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ABSTRACT 

Over the past 70 years, modern breeding programs have significantly improved 

traits of economical importance in commercial broilers. Due to recent strong selection 

and large reduction in effective population size in the breeding program, linkage 

disequilibrium (LD) in broiler population has changed over generations. 

Characterizing LD is of fundamental importance for implementation of both genome-

wide association studies and genomic selection as well as identification of recent 

selection signatures.  

Therefore, in this study, using a 60K single nucleotide polymorphism (SNP) 

panel, we firstly estimated LD and haplotype structure in crossbred broiler chickens 

and their component pure lines (one sire (male) and two dam (female) lines) and 

calculated the consistency of LD between these populations. The average level of LD 

(measured by r2) between adjacent SNPs across the chicken autosomes studied here 

ranged from 0.34 to 0.40 in the pure lines but was only 0.24 in the crossbred 

populations, with 28.4% of adjacent SNP pairs having an r2 higher than 0.3. 

Compared with the pure lines, the crossbred populations consistently showed a lower 

level of LD, smaller haploblock sizes and lower haplotype homozygosity on macro-, 

intermediate and micro-chromosomes. Furthermore, correlations of LD between 

markers at short distances (0 to 10 kb) were high between crossbred and pure lines 

(0.83 to 0.94). Our results suggest that using crossbred populations instead of pure 

lines can be advantageous for high-resolution QTL (quantitative trait loci) mapping in 

genome-wide association (GWA) studies and to achieve good persistence of accuracy 



 

 x 

of genomic breeding values over generations in genomic selection. These results also 

provide useful information for the design and implementation of GWA studies and 

genomic selection using crossbred populations. 

Secondly, with better understanding of the extent of LD in commercial broiler 

populations, we applied two methods, cross-population extended haplotype 

homozygosity (XP-EHH) and cross-population composite likelihood ratio (XP-CLR), 

to detect signatures of positive selection in five elite lines of commercial broiler 

chickens, including three broiler sire (male) lines and two broiler dam (female) lines. 

A total of 321 candidate selection regions were detected by both methods, 42 of which 

were shared by 2 or more purebred lines. Our results provide a genome-wide scan of 

recent selection signatures in five purebred lines of commercial broiler chickens. We 

found several candidate genes for recent selection in multiple lines, such as SOX6 (Sex 

Determining Region Y-Box 6) and cTR (Thyroid hormone receptor beta), which may 

have been under selection due to their essential roles in growth, development and 

reproduction in chickens. Furthermore, our results suggest that in some candidate 

selection regions, the same or opposite alleles have been under recent selection in 

multiple lines. Most of the candidate genes in selection regions are novel, and as such 

they should be of great interest for future research into the genetic architecture of traits 

relevant to modern broiler breeding.  
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Chapter 1 

BACKGROUND AND LITERATURE REVIEWS 

In conventional breeding program, most economically important traits in 

livestock are selected in elite purebreds, which are mainly based on their phenotypes 

or estimated breeding values (EBVs). During the last century, this breeding strategy 

has proved to be very successful in commercial broilers. Intensive artificial selection 

has largely improved traits of economic importance for farmers, such as growth rate, 

feed efficiency and body composition. For example, when comparing a modern broiler 

chicken strain like Ross 308 with a broiler population that had not been subjected to 

artificial selection since 1957 [i.e., Athens-Canadian Random-bred Control (ACRBC) 

strain], Havenstein et al. (2003) found that the average body weight at 42 days of age 

increased from 539 g in 1957 for the ACRBC strain to 2,672 g in 2001 for the Ross 

308 strain and that the feed conversion ratio decreased from 2.34 to 1.43 over the same 

time period [1]. The authors indicated that genetic selection contributed 85–90% of the 

improvement in growth rate over the past 45 years. These dramatic phenotypic 

changes imply that the underlying causal polymorphisms themselves have been under 

strong positive selection by choosing limited numbers of individuals with the best 

performance to reproduce next generation. Both reduction in the effective population 

size and strong selection in commercial broilers may largely influence the linkage 

disequilibrium (LD) in their populations. LD is a term in population genetics which 

descripts that alleles at two or more loci are non-randomly associated and are 

descended from a common ancestor [2] , and it is related to the fundamental 
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assumptions for many population-level genomics studies, such as GWAS (genome-

wide association study), GS (genomic selection) and detection of recent selection 

signatures. Thus, gaining knowledge about the extent of LD in commercial broiler 

populations is important for application of these LD-based studies in commercial 

broilers. 

1.1 Linkage Disequilibrium in Livestock Species  

In an idealized population under neutral model, two factors affecting LD in 

population are mutation and recombination. Since the mutation rate is very low (~1.1 

× 10-8 per site per generation [3]), recombination has more effect on decreasing LD by 

exchanging corresponding chromosomal segments from both parents during meiosis. 

Because the likelihood of recombination between two loci increases with genetic 

distance between them, the extent of LD usually decays with the distance. For these 

alleles in a short genetic distance (e.g. 0.01cM) with each others, the extent of LD 

among them can still decay over thousands of generations. For this reason, in 

molecular evolution, LD between a novel neutral mutation and alleles in a short 

genetic distance to the loci will take many generations to decay by the recombination 

events, and it also takes many generations for the mutation to reach a high allele 

frequency by random (genetic) drift [4]. 

However, unlike the situations in the neutral model, a beneficial mutation or 

polymorphism under strong positive selection in livestock species can reach a higher 

frequency in fewer generations, and the LD around it will be more extensive because 

the haplotype carrying the mutation/polymorphism becomes more frequent due to 

selection in population. Besides selection, another main factor influencing LD in 

livestock species is effective population size, which is the size of an idealized 
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population under neutral model which has the same rate of losing heterozygosity as 

the observed population [5]. In comparison with human populations, livestock species 

generally have much smaller effective population size due to animal breeding 

programs [2, 6, 7]. In an animal breeding program, only a limited number of elite 

individuals have the chance to reproduce thousands or millions of progenies in the 

following generation. For example, the effective population size in Holstein dairy 

cattle ranges from 100 to 150 based on estimations in previous studies [6, 8, 9] 

although more than 90% of dairy cattle on earth belong to this breed. Also, Qanbari et 

al. (2010) have reported that the recent effective population size for commercial 

chickens is around 70 [10]. Due to the low effective population size, genetic drift has a 

large effect on LD in livestock species. Genetic drift can randomly generate or 

increase LD between loci by making some allele combinations become more or less 

common during reproduction. Thus, livestock species are thought to have longer 

extent of LD within each breeds and larger persistence of LD between breeds within 

the same species [8, 11–14]. 

The advantages of the long-range extensive LD in most livestock species 

include: 1) it may benefit for some initial studies of identifying QTL (quantitative trait 

locus) regions controlling the traits of economical importance [15]. And, with LD 

markers for causal mutations identified in these QTL studies, the long-range extensive 

LD can subsequently contribute to some initial applications of marker-assisted 

selection (MAS) in livestock breeding [16]; 2) it can largely reduce costs of 

population-level SNP genotyping by application of imputation methods for inferring 

the missing genotypes on low-density SNP chip, because markers were linked with 

each other in a long-range region [17]. However, it can also be a problem in fine 
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mapping of QTL, such as genome-wide association studies (GWAS), and then 

identifying the causal mutations, because long-range extensive LD around causal 

mutations can cause long-range QTL regions which harbor too many positional 

candidate genes to discover causal gene(s) or mutation(s) subsequently [18]. Also, like 

GWAS, genomic selection (GS) is currently widely applied in studies and breeding 

programs of livestock animals [19–22]. But, instead of directly detecting QTLs with 

large effects on traits of interests, GS focuses on utilizing thousands of SNP markers 

to predict genomic breeding values (GEBV) of genotyped individuals for breeding 

[23]. Even with differences in application strategy, the basic assumption of GWAS 

and GS is these markers are in detectable LD with nearby causal mutations. Long-

range extensive LD may benefit initial GS application in breeding programs for 

selecting elite purebreds with high accuracy of GEBV; however, the accuracy can 

decline over generations due to decays of LD mainly by recombination [24]. Thus, a 

resource population with relatively short-range extensive LD can benefit both fine 

mapping of QTL in GWAS and persistence of GEBV accuracy in GS. 

