ds BHrg, BHwsch, COsch,
| Asfan ope e MRschk, NHbr, NHL6S, ORge,
| PRgp, ROro, SNwsch, TOgh,
| WYsschs, WYw |
2 |

Crested breeds SEsch, Sew

i 3
i ARsch, ARwi, DOxx, V| Weo,
Europe Intermediate type breeds /VWCDE
| Mediterranean type breeds [Trh, [Tsch, KAsch, LERII, LEW, 6
Misch

AKxx, BKschg, BLxx, BSsch,
DSgp, FRgew, HAsL, KRsch, KRw,
LAco, OMsschg, RHrh, RHsch,
THsch, WTs

Northwest-European breeds

Crested breeds APsscht, HOxx, PAxx 3

CHgesch, CHschw, KSgw, OHgh, 1

i breeds
Bantam Asian type bree OHsh, ZCsch, ZCw

ABwa, BAsch, DZgh, FZgpo,
FZsch, GBxx, SBgschs, SBsschs

European type breeds

Wwild Gallus gallus gallus GGg |
Gallus gallus spadiceus GGsc
B, BRS A, BRS_B
Commercial Broilers BRD A, BRD_ i

i WL A, WL_B, WL_C, WL_D
lines White Layer " 4

BL A, BL B, BL_C BL D

Brown Layer

* Chicken breed names

ABwa - Barbue d'Anvers quail

AKxx - Carlise Old English Game
any colour

APsscht - Appenzeller Pointed
Hood silver spangled

ARsch - Rumpless Araucana
black

ARwi - Rumpless Araucana black
breasted red

ASrb - Aseel red mottled

BAsch - Rosecomb Bantam black
BHrg - Brahma gold

BHwsch - Brahma light

BKschg - Bergische Crower
BLxx - Brakel silver

BSsch - Berg-Schlotter black

CHgesch - Japanese Bantam
black tailed buff

CHschw - Japanese Bantam black
mottled

COsch - Cochin black
DLIa - German Faverolles salmon

DOxx - Dorking any colour

- DSgp - German Grey Chickens

cuckoo

8 DZgh - German Bantam gold
partridge

FRgew - Frisian Fowl chamois

penciled

£2epo - Booted Bantam

Mmillefleyr

F/

h - Booted Bantam black

- Barbue du Grubbe any

KAsch - Castilians black
KRsch - Creeper black
KRw - Creeper white

KSgw - Ko Shamo black-red

LAco - Lakenvelder black and
white

LER11- White Leghorn line
RI11

LEw - White Leghorn

Maxx - Malay black red

Misch - Minorca black
MRschk - Marans copper black
NHbr - New Hampshire red

NHL68 - New Hampshire line
68

OFrbx - Orloff red spangled
OHgh - Ohiki red duckwing
OHsh - Ohiki silver duckwing

OMsschg - East Friesian Gulls
silver pencilled

ORge - Orpington buff
PAxx - Poland any colour

PHxx - Phoenix golden or
golden duckwing

PRgp - Plymouth Rocks barred

RHrh - Rhinelander Chicken
brown

RHsch - Rhinelander Chicken
black

ROro - Rhode Island Red red
SAsch - Sumatra black

SBgschs - Sebright Bantam

SHsch - Shamo black
SNwsch - Sundheimer light

THsch - Thuringian Bearded
Chicken black

TOgh - Toutenkou black
breasted red

VWeco - Vorwerk buff
columbian

VWecoE - Vorwerk
conservation program

WTs - Westphalian Chicken
silver

WYsschs - Wyandotte silver
laced

WYw - Wyandotte white

YOwr - Yokohama red
saddled white

ZCsch - Pekin Bantam black

ZCw - Pekin Bantam white

GGg - Gallus Gallus Gallus

GGsc - Gallus Gallus
Spadiceus

BRD_A - Broilers A
BRD B - Broilers B
BRS_A - Broilers C
BRS_B - Broilers_ D

WL_A - White Leghorn line
A

WL_B - White Leghorn line
B

WL_C - White Leghorn
line C
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HAsl - Hamburgh silver spangled  golden WL_D - White Leghormn
line D