In comparison with purebreds, LD decays more quickly in a multi-breed or a 

crossbred population compared with their parental populations [14, 25–27], because 

crossbreeding of multiple breeds may increase haplotype diversity and effective 

population size in crossbreds. In reality, excluding dairy cattle, the majority of 

livestock industries widely utilize crossbreeding of purebred animals to generate 

commercial populations for final animal products. So, it will be highly practical to 

utilize these crossbreds as training (reference) population to predict breeding values of 

purebred lines as an alternative way to utilize GS in livestock species. Two simulation 

studies [24, 28] have shown training in the crossbred population provide comparable 
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accurate prediction of true breeding values of purebred candidates when compared to 

training in a single purebred. Moreover, short-range LD in crossbreds can captured 

markers with high consistent association with QTL across the training and validation 

population for GEBV prediction, which could keep the persistence of accuracy in GS 

over generations, in comparison with training in purebreds [24]. 

Another important factor in GS is consistency of LD phase between training 

population and validation population. This factor is quite critical for accuracies of 

estimated GEBV for a desired trait in GS [29]. As mentioned before, recombination 

events can decrease LD over generations, especially for alleles in a long genetic 

distance. Besides that, the differences in genetic background and breeding history can 

also cause the low consistency of LD phase among purebreds even in the same 

agricultural species. Thus, the performance of GS is not ideal when training in one 

purebred but validating in another one. For example, Hayes et al. (2009) found that the 

accuracies of GEBV among 5 milk production traits were only -0.01 to 0.17 when 

training in Jersey cattle and validating in Holstein cattle. However, the accuracies of 

Holstein’s GEBV dramatically increase to 0.44-0.70 when training in both Holstein 

and Jersey population [30]. On the contrary, alleles in a short genetic distance may 

maintain high consistency of LD phase among breeds due to low effect from 

recombination, especially for the agricultural species domesticated from a few 

common ancestor (s). Using combination of multiple breeds (like crossbreeds in 

animal industry) as reference population, the statistical methods in GS can utilize the 

high consistency of short-range LD phases among purebreds to estimate GEBV and 

improve the performance of GS in all component breeds. Thus, crossbreds could be a 

better choice than purebreds for being reference populations in GS of multiple related 
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purebreds. Therefore, gaining the knowledge of LD in crossbred and its parental 

purebred populations would benefit future genome-wide studies, such as GWAS and 

GS, in commercial chickens.  

Previous studies [10, 15, 31–35] have investigated extent of linkage 

disequilibrium in chickens. However, because of biotechnical limitations and 

incomplete chicken reference sequence, most previous studies LD on a few chicken 

chromosomes with low-density markers. With the developments in SNP array 

technology, Qanbari et al. (2010) and Wragg et al. (2012) used the Illumina 60K 

genotyping chips for investigating whole genome LD pattern in layer (egg-type) 

chicken populations and non-commercial chickens. But the LD patterns in commercial 

broiler populations using a high-density of SNP chip were uncovered. Thus, to explore 

the possibility of using crossbreds in GWAS and GS, the study on chapter 2 of the 

thesis investigated the extent and consistency of LD using high-density SNP chip in 

commercial broiler populations, including 3 pure lines and their crossbreds. The 

comparison of extent and structure of LD and haplotype structure among purebreds 

and their crossbreds has been also performed in this study.  

1.2 Detection of Genome-wide Recent Selection Signatures  

As motioned before, strong artificial selection in modern breeding program 

dramatically improved the traits of economical importance in commercial broilers, and 

it simultaneously generated selection signatures, such as long extensive LD and high 

allele frequencies, around the underlying causal polymorphisms controlling these traits 

in chicken genome. Thus, detecting these signatures of artificial selection should help 

researchers to identify the causal polymorphisms underlying phenotypic changes and 

to better understand the biological and genetic mechanism controlling these traits.  
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Before the advent of genome-wide sequences and polymorphisms data, the 

most practical way to detect positive selection was to examine functional candidate 

genes that usually were chosen due to their important biological function [36]. 

However, this single locus approach is very time-consuming for genotyping and 

choosing functional candidate genes is very subjective. Even though the candidate 

gene may be very important in term of its biological function, the causal 

polymorphisms under positive selection may be located in a neighboring region and 

could regulate the behavior of this functional candidate gene. Moreover, most traits, 

like disease resistance and body weight, are quantitative (complex) traits that are 

controlled by numerous genes, and recent positive selection on the complex traits may 

have worked on these genes simultaneously. Moreover, a large proportion of 

functional genes controlling a complex traits may be unknown due to incomplete 

pathway information in agricultural species. Therefore, we need an objective and high 

throughput method to screen positive selection signatures in the whole genome.  

With the availability of large-scale SNP data and high throughput SNP 

genotyping tools (such as SNP array and next generation sequence (NGS)) in human 

and recently in many agricultural species, it has become possible to measure thousands 

and even millions of polymorphisms in each individual genome. These newly 

developed tools allow us to systematically interrogate an entire species genome to 

detect the positional candidate genes under positive selection while comparing with 

the genetic variation in the genome as a whole. Many genetic methods have been 

developed to detect genome-wide recent selection signatures based on the extent of 

linkage disequilibrium and haplotype structure.  
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1.3 Statistical Methods for Detecting Recent Selection Signatures 

As prior mentioned, recent selection can cause long-range extensive LD and 

high allele frequency in a specific chromosomal region harboring the causal 

polymorphisms/mutations. Thus, the methods based on extended haplotype 

homozygosity (EHH) [37] or change in allele frequency spectrum have both been 

suggested to be useful for detecting signatures of recent selection [38, 39]. Both 

classifications of methods are described below. 

1.3.1 Methods Based on Extended Haplotype Homozygosity 
1.3.1.1 EHH and Relative EHH 

EHH (extended haplotype homozygosity) is defined as the probability that two 

randomly chosen haplotypes (including the core haplotype or SNP) are homozygous at 

all loci in a given interval from the candidate core haplotype or SNP [37]. The EHH of 

a tested core haplotype t in a population is:  

𝐸𝐻𝐻! =
𝑛!"
2

!
!!!

𝑁!
2

……………………………………… (1.1) 

where 𝑁! is the number of chromosomes of a particular core haplotype t, 𝑛!" is the 

number of chromosomes of a particular extended haplotype i, and the 𝑔 is the number 

of unique extended haplotypes. The extended haplotype here means that the markers 

used to construct the core haplotype t as well as other markers around the core 

haplotype to reconstruct a set of haplotypes, and all extended haplotypes will include 

the whole core haplotype t. Thus, it is obvious that: 𝑛!"
!
!!! = 𝑁!. 

This test is relatively robust to different genetic markers (like microsatellite 

and SNP) in practice, and can also help to narrow down the candidate regions carrying 
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the causal polymorphisms under strong recent positive selection [36]. In the 

application of this test in genome-wide studies, it is assumed that the recombination 

occurs at the same rate in each chromosomal region across the whole genome. But 

actually, it has been observed that both recombination hot spots and cold spots do exist 

in many organisms’ genome [40–42]. The recombination cold spots may cause false 

positive selection signals in these regions while hot spots may cause false negatives 

instead. Moreover, in chicken, the differences in LD between small- and large-size 

autosomes have been attributed mainly to the differences in recombination rates 

against the same physical distance, with micro-chromosomes showing the largest rate 

of recombination (6.4 cM/Mb), in comparison with lowest one in macro-chromosomes 

(2.8 cM/Mb) [43]. Since differences in recombination rate is a very critical issue with 

this kind of selection signature, relative EHH test therefore has been developed to deal 

with it. 

Due to different recombination rates on chromosomes in many species genome, 

the relative EHH test has been proposed to correct the EHH for each core haplotype 

[37]. Relative EHH is defined as the ratio of the EHH on the tested core haplotype 

compared with the EHH of the grouped set of all other core haplotypes at the region. It 

can be simply calculated by 𝐸𝐻𝐻! 𝐸𝐻𝐻. 

𝐸𝐻𝐻 =

𝑛!"
2

!!
!!!

!
!!!,!!!

𝑁!
2

!
!!!,!!!

………………………………… (1.2) 

where ℎ is the number of different core haplotypes, 𝑔! is the number of unique 

extended haplotypes carrying core haplotype 𝑗 and the rest of components in the 

equation above is the same as the equation (1.1). Thus, relative EHH is on a scale of 0 

to infinity.  