HOxx - Poland White Crested SBsschs - Sebright Bantam

black silver BL_A - Rhode Island Red

line A
[Kxx - Indian Game dark SEsch - Silkies black
BL_B - Rhode Island Red

ITrh - Leghorn brown SEw - Silkies white line B

ITsch - Leghorn black BL C - White Rock line C

BL_D - White Rock line D

Genotyping and Filtering of SNP data

DNA Isolation from blood samples was done using standard phenol-chloroform method.
Within the SYNBREED project, SNP genotyping was carried out at the Chair of Animal
Breeding, Technische Universitiit Miinchen, using the chicken HDSNP array. This array
comprises a total of 580961 SNPs covering 28 autosomal chromosomes, two sex
chromosomes Z and W as well as two linkage groups (LGE64, LGE 22C19W28). Annotation
was done using Affymetrix ‘Axiom GW_GT_Chicken.na33.annot.csv’ file. For the purpose
of this study, SNPs located on Z and W chromosomes as well as on the two linkage groups
were excluded. Filtering was done with 99 % SNP call rate, and an animal call rate of 95 %.
After filtering, 445264 SNPs and 1677 individuals of 82 populations, with 15 to 20
individuals per population, remained in the data set.

Selection SNP markers

Since selection of SNPs on the chicken HDSNP array was based on polymorphic  sites
discovered in sequences of a limited number of breeds, mainly of commercial origin, diversity
in the wide spectrum of other breeds as studied here might be underestimated. This
‘ascertainment bias’ has been a matter of discussion for a long time (e.g. Albrechtsen et al.
2010). In order to reduce this disadvantage we selected 311°006 SNP loci for further analyses
which have been found to be polymorphic in the two Red Jungle fowl populations. The
reduced set of SNP loci represents about 55% of the SNP loci of the chicken HDSNP array:
Across chromosomes, the reduction of SNP marker loci was almost equally distributed, except
for chromosome 16 where chicken MHC is located (Figure 1). It is worth mentioning that
' SNP loci on the chicken HDSNP array are more uniformly distributed according to genefi€
' distance than to physical distance on the final panel which is reflected in an increased marke
| density per 1 Mb on microchromosomes (Kranis et al., 2013).

1400
| e number of SNPs/Mb on Affymetrix Axiom® Genome-Wide Chicken Genotyping Array
| = number of SNPs/Mb used
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Figure 1: Chromosome-wise density of SNP of the chicken HDSNP array (Affymetrix Axiom®
Genome-Wide Chicken Genotyping Array; dashed line) and of the reduced SNF’“paneI (solid line)
used in this study. Gray bars indicate the proportion of loci of the reduced SNP panel per
chromosome compared to the full set of loci of HDSNP array (see text for more details)

Statistical analyses

Analyses were applied to molecular and phenotypic data separately. Calculations described
!Jelow were based on ad hoc scripts written in R software package (R Core Team, 2013) if not
indicated otherwise. In order to assess diversity within populations using SNP markers, the
proportion of observed (H,) and expected (H.) heterozygotes per population were estimated
per locus, and averaged across all chromosomes. Based on H, and H. estimates, F;; coefficient
was calculated per population according to the concept of F-statistics developed by Wright

;(Wright, 1950). for both phenotypic traits and SNP markers, a Principal Component Analysis
(PCA) was carried out. While for analyzing molecular data individual records were used,

analysis ‘of phenotypic data based on arithmetic means per population and trait. For
nojtypllc data, a scatter plot was drawn based on the first two principal components. For
uallzatiop of breed relationships based on molecular markers, Euclidean distances of the
'ﬁve principal components were computed between all pairs of populations. This distance
X was then converted to a Neighbor Joining tree using the Software package
SPLITSTREE 4.0 (Huson and Bryant, 2006).

-

-. ;lt:o;, we searched for runs of homoz'ygosity (ROH) which are stretches of individual’s
k. (;mozlygote state. To achieve thlSl, we gsed the algorithm implemented in PLINK
idual,Surt:el et al., 2007)_. The following criteria were applied to identify ROH in the
B (g};ng)me: the minimum length of a ROﬁ was set to 300 kb with a minimum
--1000 L NPs. Maximum allowed gap size with no marker information within a run

- We allowed one heterozygote and one missing value per window to account for
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genotyping errors. In addition, the proportion of monomorphic markers was calculated by
counting the number of SNPs in homozygote state per individual across the genome of an
individual relative to the total number of loci, and calculating the mean for each population.