 

 10 

1.3.1.2 Integrated Haplotype Score 

 

Figure 1.1 Decay of EHH in Simulated Data for an Allele Starting at Frequency 0.5 

Note: without selection (s = 0, left side), the haplotype homozygosity decays at very 
similar pattern for both ancestral (blue) and derived (red) alleles. However, with 
positive selection on derived alleles (s = 2Ns = 250; right side) than ancestral allele, 
the haplotype homozygosity decays much slower for the derived alleles in comparison 
with the ancestral alleles. Reproduced from [44], an open-access article under the 
terms of the Creative Commos Attribution License. 

The integrated haplotype score (iHS) test have been developed by Voight et al. 

(2006) based on EHH test, and it is more suitable for genome-wide SNP data because 

the SNP array usually is designed to capture only two alleles on each locus. The EHH 

in their simulation study was defined as homozygosity of haplotypes carrying a 

specified ‘core’ allele rather than core haplotype, and was supported to decay from 1 

to 0 with increasing distance from the core site (Figure 1.1). Utilizing simulation data 

they found that, in comparison with the core allele under a neutral model, EHH for the 

core allele under selection was higher and could expand much farther as shown in 
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Figure 1.1. To quantitate the difference in EHH between these two core alleles, the 

unstandardized iHS test [44] can be computed as: 

unstandardized 𝑖𝐻𝑆 = ln
𝑖𝐻𝐻!
𝑖𝐻𝐻!

………………………… (1.3) 

where 𝑖𝐻𝐻! and 𝑖𝐻𝐻! are the integrated EHH (iHH) for  ancestral allele and derived 

allele respectively, and they are  computed by the integral of the observed decay of 

EHH until EHH reaches to 0.05. 

From equation (1.3), it is obvious that the unstandardized iHS will be a 

negative value if derived allele is under positive selection, otherwise it will be 

approximately equal to 0 under neutral model. As mentioned above, the allele under 

recent positive selection has high allele frequency and is associated with long-range 

haplotype. But if a neutral allele was generated more recently, it could have a low 

allele frequency due to random drift and be also associated with a long-range 

haplotype because of not enough recombination events, so this low frequency neutral 

allele might have a larger iHH than the high frequency one. Hence, iHS test is adjusted 

as [44]: 

𝑖𝐻𝑆 =
ln 𝑖𝐻𝐻!

𝑖𝐻𝐻!
− 𝐸! ln 𝑖𝐻𝐻!

𝑖𝐻𝐻!
𝑆𝐷! ln 𝑖𝐻𝐻!

𝑖𝐻𝐻!

………………………… (1.4) 

where 𝐸! ln 𝑖𝐻𝐻! 𝑖𝐻𝐻!  and 𝑆𝐷! ln 𝑖𝐻𝐻! 𝑖𝐻𝐻!  are the expectation and the 

standard deviation of ln 𝑖𝐻𝐻! 𝑖𝐻𝐻!  estimated from the empirical distribution at 

SNPs whose derived allele frequency is p. The 𝑖𝐻𝑆 statistics follow an approximately 

standard normal distribution, which is convenient for researchers to do significant test. 

Moreover, due to the strong LD in the region under positive selection, this method 
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showed more power for screening windows of consecutive SNPs that contain a lot of 

high iHS scores[44].  

1.3.1.3 Cross Population Extended Haplotype Homozogysity 

All the prior mentioned methods are developed to detect selection sweeps in 

single population, but they have a common limitation. The prior methods can be 

applied to detect alleles that have undergone recent selection, but do not to detect 

alleles that have swept to near-fixation or fixation within a population. For example, in 

the iHS test, only SNP with minor allele frequency (MAF) larger than 5% can be 

estimated the iHS score because we cannot tell the difference between a SNP with 

small MAF are caused by alleles under positive selection or just some neutral alleles 

that have reached fixation by random drift in the common ancestral population. In 

animal and plant breeding, some mutations with high fitness for economically 

important traits can reach fixation under strong selection pressure due to artificially 

increasing the number of progeny of best selection candidates, particularly in MAS 

system where only the selection candidates carrying the favored allele can have 

progenies in breeding programs. Thus, the limitation caused by these methods may 

have low power to identify the alleles with high fitness that means more biological 

importance in the population. To overcome this limitation, the XP-EHH test (cross 

population extended haplotype homozogysity) have been developed by Sabeti et al. 

(2007) to detect selection sweeps in which the favored allele has reached near-fixation 

or fixation in two different populations.  

Very similar to the development of iHS test, XP-EHH test also uses the 

integrated EHH (iHH) of a core SNP but in two populations, A and B rather than two 
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alleles in a single population. The unnormalized XP-EHH statistic can be calculated as 

[45]: 

unnormalized X𝑃 − 𝐸𝐻𝐻 = ln
𝑖𝐻𝐻!
𝑖𝐻𝐻!

………………………… 1.5  

where 𝑖𝐻𝐻! and 𝑖𝐻𝐻! are the integrated EHH of a given core SNP in population A 

and B respectively. The unstandardized XP-EHH statistics were adjusted using their 

means and variances. Thus, a big positive value of XP-EHH suggests selection in 

population A, or a negative value in B. Because of differences in evolution history and 

geographic environment, two populations may not share identical long-range 

haplotype. Thus, in each chromosomal region, each population could be utilized as a 

control population under neutral model for another population, which makes it 

possible to detect the strong selection sweeps where alleles have a very small MAF. 

Obviously, the method requires both populations have different genetic background 

with separated selection direction.  

1.3.2 Methods Based on Allele Frequency Spectrum 
1.3.2.1 Composite Likelihood Ratio 

The composite likelihood ratio (CLR [46, 47]) is a statistical method that can 

identify regions with differential allele frequency pattern from overall pattern in the 

genome of a single breed. Kim & Stephan (2002) first developed the method for 

detecting selection signatures in subgenome data, Nielsen et al. (2005) improved it for 

genome-wide data. The basic assumption in the methods by Nielsen et al. (2005) is 

that most loci are not under selection and can be used to estimate the distribution of 

allele frequencies in a neutral model. On the contrary, the selected loci and their 

nearby loci assumed to be presenting a different distribution of allele frequencies in 
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comparison with neutral model. Thus, the composite likelihood of a fix window (a 

chromosomal region) can be calculated as: 

𝐶𝐿!" = 𝑓
!

!
𝑝!

!
𝑛
𝑚

!

!!!
𝑝! !× 1− 𝑝! !!!𝑑𝑝! ………………… 1.6  

𝐶𝐿!! = 𝑓
!

!
𝑝!

!
𝑛
𝑚

!

!!!
𝑝! !× 1− 𝑝! !!!𝑑𝑝! ………………… 1.7  

where k is the number of SNPs in fixed size of sliding window, and 𝑝! is the allele 

frequency of a derived allele on locus 𝑖, 𝑛 is the sample size and 𝑚 is the count of the 

derived allele; 𝐾 is the total number of SNPs; Thus, 𝑓 𝑝!
!
and 𝑓 𝑝!

!
 are empirical 

background distribution of allele frequencies estimated from k SNPs and all SNPs, 

respectively, which is the only different between equation (1.6) AND (1.7). The CLR 

statistic is given by: 

𝐶𝐿𝑅 = 2( log𝐶𝐿!" − log𝐶𝐿!!)……………………………… 1.8  

1.3.2.2 Cross Population Composite Likelihood Ratio 

One essential assumption of CLR method is that the empirical background 

distribution of allele frequencies estimated using genome-wide markers should be 

consistent with the distribution of allele frequencies under neutral model, so this 

method assumes that only a small proportion of polymorphisms in genome are 

influenced by selection in the population. However, as mentioned before, selection for 

complex traits in agricultural species can work simultaneously on multiple causal 

polymorphisms/mutations as well as nearby polymorphisms in strong LD with them 

across the whole genome, which can limit the usage of this method in commercial 

broilers. Another obvious limitation of the CLR method is that it is very sensitive to 

SNP ascertainment bias. This bias is a systematic deviations from an expected 
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distribution of allele frequencies due to the sampling processes for SNP detection, 

especially sampling limited number of non-random individuals [48]. For example, for 

the Illumina 60K chicken SNP array, only four commercial breeding lines (two 

broilers and two layer lines) were used for SNP detection, and SNPs were identified 

by sequencing the DNA pooled from 25 individuals from each of these commercial 

breeding lines [49]. Furthermore, only SNPs with medium to high MAF among these 

purelines were selected. Each of these limitations can be a potential factor contributing 

to SNP ascertainment bias in estimating distribution of allele frequencies using the 

Illumina 60K chicken SNP array. Also, the single-population CLR method does not 

take advantage of larger differences in allele frequencies between two breeds. Thus, 

similar to strategy of XP-EHH, Chen et al. (2010) developed the XP-CLR (cross 

population composite likelihood ratio) test to overcome these limitations. The 

composite likelihood of the k SNPs in a fixed size of sliding window is calculated as 

[50]: 

𝐶𝐿 𝐫,𝑤, 𝑠 = 𝑓 𝑝!! 𝑝!! ,𝑤, 𝑠, 𝑟!
!