Results and Discussion

The chicken breeds analyzed in this report are a subset of the SCDP encompassing 82
populations. We selected this subset to study genetic diversity of diverse chicken populations
collected in Germany in addition to two Red Jungle fowl populations as well as commercial
purebred layer and broiler lines. Even though samples were collected in Germany only, the set
of chicken breeds represented populations of various types and a wide distribution of origins

and management.

Phenotypic traits

Population means of four body measurements WL, KL, SL and ST for 68 breeds sampled in
Germany were used for a principal component analysis (Figure 2). The first principal
component (PC1) explained 88.5% of the variation and differentiates populations mainly
according to KL, WL and SL, while ST contributes to both PC1 and PC2. The body
measurements KL, WL and SL were highly correlated, while ST showed lower correlation
with other traits. Consequently, bantam breeds (e.g. Chabo and Sebright) with small body size
were grouped together on one side of the spectrum while large breeds as Brahma and Malay
can be found on the opposite side. Indian Game, also known as Cornish, and Brahma showed
highest values of ST (16 mm to 18 mm) and clustered in the upper part of the plot. In addition
to Sebright, a very small breed with extremely thin legs (5 mm), breeds of normal body size as
Hamburgh or Lakenfelder showed lowest ST values (8 mm to 9 mm) and were placed in lower
part of the plot. Overall, breeds of Asian background as for example Brahma, Deutsches
Lachshuhn (similar to French breed Favorelles) and Sundheimer or Game birds as Malay are
larger than Northwestern European breeds. Bantam breeds are clearly separated from normal
sized chicken breeds, but no clear differentiation in body size related to Asian or European

type of breeds was found.

A thick legs

Shank

FTE ey

Indian Game '.’:::'...mm.-
* E;_—'T—'::-«' Keel length
- & Wing length
Beshena Shank length
* ¥
: ":"f Y
C
r . WL SL ST
KL | 098 096 0.75
. " m?m-a A : WL 0
: 99 0.71
: short, small, light tall, large, heavy
¥ thin legs > s 0.67

Figure 2: Plot of first two principal components (PC) and their part of
variation (%) for four body traits, Keel length (KL), wing length (WL),
shank length (SL) and shank thickness (ST) (A); loading plot of the four
variables (B); and correlation coefficients between four body

Diversity within chicken populations

Using the reduced marker panel of 311°006 SNPs, observed and expected degree of
heterozygosity was calculated per population, and averaged across categories of populations
according to their supposed origin (Table 2).



Table 2: Mean observed (Ho) and expected heterozygosity (He) estimates as well as fixation
index (Fis) of different categories of chicken breeds across 31 17006 SNP markers. ) -
Region of Number of Ho He Fis 8001
Origin Populations Mean = SD Mean = SD Mean =+ SD
/ § o
Asia 24 0.23 +0.03 0.25+0.03 0.07 = 0.05 E
Europe 29 0.21 + 0.04 0.23+0.05 0.09 +0.06 -
g
Bantam 15 0.19 +£0.05 0.20 + 0.05 0.07 +0.05 §
3 %o
T Baropean Bantam T 006 0.18% w06 006005 }
Asian Bantam 7 0.21 £0.02 0.23 +0.03 0.07 + 0,06 . ¢
v"ked‘ -
2 033+0.01 034 =0.02 0.03£000 i Redlungelowl o
w..mi‘w e L or

Red Junglefowl

Commercial

Brown Layers

Broilers

The two Red Jungle
might be caused by t

array. On the other hand, the two populations are assume

that formed part of t

chicken breeds, there are only small differences

general, chicken po

European populations.
degree of variability co
other categories, while W

a slight excess of

assuming the population is in

To get deeper insight into the deg

of homozygosity (ROH) across ¢
means per population of the total length of

proportion of monomorphic mark

12 0.23+0.07 0.22 £0.07 -0.06 +0.02 - 3
7 igure 3: Mean proportion of monomorphic marke i
4 0.15+0.01 0.14 +0. -0.07 £0.01 Runs of Homozygosity (Y -axis) per population (X-axis) and mean total length of
4 0.23 +0.01 0.21 =0.01 -0.07 £0.01
4 0.31 +0.03 0.31 +0.03 -0.03 £0.01
In accordance to the selection procedure of SNP loci it is obvious that the two Red Jungle fow]