!

𝑛
𝑚!

!

!!!
𝑝!!

!!× 1− 𝑝!!
!!!!𝑑𝑝!! …… 1.9  

where r is the vector of recombination rate 𝑟!, 𝑟!,… , 𝑟! , w is a weight factor based 

on linkage disequilibrium, s is the selection coefficient, which can be estimated from , 

k is the number of SNPs in fixed size of sliding window, and p is the allele frequency, 

𝑛 is the sample size and 𝑚! is the count of neutral allele at locus i with assumption that 

the nearby chromosomal region in reference population is not under selection;  

𝑓 𝑝!! 𝑝!! ,𝑤, 𝑠, 𝑟!  is the distribution of allele frequencies estimated after a selective 

sweep. And then a XP-CLR statistic is given by: 

𝑋𝑃 − 𝐶𝐿𝑅 = 2{ max[log𝐶𝐿 𝐫,𝑤, 𝑠 ]− log𝐶𝐿 𝐫,𝑤, 𝑠 = 0 }………… 1.10  
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where max refers to the maximization of log𝐶𝐿 𝐫,𝑤, 𝑠  with respect to the parameter 

s. Another advantage of XP-CLR method is that the distribution of allele frequencies 

are estimated with modeling genetic drift in reference population by Brownian motion, 

for identifying the selection signatures where differences in derived allele frequency 

between objective and reference populations were too large to be due to genetics drift 

[50]. It makes the methods more suitable for detecting selection signatures in livestock 

species that usually has low effective population size as mentioned above. 

A famous statistician, George E. P. Box, once said, “Essentially, all models are 

wrong, but some are useful” [51]. This is absolutely true because the methods 

mentioned above cannot work in every situation. Because they rely on the neighboring 

LD which surrounds the specific allele of interests, each method is applicable for 

detecting recent selection sweeps under the correct situation. 

1.4 Application of Methods for Detecting Selection Sweeps in Livestock 
Species 

In dairy cattle, Qanbari et al. (2010) adopted the REHH method to detect 

positive selection signature in Holstein–Friesian cattle using a 50k SNP array [38]. In 

the study, they first examined ten well-known functional candidate genes that were 

associated to economically important traits (like milk yield and protein percentage). 

They found that DGAT1 (Diacylglycerol O-Acyltransferase Homolog 1) and casein 

cluster gene showed very high relative EHH in their core region, and haplotype 

homozygosity extended extremely long from the core region (Figure 1.2). Both genes 

have been proved to have major effect on milk production traits in dairy cattle [52, 53]. 

Besides that, another two genes, SST (Somatostatin) and LPR (Lymphoproliferation), 

also showed significant relative EHH. Even though not all of these functional 
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candidate genes were detected to have recent positive selection, it still showed the 

method could be used to detect the positive selection in the Holstein population. They 

then applied the relative EHH method in the whole genome screen for selection 

signatures.  

 

Figure 1.2 The EHH Pattern in the Casein Cluster (Left Side) and DGAT1 (Right 
Side) Gene 

Note: a1 and a2: EHH against distance plots showed decay of haplotype homozygosity 
with increasing in distance for the three most frequent core haplotypes. The haplotype 
frequencies for the three core haplotypes were presented on the legends in the plots; 
b1 and b2: Haplotype bifurcation plots of the three core haplotypes for the casein 
cluster and DGAT1 regions respectively. Reproduced with permission from [38]. 
Copyright John Wiley and Sons. All Rights Reserved. 

In the genome-wide analyses, they first determined 3741 core regions in 

bovine genome based on the long-range extensive LD in these regions. The relative 

EHH was calculated at 1 cM distances on both upstream and downstream for all core 

haplotypes within these core regions. Surprisingly, in the dairy cattle’s genome, 702 

core haplotypes were detected to have significant selection signatures with P-value < 

0.05, and 161 ones with P-value < 0.01. And for the 12 most significant core 
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haplotype (Figure 1.3), they explored QTL databases available online to identify genes 

located around its core regions with published QTL in cattle. Many major QTL and 

functional genes related to economically important traits were found around the 

candidate selection regions, which met the hypothesis that selection in the 

economically important traits could cause the selection signature around the related 

QTL. Similarly, Qanbari et al. (2014) applied iHS and CLR tests to detected selection 

signatures in Fleckvieh cattle, a dual purpose cattle suitable for production of dairy 

and beef, and found that genes in 106 detected candidate selection regions were 

relevant to coat coloring pattern, neurobehavioral functioning and sensory perception 

[54]. Then, by applying GWAS, they validated these selection regions harboring genes 

related to coat coloring pattern in cattle. 

Another example about detecting recent positive selection in cattle is a study 

about using XP-EHH test to detect artificial selection signatures in ten cattle breeds 

[55], including two dairy cattle breeds, two beef cattle breeds, four dairy-beef cattle 

breeds and two artificially unselected breeds. Generally, these ten breeds in this study 

had differences in genetic background, environment and selection purpose. In the 

results of XP-EHH test, the two artificially unselected breeds got obviously less 

selection signatures (confirmed by neighboring markers and/or multiple significant 

breed-comparisons) in comparison with other eight artificially selected breeds, which 

suggested that only natural selection influence the haplotype homozygosity in their 

genomes. For these artificially selected breeds, the number of confirmed selection 

signatures ranged from 100 to 229. Similarly to the findings in other cattle breeds 

mentioned above, these selection signatures included all of the six target genes that 

were well known with major effect on milk and beef traits. Thus, the results in 
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previous studies in cattle suggested that detecting recent selection signatures could be 

another useful method to identify QTL or candidate genes related to selected traits 

even without phenotype information. 

 

Figure 1.3 Distribution of Relative EHH against Haplotype Frequencies in the 
Holstein Genome 

Note: Relative EHH was estimated at ±1 cM distances around all possible core 
haplotypes in this dairy cattle genome. Core haplotypes with significant relative EHH 
statistic are presented in blue (P-value < 0.05) and red (P-value < 0.01) respectively 
except 12 core haplotypes presented by triangles that meant their P-value < 0.001. The 
points displaying DGAT1 and the casein cluster are marked in the plot. Reproduced 
with permission from [38], Copyright John Wiley and Sons. All Rights Reserved. 

In chickens, using whole-genome re-sequencing and high-density SNP chips, 

respectively, Rubin et al. (2010) and Elferink et al. (2012) have initially investigated 

selection signatures in large numbers of chicken breeds using Z-transformed pooled 

heterozygosity (ZHp) scores. This statistic estimates local heterozygosity depression 

in chromosomal regions [56, 57] and has been applied for detecting alleles that have 
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swept to fixation or near-fixation by  long-term directional selection or during 

domestication [39]. However, as mention before, modern breeding practices have a 

more recent selection history, and have been employed to select for a more 

sophisticated traits, such as feed efficiency and meat yield, by modern breeding 

organizations. Therefore, most signatures of this more recent selection are likely yet to 

be uncovered in the genome of modern broiler chickens. Thus, besides investigating 

LD, another objective in the study is to apply both cross-population methods, XP-

EHH and XP-CLR, to identify recent selection signatures in commercial broilers. 
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Chapter 2 

LINKAGE DISEQUILIBRIUM IN CROSSBRED AND PURE LINE 
CHICKENS 

2.1 Introduction 

Progress in next-generation sequencing and high-density single nucleotide 

polymorphism (SNP) genotyping technologies offer unprecedented opportunities for 

detecting causal polymorphisms or achieving high accuracies of prediction in genomic 

selection [8, 11–14]. As mentioned in Chapter 1, however, taking full advantage of 

these new technologies may be limited in livestock populations due to the high level 

and extent of LD. Although LD extends over long distances in most livestock 

populations, comparisons of LD patterns between populations show that shared 

haplotype segments are much shorter when the population consists of multiple 

purebred populations [25–27], which indicates that LD decays more quickly in multi-

breed or crossbred populations than in purebred populations. Therefore, in cases where 

LD does not extend over long distances, multi-breed and crossbred populations can be 

potentially useful for fine mapping and identification of causal polymorphisms. 

Furthermore, as explained in Chapter 1, using a crossbred population as reference 

population in genomic selection can also be advantageous, particularly in livestock 

species with crossbreeding programs, such as poultry, pigs and beef cattle. In this 

study, our aim was to characterize the consistency of LD and differences in LD 

between crossbred and their component purebred populations. As previous studies on 

LD in layer [10] and village chickens [35], we used the Illumina 60K chicken SNP 
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panel [49] which contains over 10 times more SNPs than that of most other studies on 

LD in chickens [15, 31, 32, 34, 58]. 

2.2 Methods 
2.2.1 Animals and Data Preparation 

 

Figure 2.1 Schematic Representation of the Broiler Population Structure  

Note: genotyped pure lines and crossbred individuals were sampled from pedigree 
pure lines (right) and two broiler-crossbreeding programs (bottom). Among the 
pedigree pure lines, line B is a male line and both lines C and D are female lines. All 
genotyped birds (indicated by “*”) were sampled from male flocks. The genotyped 
birds from male and female lines were elite sires randomly sampled from two and 
three overlapping generations, respectively. A random sample of the B0 elite sires’ 
progeny (B1) was also genotyped. The field crossbred chickens (fBCD) were end-
product meat birds, whereas the pedigree crossbred chickens (pBCD) were produced 
for the genetic evaluation of B1 sires. The CD mothers of the field and pedigree 
crossbred chickens were different but from the same generation of CD parents. The 
line B fathers of field and pedigree crossbred chickens were diverged for two to three 
generations. 
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A total of 2844 individuals were genotyped using the Illumina 60K chicken 

SNP array [49]. All genotyped birds were sampled from male flocks and included 

2341 crossbred and 503 purebred chickens. Among the 503 genotyped purebred 

chickens, 256 were sampled from a male line, i.e. line B, and 126 and 121 chickens 

were sampled from two female lines, i.e. lines C and D, respectively (there was no line 

A in this study). Individuals that were genotyped from the female lines were elite sires 

that were randomly sampled from three overlapping generations. Only a portion of the 

chickens that were genotyped from the male line (B0; n = 96) were elite sires that 

were also sampled from three overlapping generations; another set of genotyped 

chickens (B1; n = 160) was a random sample of the progeny of the B0 elite sires 

(Figure 2.1). 

All 2341 genotyped crossbred chickens were produced by a three-way cross of 

B × [C×D], in which males of line B were mated with CD crossbred females, which is 

a crossbred female product produced by a two-way C × D cross, in which males of 

line C were mated with females of line D. Crossbred individuals were sampled from 

two broiler chicken populations: (i) broiler chickens from the field (end product meat 

birds), which will be referred to as field crossbred chickens (or fBCD, n = 1093) and 

(ii) broiler chickens from a pedigree house (produced for genetic evaluation of the 

pedigree B1 sires), which will be referred to as pedigree crossbred chickens (or pBCD, 

n = 1248) (Figure 2.1). 

To assess the extent to which the LD pattern in crossbred populations can be 

predicted based on the genotypes of their component pure lines, we created a 

combined population by simply combining the genotype data of a random sample of 

200 chickens of line B, 100 of line C and 100 of line D. The 2:1:1 proportion of lines 
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B:C:D was used to mimic the expected genetic contribution of these lines to the 

autosomes of crossbred individuals. This combined population will be referred to as 

the combined BCD (or cBCD) population. 

The Illumina 60K SNP chip contains 57636 SNPs [49]. In this study, we used 

only SNPs with assigned positions on autosomes (based on the latest reference 

genome, Gallus gallus 4.0 UCSC, May 2012). Within each pure line and crossbred 

population, we discarded SNPs with a call rate less than 90%, Mendelian 

inconsistency greater than 0.001 and minor allele frequency (MAF) less than 0.05. 

Also, SNPs that strongly deviated from Hardy–Weinberg equilibrium (p value < 

0.001) in the pure lines were discarded, as well as SNPs on chromosome 16 and two 

linkage groups because there were too few SNPs in the 60K SNP panel for these 

chromosomes. 

2.2.2 Haplotype and Haploblock Analyses 

Determining haplotype phase and frequency is necessary to estimate LD and 

can provide useful information about breed-specific haplotypes and the history of 

artificial selection. We used BEAGLE (Version 3.3.2) [59] to infer haplotype phase 

for each genotyped individual in each population. As in Badke et al. [13], we set 

BEAGLE to run 100 iterations of the phasing algorithm and to sample 100 haplotype 

pairs for each individual per iteration. 

In theory, haplotype homozygosity is defined as the likelihood of randomly 

sampling two identical haplotypes from a population, which is calculated as the sum 

of squares of haplotype frequencies [60]. Based on the results of the haplotype phases 

obtained with BEAGLE, haplotype homozygosity was estimated using haplotypes 

frequencies for 250-kb sliding windows, with a step size of 25 kb. For each 
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population, Haploview (Version 4.2) [61] was used to define haplotype blocks 

(haploblocks) with the built-in algorithm suggested by Gabriel et al. [62]. In this 

model, the confidence interval of observed values of LD measured by D' was 

estimated to determine the upper and lower confidence bounds of D’ (5% tails of the 

overall probability distribution of D'), and the blocking structure was determined by 

defining SNP pairs to be in “strong LD” if the upper confidence bound was above 0.98 

and the lower bound was above 0.7 [62]. 

2.2.3 Estimation of Linkage Disequilibrium 

We calculated r using the equation below and used its square, r2, to measure 

LD between marker pairs that are separated by less than 5 Mb on each chromosome: 

𝑟!" =
𝑓 𝑀𝑁 − 𝑓 𝑀 𝑓 𝑁
𝑓 𝑀 𝑓 𝑚 𝑓 𝑁 𝑓 𝑛

…………………………… (2.1) 

where 𝑟!" is the correlation between alleles at SNP i (alleles M and m) and alleles at 

SNP j (alleles N and n); f(MN) is the observed frequency of haplotype MN, which can 

be simply obtained from the phasing results; and f(M), f(m), f(N) and f(n) are observed 

frequencies of alleles M, m, N and n, respectively [63]. 

Previous studies on LD in chickens showed that the extent of LD over physical 

distances varies greatly among the different categories of avian chromosomes: macro-

chromosomes (GGA1 to 5), intermediate chromosomes (GGA6 to 10) and micro-

chromosomes (GGA11 to 38) [43]. Thus, we estimated LD separately for each 

category of chromosomes within each population. To visualize the LD pattern for each 

category of chromosomes in different populations, r2 values were ordered in ascending 

order based on the physical distance between the corresponding SNP pairs, and then a 
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rolling average of LD was calculated as the arithmetic mean of all r2 values for SNP 

pairs in 25-kb intervals and plotted against physical distance between SNPs. 

2.2.4 Estimation of Consistency of LD 

Consistency of LD between two populations was calculated as the correlation 

of r between SNP pairs. We used the SNPs that were common to the populations to 

estimate the consistency of LD as the correlation rij between the same pairs of SNPs 

within a given interval in two populations. For simplicity, this will be referred to as the 

correlation of r. To visualize and compare the correlation of r among different pairs of 

populations, the pairwise correlation of r was estimated separately for each category of 

chromosomes in 50-kb non-overlapping intervals and plotted against physical distance. 

2.3 Results 

Table 2.1 Quality Control Criteria and Number of SNPs Discarded in Each 
Population 

Quality control 
Population1 
All B C D fBCD pBCD 

Chromosomes not included 4522 
Mendelian inconsistency 1456 
SNPs not called2  706 978 978 823 839 
Monomorphic SNPs  7907 9888 7768 3467 3582 
SNPs with a call rate < 0.9  550 154 230 510 448 
SNPs with a MAF < 0.05  4914 4096 4300 3205 3149 
HWE (p value < 0.001)  121 163 194 NT3 NT3 
SNPs in use  37460 36379 38188 43653 43640 
Common SNPs  26350   
Note: 1B: line B; C: line C; D: line D; fBCD: field crossbred chickens; pBCD: 
pedigree crossbred chickens; 2SNPs that were genotyped but not called; 3NT: the 
Hardy-Weinberg equilibrium test was not applied to crossbred chickens.  
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2.3.1 Marker Statistics 

 

Figure 2.2 Distribution of Minor Allele Frequency and Fst of SNPs 

Note: 2A: Distribution of MAF of SNPs after quality control in each population. Each 
population is represented by a different color; 2B: Distribution of Fst of common SNPs 
to the three purebred populations. 