:.fplillanons do not §how monomorphic markers. Furthermore, these two populations displayed
| a;: ozvestrt pr?pl?mon of the genome included in ROH. Compared to wild populations, the
gest part of the genome included in ROH was found in ;
‘ the category of Eu
breeds which also showed the hi i ol e o
ghest proportion of monomorphic loci. Oth: i
showed a varying degree of homoz i i "P e i
ygosity for both traits, the proportion of mon i
- 1 omorphic
Ell:ketri and the proportl'on of genome stretches included in ROH. Regarding the connn;)ci:il
ma:( e genome of white layer lines was least polymorphic. More than 50% of the 3117006
ers were monomorphic in these lines, and about half i
s onomamtie. nes, 2 ut half of the genome was included in
ast to broiler lines, which clustered
| . : t the lower end of th
spectrum, while brown layers showed a medi sability iy
( . um degree of variability. A i i
9 layer : y. Assuming that ROH 1
:I?:S]Ci n?eaiugefof mdtl]wdual autozygosity (McQuillan et al., 2008), i.e RO% are genom::
g erited from the same ancestor, either paternal o poe
ombination or mutation (identical b : i e
_ y descent), white layers displayed i
B y played a much higher degree
yers, and even more than broilers. H
B e oH L eve . However, more careful analyses
i : considering the length of th i
e g ese stretches in the genome as well
‘corr:::n:u;on' across chromosomes. Furthermore, high ROH estimates in white layers 30
ko [0};: v;;th F is values f‘oundlin this study. One possible explanation might be that in
e r effective population size of white layers than brown layers as found in other

Y ; :
3 FQanban et al., 2010), mating of close relatives in current breeding populations is

highest degree of heterozygosity, which
the total panel of the chicken HDSNP
d to originate from wild ancestors
he founder populations of domesticated chickens. Between categories of
between mean estimates of heterozygosity. In
pulations of Asian background tend to be slightly more diverse than
It is noteworthy, however, that broiler purebred lines showed a high
mpared to both commercial layer lines and chicken populations of
hite layers displayed the least. Furthermore, commercial lines display
heterozygotes compared to what is expected from allele frequencies
Hardy-Weinberg equilibrium (Fis estimates).

fowl populations showed the
he selection of SNP markers from

ree of variability at the genome level, we searched for runs
hromosomes. Figure 3 shows the association between th@
an individual’s genome ‘ncluded in ROHs and (i€

ers. Both measures were highly correlated (r = 0.91).

1
ietic Relationships between chicken populations

€d on inci

e ;g:ll:;fjluzz;nisonent analysis .using indivi(.iual genotypes at 311°006 SNP loci, the

Rt oo - Neighbor(j generate a dl_stance matrix between populations which was then

.. Joining t.ree (.Flgure 4). Although Euclidian distances are not based
ssumptions, this simple measure reflects a clear grouping between
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r knowledge about breed histories. Clustering

populations which is in accordance to ou
ean breeds and breeds of Asian background.

discovered obvious separation between Europ

European Breeds
European Bantam

Asian Bantam

Figure 4: Neighbor Joining tree of 82 chicken populations based on Euclidian
Distance caleulated from first five Princinal Comnonents.

Although the introduction of chickens to Europe is still poorly understood, it has been
assumed that they reached Europe by at least two routes more than 2000 years ago (West and
Zhou, 1988). During the heyday of the Roman Empire, chickens spread from Mediterranean
region to northern parts of Europe. It is likely, however, that chickens have already come
carlier to Europe from Asia via Southeastern Europe. Up to the mid of the 19" century,
chickens in Europe were of Bankiva type, and only afterwards Asian breeds as Cochin and
Langshan from China became very attractive and found a wide distribution in Europe. They
were maintained as pure breeds, but were also crossed into existing breeds in Europe forming
a category of intermediate type breeds. The clustering presented in Figure 4 illustrates nicely
the separation between Europea
Germany. Furthermore, chicken breeds of European Bantam ty
from those of Asian background. Bot
clusters distinct from chicken breeds of normal body
populations sampled in Thailand cluster closer to Asian Bantams than to othe
spectrum. Assuming that these two populations represent to some degree a part of the gene
istribution of chicken breeds studied indicated the wide variatioh
ommercial purebred lines, white layers
¢ center of the

pe are clearly distinguishable

pool of founders, the d
accumulated during domestication. With respect to ¢
are clearly distinct from brown egg layers, while broiler lines cluster more in th
tree and closer to Asian than to European breeds. This, in turn, fits well to the history of thest
chicken lines. It is assumed that all White Leghorn lines used in commercial breeding 5
layers of white-shelled eggs originated from an Italian breed located in Tuscany (Livorn@ '-
central Italy. The genetic basis of brown egg layers is broader than for white layers, utilizi
Rhode Island Red, Plymouth Rock, Australorps, and New Hampshire among others, Wi
broilers were based on mainly Cornish (Indian Game) and Plymouth Rock (Crawford, 197

n and Asian breeds, even though they were all collected in

h groups of autosomal dwarf chickens make up their oWl
size. The two Red Jungle fowl
rs of the

% : " ;
llj; ;:; rxr:ﬁ}}:t alilo e;]gplam the closer relationship of broilers to brown layers than to whit
; ough white and brown layers have be e
: : : en selected for similar traits to i
Lafw:[i cpkeerl‘orbman(;:e, genetically they are little related to each other compared tc1> Sthlf:0 mcrtease
~ 3 1 S
n breeds studied. It is noteworthy that findings described above are ?necg?;;

a? eement to ea Iier S udl SfI‘Ig i i
%
G I .’I ) es u I Closatenltes as mOleCUlaI’ ma]kers (levlewed by

Conclusions

This report gives first insights into th iversi i
Biodive_rsity Parllel” il[ustratiig the valueeoint(})lf?zslslej:i\;eris ltS3:) ?";r ﬂ;;‘;syn; re'ed o 5
gﬁggfggl)mamly sampled in Germany have been included. Ir; the frlzl:rr::xl:lc:lrzll‘cls (;f iz
B s tﬁ;OJgétD\;ee?Snaged to collect more sa}mples covering regions outside Ezm}to:
B s a0 Atra (()impasses about 160 thicken populations from 25 countries 01‘-’
e tirey ,m ;1]( mzre than 3000 mdllviduals were genotyped using the chicken
B gt. rker ensity ge—neratt.ed in a this comprehensive and highly diverse
> resoh’mon o 1;25101; w;'llth phe'notyp.lc- .tr‘alts, provide an extremely useful resource for
i tze : of p enotypic varl.ablhty, architecture of the genome across divergent
development. In first anzelz;lszss: irslidn;o:hgi:tgsgedz?l): rs:tlSide i;to e
. nt. In ar , we
ﬁ::;ﬁ;e\;zr;b(ljliljzrlltl:p ]imd l;he genetic relationships betwe(;;u;ziuolgtit:r?saleZZsrn;f:;; thEZ
st liverse chicken reeds to map genes or genomic regi ss0ci "
p“l:::otyp;]cltrzl(t)sl 2has been. demonstrat.eq previously if other su?c;gil;snieé.l:o}g?l;ief etz(; 2? mQC(;J }%r
gg et al., ). A variety of promising other approaches is currently underway ) 5

Acknowledgment

We are extremely grateful to all
the breeders for their assi : .
coll : : _ assistance in sampling. W
by tiaeg(‘;zs in the SVNBR!EIlED project for their fruitful cooperation. The przjec% wasesthank .
rman Federal Ministry of Education and Research (FKZ (0315528E) upported

References

‘ALBRECHTSE
_ N A., NIELSEN, F.C. and NIELSEN, R. (2010) Ascertainment biases in

SNP chips affect m
eas i i
534547 ures of population divergence. Molecular Biology and Evolution 27

" l{G (Bu"d DeutSCh s ' aSSege I]]ge star (Ia[d I]i] E ropa 2
I er Ra‘ Segeﬂﬁgelzijchter . R i j )

WFORD, RD. igi i -

:;(f}: Z?ﬁ;; ai(a)c(ilgzgltgzgélllsél\lflicelr,hll\slz\iyY?rkﬁoluﬁ)lgg, ;g?;ile;,_;;é.(?mwfbrd Sl (B

st - OKIOTO, &k amd ASHWELL . G0 Geni e i

r&ﬁ,’;na; o Heredity 101, () S0 a0, | orphelogical traits fn the Sillie

BING, 0, NEGRINT, R, FINLAY, E, JIANLIN, 1, GROENEVELD, .