The numbers of SNPs that remained after quality control and were used in 

subsequent analyses for pure lines B, C and D, and field crossbred (fBCD) and 

pedigree crossbred populations (pBCD) ranged from 36379 to 43653 and are in Table 

2.1. There were 26350 common SNPs in these five populations. SNPs that were 

evaluated in the combined BCD (cBCD) population were the same as those included 

in the field crossbred population. 

Distributions of MAF for SNPs after quality control are in Figure 2.2A for 

each population. More than 65% of SNPs in the three purebred populations and more 

than 70% of SNPs in the crossbred populations had a MAF greater than 0.2. MAF 

distributions were mostly uniform for MAF greater than 0.05. As expected, the 

number of SNPs with a high MAF was larger for the crossbred populations than for 
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each of the pure lines. In addition, Fst [64] were estimated among the three purebred 

populations for all common SNPs after quality control, and their distributions are in 

Figure 2.2B. The average Fst was greater than 0.20, which suggests that there was 

substantial genetic differentiation among these purebred populations [65]. 

2.3.2 Linkage Disequilibrium 

 

Figure 2.3 Decay of Linkage Disequilibrium with Distance on Different Categories 
of Chromosomes in Different Populations 

Note: Each population is represented by a different color. Each point in the plots 
represents the mean r2 of marker pairs in a 25-kb interval. Points representing field and 
pedigree crossbred and combined BCD populations (purple, grey and cyan, 
respectively) are almost overlapping and hard to distinguish in most areas. 

As shown in Figure 2.3, LD declined as the distance between markers in all 

populations increased, and r2 converged to 0.02 approximately at around 2 Mb, 4 Mb 

and 5 Mb on micro-, intermediate, and macro-chromosomes, respectively. At marker 

interval distances smaller than 1 Mb, LD differed considerably between crossbred and 
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purebred populations and also between chromosome categories. Micro-, intermediate, 

and macro-chromosomes showed the lowest, second lowest and highest mean r2, 

respectively, across all populations (Figure 2.3). The crossbred populations and line C 

displayed the lowest and the highest mean r2, respectively. The mean r2 of lines B and 

D were similar but lower than that of line C. Compared with the pure lines, the 

distance at which r2 decayed below 0.2 (D0.2) was considerably smaller in the 

crossbred populations; in the crossbred populations, D0.2 was equal to ~50, ~25, and 

~15 kb for the macro-, intermediate, and micro-chromosomes, respectively while in 

the pure lines, D0.2 was greater and equal to 225, 150, and 80 kb. Line C showed the 

largest D0.2 for all three categories of chromosomes. 

The mean r2 between adjacent SNPs across all autosomes studied here ranged 

from 0.34 to 0.40 in the pure lines but was on average only equal to 0.24 in the 

crossbred populations. Due to the different densities of SNPs on each chromosome in 

the 60K SNP chip, mean r2 values were similar in the three categories of 

chromosomes. Furthermore, in the pure lines, at least 53.2% of adjacent SNP pairs had 

an r2 greater than 0.2 and 42.2% had an r2 greater than 0.3, but in the crossbred 

populations, only 39.5% and 28.4% showed an r2 greater than 0.2 and 0.3, respectively. 

The two crossbred populations and the combined BCD population showed 

almost the same level of LD (Figure 2.3) and very high correlations of r (Figure 2.4) at 

all distances between SNPs studied here. Thus, only results of the field crossbred 

population vs. pure lines are presented here.  
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2.3.3 Haploblock and Haplotype Homozygosity 

 

Figure 2.4 Correlation of LD on Different Chromosome Categories among the Pure 
Lines and Crossbred Populations 

Note: Each population is represented by a different color. Each point in the plots 
represents the mean correlation of r in a 50-kb interval. Points representing the 
correlations of r between field and pedigree crossbred populations and combined BCD 
populations are almost overlapping and hard to distinguish in some areas. 

The statistics of haploblock distributions in the different populations are in 

Table 2.2 and Figure 2.5. After quality control, more than 62% of SNPs formed 

haploblocks in the pure lines but only 30.6% in the field crossbred population. Also, 
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the field crossbred population had the lowest genome coverage in haploblocks and the 

smallest overall median haploblock size. Moreover, nearly half (49.1%) of the 

haploblocks in the field crossbred population were slightly smaller than 25 kb, 

compared with 42.6%, 36.6% and 43.5% in the pure lines B, C and D, respectively. 

Line C had the largest genome coverage in haploblocks and showed the largest median 

haploblock size. Among the three chromosome categories and in each population, 

macro-chromosomes had the largest average length of haploblocks, followed by the 

intermediate and micro-chromosomes (See Appendix A). All these results were 

consistent with the LD patterns observed in these populations. 

 

Figure 2.5 Length of Haploblocks in Different Categories of Chromosome in 
Different Populations 



 

 32 

Note: B: line B; C: line C; D: line D; fBCD: field crossbred population. Different 
populations are represented by different colors. The ends of the whiskers represent the 
lowest datum within 1.5 IQR (interquartile range) of the lower quartile, and the 
highest datum within 1.5 IQR of the upper quartile. 

Table 2.2 Summary Statistics of Haploblock Structure across Different 
Populations 

Statistics Population1 
B C D fBCD 

Median block size (kb) 30.8 37.2 29.6 25.7 
Maximum block size (kb) 3521.9 3527.6 4226.0 2737.2 
Genome coverage (Mb)2 446.7 485.8 401.4 229.0 

TSNPs3 26,293 25,720 23763 13,375 
BSNPs (%)4 70.2 70.7 62.2 30.6 

Mean ± SD nBSNPs5 3.5 ± 3.4 4.2 ± 4.6 3.5 ± 3.9 2.6 ± 2.1 
Max nBSNPs6 86 89 118 86 

Note: 1B: line B; C: line C; D: Line D; fBCD: field crossbred chickens; 2genome 
coverage with all haploblocks; 3total number of SNPs that form haploblocks; 
4percentage of SNPs that form haploblocks; 5mean and standard deviation of number 
of SNPs that form haploblocks; 6maximum number of SNPs that form haploblocks. 

Haplotype homozygosity (HH) was measured over sliding windows of 250 kb. 

Results for chromosomes 3, 8 and 19 are in Figure 2.6 and represent macro-, 

intermediate, and micro-chromosomes, respectively. Among all the populations, 

crossbred populations showed a lower average HH than purebred populations for all 

chromosome categories, with most HH values being less than 0.1. Differences 

between populations were not very obvious for the micro-chromosomes, because the 

extent of HH with a window size of 250 kb was very small for micro-chromosomes 

compared to macro-chromosomes. Although the overall HH pattern was consistent 

with the results of LD analyses in these populations, the local HH pattern on each 

chromosome varied among the four populations. 
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Figure 2.6 Haplotype Homozygosity on Chicken Chromosomes GGA3, GGA8 and 
GG19 

Note: B: line B; C: line C; D: line D; fBCD: field crossbred population. The end 
position on each chromosome represents the physical position of its last SNP on the 
Illumina 60K chicken SNP panel. Each bin in the plots has a size of 25kb and 
represents haplotype homozygosity of a 250kb sliding window with a step size of 25 
kb on each chromosome. 

2.3.4 Consistency of LD 

The correlation of r measures the degree of agreement of the direction and 

level of LD for SNP pairs between two populations [11, 13]. In principle, these 

correlations can range from –1 to 1: a high positive value indicates high LD and the 
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same haplotype phase in the two populations, and a high negative value results from a 

high LD between two markers but with the opposite phase in the two populations [12]. 

It should be noted that in this study correlations of r were high and positive (> 

0.99) between field and pedigree crossbred populations and also between either of 

these real crossbred populations and the combined BCD population at distances 

between markers less than 50 kb (see Figure 2.4). The correlation gradually decayed 

as the distance between markers increased but still remained high (0.87 to 0.93), even 

if SNPs were about 5 Mb apart. 