SGEND, S. and the GLOBALDIV Coﬁsl:r’tl:rlnAl(wzl(Jlllz el dnru
= A review. Animal Genetic 41: (Supp.1)6-13 . Denetle clyersly In dom

174

L7




national Chicken Genome

Sequence and comparative analysis of the chicken genome

rtebrate evolution. Nafure 432: 695-716.
Application of Phylogenetic
[ution. 23(2):254-267.

HILLIER, L.W., MILLER, W., BIRNEY, E. and The Inter

Sequencing Consortium (2004)
provide unique perspectives on ve
HUSON, D.H. and BRYANT, D. (2006)
Evolutionary Studies. Molecular Biology and Evo
KRANIS, A, GHEYAS, A.A., BOSCHIERO, C., TURNER, F., YU, L., SMITH, S,
TALBOT, R., PIRANIL, A, BREW, F., KAISER, P., HOCKING, P.M., FIFE, M,
SALOMON, N. FULTON, J. STROM, T.M., HABERER, G- WEIGEND, S,
PREISINGEN, R., GHOLAMI, M., QANBARI, S., SIMIANER, H., WATSON, KA,

D.W. (2013) Development of a high density 600K SNP

WOOLIAMS, J.A. and BURT,
genotyping array for chicken, BMC Genomics 14 59 Published online Jan 28, 2013. doi:

10.1186/’1471-2164—14-59
McQUILLAN, R, LEUTENEGGER, A.L., AB
PERICIC, M., BARAC-LAUC, L., SMOLEJ

POLASEK, O. TENESA, A MACLEOD, AK,,
N, L, WILD, §.H., DUNLOP,

HAYWARD, C., VITART, V., RUDA

AF., CAMPELL, H. and WILSON, J.F. (2008) Runs of homozygos
populations. American Journal of Human Genetics 83:359-372.

PURCELL, S., NEALE, B., TODD-BROWN, K., THOMAS,
BENDER, D., MALLER, J., SKLAR, P., de BAKKER, P.LW., DALY, M.J. and SHAM,
P.C. (2007) PLINK: a toolset for whole-genome association and population—based linkage
analysis. American Journal of Human Genelics 81. PLINK (v.1.07) URL

http://pngu.mgh.harvard.edufpurccll/plinld

QANBARL, S., HANSEN, M., WEIGEND, S., P
Linkage disequilibrium reveals different demographic history in egg laying

Genetics 11:(103) 2-13.
R Core Team (2013). R: A language and environment for statistical computin
for Statistical Computing, Vienna, Austria.U RL http://www.R-project.org/ :
RUBIN, C.J., 7ODY, M.C., ERIKSSON, J., MEADOWS, J.R., SHERWOOD, E,
WEBSTER, M.T., JIANG, L, I E, T., KA, S., HALLBOOK, s
BESNIER, F., CARL :
SIEGEL, P., LINDBLAD-TOH,
resequencing reveals loci under selection
WEST, B. and ZHOU, B.X. (1988) Did chicken go I
Journal of Archaeological Science 15:515-533.
WRAGG, D., MWACHARO, J. M, ALCALDE, J. A. :
HANOTTE, O. (2012) Analysis of genome-wide structure, diversity and fine mappings
Mendelian traits in traditional and village chickens. Heredity (Edinb) 109: 6-18.
EADOWS, J

WRIGHT, D., BOWE, H. M
IXIER-BOICHARD, M., RUBIN, C.J., IMSALND, F., HALLBOO

VIEAUD, A., T
and ANDERSSON, L. (2009) Copy Number Variation in Intron 1 of SOX5 Causes the F¢
Comb Phenotype in Chickens. PLoS Genetics 5:(6) DOL: 10.137lfjoumal.pgen.1000512

WRIGHT, S (1950) Genetical structure of populations. Nature 166 (4215): 247-249.

Networks in

DEL-RAHMAN, R., FRANKLIN, C.83
_NARANCIC, N., JANICLJEVIC, B,

FARRINGTON, S.M., RUDAN, P,
M.G., WRIGHT,

ity in European

L., FERREIRA, MAR,

REISINGER, R. and SIMIANER, H.
chickens. BMC

g. R Foundation

K. and ANDERSSON, L. (2010) Whole-
during chicken domestication. Nature 464: 587

.. SHA
M, B., TIXIER-BOICHARD, M., JENSEN, Ps
genn

5918

orth? New evidence for domestication

HOCKING, P. M. i

R., BED'HOM, B., GOURICHON B

L12 Welfare and breeding in broilers

Marian Stamp Dawkins,
Department of Zoology, Universi
: v, University of Oxford, South Par
Corresponding author: marian.dawkins@zoo.ox.ac ukm oo R RSP Enied s an

Abbreviated title: Welfare and breeding in broilers
Summary:

The demand for chi : .

— Sust;‘;ﬁ:;l];nieit continues to rise across the world, leading to calls for

otential conflicts between llv leli;slﬁcatmn. This ha§ implications for poultry welfare tﬁizite}:

B e growh. However Sele;nje aEd commermally valuable production traits such as i id

o product{on : 'ivi re‘ecyng has the potential to positively improve chicklz)el

programmes. Muli-age breedinal s by giving welfare higher priority in multi-trait breedin ’

B it ages also has the pote glplrogr.ammes that select for different growth rates in bira:ig f

age programme selecti D the welfare of parent birds (breed &
selection for different growth rates in different age birds recders), multi

Key words:
Y s: welfare, growth rate, feed restriction, breeders, broilers

Introduction

A concern over how to fe isi
. ed the rising huma . :
minimizing th : n population whil :
‘Sustain;big i:t effect on the environment has led to calls for agricult:lr:: Et‘t téle e
R 3:1 2&(:){11531’\12 and more efficient. (Royal Society, 2009; Steinfel((i) eCt[)mzeOmore
i ot al., : Gerber et al., 2013). Th ’ : 1d et al., 2006;
billion by 2050 ‘ . The human population is project X
Wnsump)iion Of(lzeA?Sta‘\jt, 2909; Godfray et al., 2010) and the Currsnt Jt:n{jidiéofbe atleast?
. ithicr ail\ da“ dairy products to keep on rising (Gerber ef al 2013) zr e
Bilc coch ycor, the m\ovatm what they see as a better diet. Chickens are l;tlread ;&?Ee'
- ks st commonly consumed animal (F AOStat. 201 Y ; illion
. by tonnage s well as numbers by 2020, with , 2012y aud projected to

in SE Asia and sub-Saharan Africa (USDA, 201,3- Gerrngte?ZEheZt)nlcgase SEpaEE

: Modern bre : .
o ofdict i;j:n(;f Ejﬁllefs a(rie f'ilread)_/ highly efficient producers of protein due to
lowth rate, breast meat igeid endan A particular, selective breeding for high juvenile ’
Estevez, 2007, Ar: ould 'Zr:ld ‘ifﬁcue.ncy of food conversion (Flock ef al., 2005; Bessei
el eterrier, 2.007).. However, this selective breedin,g has h:d
Base (Julian, 1995; Mitchell e ey, el sz RIS [ OREovaseL
B;.a[_J 2001; ;Bradshaw,et al7)2a(;](;12l'al;nlfr?e;?)(§§elz2n et Loyl ]9;;.
eding for fast j : ’ > ; Knowles et al., 2 : ’
ent birds (‘br;;g:rrsltl)e %\lf-i\;th rate has also had knock-on effects on thgo\ii.lfiie;?:}f
fiston and Siegel,- 1985)01;1t fee? testriction, these broeder birds rapidly beoome Ole)ese
uced fertility (1\/1cGary1erav;3 ggomomf}’_pmblems (Katanbaf et al., 1989), the male
B ot of al., 2002). Whlle these negative symptoms can t;e i
ood that the growing breeders receive, this is often onlyazvg 12?)(3/
= o

lat the birds w i
ould consume if fed ad libitum (Savory et al., 1993; Ducuy I
? : pere et al.,
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