Our results show that correlations of r between the pure line C and field 

crossbred population (0.86 to 0.92; < 10 kb) and between the pure line D and field 

crossbred population (0.83 to 0.88; < 10 kb) were generally similar but lower than 

those between the pure line B and field crossbred population (0.91 to 0.94; < 10 kb). 

Among the pure lines, the correlation of r between the two female lines was slightly 

higher than that between the male line and either of the female lines. 

As with the decay of LD, correlations of r decreased with physical distance 

and this decrease was greater for the smaller chromosomes. For example, correlations 

of r between the pure line B and field crossbred population were 0.94, 0.94 and 0.91 in 

the interval of 0 to 10 kb on macro-, intermediate- and micro-chromosomes, 

respectively, but decreased to 0.39, 0.21 and 0.13, respectively, at an interval of 

approximately 5 Mb. 

2.4 Discussion 

Studies of LD in farm animals have been mostly limited to purebred 

populations and there is limited information about the extent of LD in crossbred 

populations and the consistency of LD phase between crossbred populations and their 
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parental pure lines [14]. In this study, we characterized the consistency of phase and 

level of LD between crossbred broiler chickens and their parental pure lines. The 

crossbred chickens in our study were a three-way cross of B × [C × D] that was 

produced using three pure lines B, C and D, which contributed 50%, 25%, and 25% of 

genetic material, respectively, to the autosomes of the crossbred animals. Our analyses 

used SNP genotypes on 27 chicken autosomes (GGA1 to 28, excluding GGA16 and 

other micro-chromosomes because the 60K SNP chip did not include enough markers 

on these chromosomes). To our knowledge, there is no published report that 

characterizes LD in crossbred chicken populations and that compares the consistency 

of phase and level of LD between crossbred and their parental pure lines. 

2.4.1 Rapid Decay of LD in Crossbred Populations and Micro-
Chromosomes 

The level and pattern of LD differed between the populations used in our study. 

The two field and pedigree crossbred populations had very similar levels of LD for all 

physical distances. However, compared with the pure lines, crossbred populations 

showed a small extent and rapid decay of LD by distance for all three chromosome 

categories. For example, for the macro-chromosomes, the mean r2 for SNPs that were 

0 to 10 kb apart was 0.32 in the field crossbred population but greater than 0.44 in the 

pure lines, and the mean r2 dropped to less than 0.2 at distances between SNPs of ~50 

kb in the field crossbred population, whereas in the pure lines, this drop was observed 

for much greater distances (~225 kb). Similarly, the extent of LD was smaller in 

crossbred beef cattle than in purebred Angus and Charolais cattle [14]. The rapid 

decay of LD by distance in crossbred populations can be useful for high resolution 

mapping of causal polymorphisms. Indeed, if the extent of LD is small, it is less likely 
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that SNPs far away from a causal polymorphism will be in LD with the polymorphism, 

which confines associations to SNPs that are in close vicinity of the causal 

polymorphism, thereby increasing map resolution. Moreover, when using a higher 

SNP density, the small extent of LD in crossbred populations may be an advantage for 

genomic selection because the tight linkage between causal polymorphisms and 

adjacent SNPs is less likely to be broken down by recombination, and therefore the 

accuracy of genomic predictions will persist over more generations [24]. 

An average LD (r2) greater than 0.2 [23, 66, 67] or 0.3 [8, 68] between 

adjacent SNPs has been recommended to detect SNPs associated with causal 

polymorphisms or to achieve a reasonable accuracy of prediction in genomic selection. 

Although in the pure lines at least 53.2% of adjacent SNP pairs of the 60K SNP panel 

had an r2 greater than 0.2 and 42.2% had an r2 greater than 0.3, in the field crossbred 

population, only 28.4% of adjacent SNP pairs showed an r2 greater than 0.3, which 

suggests that a higher density SNP panel would be an advantage for GWA studies or 

to implement genomic selection in commercial crossbred populations. 

In our study, the extent of LD varied greatly between chromosome categories 

in different populations and decreased as the distance between SNPs increased (Figure 

2.3). Consistent with previous studies [10, 15, 34], our results showed that small-size 

autosomes had less LD than large-size autosomes. The differences in LD between 

small- and large-size autosomes have been attributed mainly to differences in 

recombination rates per unit of physical distance, with micro-chromosomes showing 

the largest recombination rate per Mb (6.4 cM/Mb), followed by the intermediate 

chromosomes (3.9 cM/Mb), and then macro-chromosomes (2.8 cM/Mb) [43]. 
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It was noted that SNP ascertainment bias (Figure 2.2A) could be an important 

factor affecting our results of LD analysis based on SNPs in the Illumina 60K chicken 

SNP array. SNP ascertainment bias of genotyping arrays is mainly related to the 

protocol used to identify SNPs and to the sampling of a limited number of non-random 

individuals for their detection. In general, this leads to overestimation of LD [69][48]. 

For example, for the Illumina 60K chicken SNP array, only four commercial breeding 

lines (two broilers and two layer lines) were used for SNP detection, and SNPs were 

identified by sequencing DNA pooled from 25 individuals from each of these 

commercial breeding lines [49]. Furthermore, only SNPs with medium to high MAF 

were selected. Each of these limitations can be a potential factor contributing to SNP 

ascertainment bias in our data obtained using the Illumina 60K chicken SNP array. 

Although SNP ascertainment bias cannot be avoided when using genotyping arrays, 

for the purpose of comparison, we estimated LD on intermediate chromosomes in 72 

crossbred chickens that were genotyped using the recently available Affymetrix 600k 

chicken SNP array. This array was designed by sequencing more individuals, i.e. 243 

chickens from 24 chicken lines, including 15 commercial lines (broilers or layers), 

inbred layers and one unselected layer line [70]. Therefore, compared to the 60K SNP 

array, results from the 600K SNP array should be less affected by SNP ascertainment 

bias. As expected, our results showed that the LD (r2) measured at distances up to 5 

Mb was slightly lower with the 600K SNP array than with the 60K SNP array. The 

average difference in LD at distances up to 1 Mb was, however, less than 0.016 (i.e. 

19.1% reduction in average LD when using the 600K SNP array), and the differences 

became smaller and more stable at larger distances (Figure 2.7). Thus, although SNP 

ascertainment bias cannot be avoided when using genotyping arrays, we believe our 
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results and conclusions on differences in LD patterns in crossbred and pure line 

chickens are reliable. 

 

Figure 2.7 Decay of Linkage Disequilibrium with Distance on Intermediate 
Chromosomes in Field Crossbred Chickens using Different SNP Arrays 

Note: The results of LD using the 600K and 60K SNP arrays are represented by red 
and blue color, respectively. Each point in the plot represents the mean r2 of marker 
pairs in a 5-kb interval. 

2.4.2 Small Haploblock Size in Crossbred Populations 

Consistent with the results of the LD analysis, results of the haploblock 

analyses showed that the crossbred populations had the lowest genomic coverage 

(229.0Mb) in haploblocks and the smallest average number of SNPs forming 

haploblocks. Given the size of the autosomes (~918.9 Mb; GGA1 to 28 without 

GGA16; Gallus gallus 4.0, November 2011), this means that haploblocks covered 

only 24.9% of the genome of the crossbred populations, which is nearly half that of 
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the pure lines. In a study using commercial chickens, the genome coverage in 

haploblocks ranged from 337.1 to 599.4 Mb, with an F1 cross between two layer 

populations showing a lower genome coverage (337.1 Mb) than the layer pure line 

[10]. Although the pure lines in this study were not the parental lines of this F1 cross, 

the low genome coverage in haploblocks in this two-way layer cross is consistent with 

what we observed in the three-way broiler cross. 

The percentage of SNPs forming haploblocks differed between populations 

(Table 2.2). Only 31.4% of SNPs formed haploblocks in the field crossbred 

population, compared to more than 60% in the three pure lines. This finding shows 

that, because of the small extent of LD, most markers did not form haploblocks in the 

crossbred populations. The small percentage of SNPs forming haploblocks and the 

small haploblock size in the crossbred populations also indicate that the 60K SNP chip 

used in our study does not have an adequate SNP density for high-resolution 

characterization of the haplotype structure in crossbred chickens. Megens et al. [34] 

investigated the LD and haplotype diversity on four ~1-cM regions on macro- and 

micro-chromosomes and suggested that whole-genome marker assays would need to 

contain at least 100K informative SNPs to exploit haplotype information in 

commercial chicken populations. Consistent with this, a study on the haplotype 

structure of traditional and village chickens suggested using at least 90 to 110K SNPs 

to construct a whole-genome haplotype map for these populations [35]. Therefore, the 

recently available 600K SNP chicken panel [70] is likely to provide a higher 

resolution haplotype map in crossbred chickens. 

Haplotype homozygosity is a measure of haplotype diversity in a population. 

In a previous study, a relatively small number (1 to 7) of haplotypes accounted for 
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most of the haplotype diversity (> 90%) found on the macro-chromosomes, but not on 

the micro-chromosomes [34]. These results are consistent with our findings across all 

populations. Within 250-kb windows, the pure-line chickens showed limited haplotype 

sharing, which is consistent with a moderate correlation of r (< 0.5) at the same 

distance between these populations (Figure 2.6). In some chromosomal regions, high 

levels of HH extended over longer distances in one pure line but not in the others. 

Because one of the key characteristics of positive selection is the presence of 

unusually long-range HH [37], these differences in HH patterns could be considered as 

evidence of recent positive selections in these pure lines. Therefore, it would be 

interesting to conduct an analysis of selection sweeps in these pure lines. 

2.4.3 Consistency of LD from Pure Lines to Crossbreds 

Because of the pyramidal structure of conventional chicken breeding programs, 

there is approximately four years of lag time from pedigree pure line birds to end-

product crossbred birds [71]. To assess if LD persists between pedigree pure lines and 

commercial crossbred birds, we estimated the correlation r between pure lines in the 

pedigree program (top of the pyramid) and crossbred chickens that were sampled from 

the field (bottom of the pyramid). Correlations of r were high (0.83 to 0.94) between 

these populations for closely spaced SNPs (0 to 10 kb) but these correlations 

decreased as the distance between SNPs increased; correlations dropped by 4 to 9% 

from 0 to 10 kb to 10 to 50 kb distances between markers across the three 

chromosome categories. In our study, the 60K SNP panel provided an average marker 

spacing of one informative SNP per ~25 kb; therefore, it is expected that using a 

higher density SNP panel (such as the recently available 600K SNP array) will 

increase the accuracy of genomic selection of pure lines for crossbred performance. 
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This conclusion is consistent with results from two simulation studies [24, 28] that 

showed that training in crossbred populations led to slightly less accurate predictions 

of true breeding values of selection candidates in purebred populations compared with 

training only in the selected purebred population. However, by increasing the density 

of the SNP panel, differences in accuracies became much smaller. 

The correlation of r between crossbred populations and pure lines differed in 

the three chromosome categories, with macro-chromosomes showing the highest 

levels of correlation and micro-chromosomes showing the lowest. These results 

indicated that, in GWA studies or in genomic selection programs, micro- and 

intermediate chromosomes would require a higher SNP density per kb than macro-

chromosomes. In our study, each pure line showed a different level of correlation of r 

with the crossbred populations and, of all comparisons, this value was the highest 

between line B and the crossbred populations. As mentioned before, line B was the 

terminal male line for crossbred chickens B × [C × D], which means this line 

contributed 50% of genetic material to the autosomes of crossbred individuals; 

whereas the female lines C and D were expected to contribute each 25%. As for 

female lines, the correlation of r was greater between line D and the crossbred 

populations than between line C and the crossbred populations, which could be due to 

a greater correlation of r between lines D and B than between lines C and B. 

2.4.4 Consistency of LD Phase among Pure Lines 

The correlation of r can reflect the relative degree of similarities and 

divergences between purebred animals. In a large-scale genome-wide survey of SNP 

variation in cattle breeds, the correlation of r declined as the divergence between 

breeds increased [72]. In our study, the correlation of r between female lines was 



 

 42 

slightly but consistently higher than that between female and male lines, which 

suggests that the two female lines may share a more similar genetic background than 

each of these lines does with the male line. This is consistent with the fact that male 

and female lines originated from different breeds, i.e. the male line from Cornish, a 

meat type breed, and the female lines from dual-purpose breeds. Furthermore, since 

selection goals of male and female lines are different, this may have contributed to the 

similarity between female lines and to the divergence between the female lines and the 

male line. Unlike the male line, which was selected primarily for growth-related traits, 

the female lines were selected for both reproductive and growth traits. 

Using markers on chromosomes 1 and 4, Andreescu et al. (2007) estimated 

correlations of LD within 500 kb among nine purebred chicken lines from a 

commercial broiler breeding company; the correlations over all pairs of lines ranged 

from 0.21 to 0.94, with an average correlation of 0.52 [32]. Badke et al. (2012) 

reported a correlation of LD for distances between markers less than 10 kb that was 

equal to 0.92 between Landrace and Yorkshire breeds and 0.87 between these breeds 

and the Duroc breed; these values decreased to 0.41 to 0.57 for distances between 

markers around 1 Mb [13]. Moreover, a study in cattle found that the correlation of 

LD for distances between markers less than 10 kb was 0.97 between Dutch black-and-

white Holstein-Friesian vs. Dutch red-and-white Holstein-Friesian and New Zealand 

Friesian vs. Zealand Jersey [11]. In our study, none of the chromosome categories 

reached this high level of consistency of LD between pure lines for distances between 

markers less than 10 kb, and correlations of r ranged from 0.73 to 0.82 for distances 

between markers less than 10 kb, even on macro-chromosomes. It is likely that the 

genetic diversity of the chicken lines in our study was greater (average Fst > 0.20) than 
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that of both the cattle and pig breeds used in the aforementioned studies. Another 

possible explanation for this difference is the overall higher recombination rates per 

unit of physical distance on chicken chromosomes compared with the average ratio of 

1cM/1Mb in mammalian livestock animals. 

2.4.5 Consistency of LD between Crossbred Populations and the 
Combined BCD Population 

To assess the extent to which the LD pattern in crossbred populations can be 

predicted using the genotypic information of their component pure lines, we created a 

combined BCD population (see Methods section) and studied the differences in LD 

between this hypothetical population and the actual crossbred populations. Across all 

three chromosome categories, levels of LD were almost the same in these crossbred 

and the combined BCD populations (Figure 2.3). This was also reflected by the 

consistency of LD between these populations, since the correlations of r were very 

high (> 0.99) for distances between markers less than 50 kb between the crossbred and 

the combined BCD populations, and decayed gradually as the distance between 

markers increased, but still remained high (0.87 to 0.93) for markers that were about 5 

Mb apart (see Figure 2.4). These results indicate that by using only genotype 

information on the pure lines, one can predict the LD in crossbred populations with 

very high accuracy, as well as the correlation r between crossbred populations and 

their component pure lines. 

2.5 Conclusions 

In conclusion, our study characterized the extent and consistency of LD in 

commercial broiler populations from different angles and showed that, between 
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crossbred populations and their component pure lines, the consistency of the level and 

phase of LD for short distances between markers (0 to 10 kb) is remarkably high. 

Compared with the pure lines, the crossbred populations showed a considerably lower 

level of LD and a smaller haploblock size, which suggests that using crossbred 

animals as a reference population can be an advantage for high-resolution mapping of 

causal polymorphisms in GWA studies and to achieve better persistence of the 

accuracy of genomic estimated breeding values over generations in genomic selection 

programs. However, our results also suggest that a higher SNP density, particularly on 

micro-chromosomes, is necessary to take full advantage of crossbred populations in 

GWA studies or in genomic selection programs. Finally, our results prove that LD for 

short and long distances between markers and haplotype phase for short distances 

between markers in a crossbred population can be predicted with very high accuracy 

using genotype information of its parental pure lines. 
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Chapter 3 

DETECTION OF RECENT SELECTION SIGNATURES IN COMMERCIAL 
BROILER CHICKENS 

3.1 Introduction 

Artificial selection is the primary factor in the domestication and breeding 

history of livestock species. As mentioned in Chapter 1, modern broiler chickens have 

been under strong artificial selection, mostly for traits of economic importance for 

farmers, such as growth rate, feed efficiency and body composition [73]. And these 

traits are complex traits that are controlled by many genes. Consequently, it is highly 

likely that strong selection for these traits has worked simultaneously on multiple 

causal genes across the genome. Therefore, high throughput methods are required to 

screen the whole genome for signatures of positive selection. With the availability of 

high throughput genotyping tools, such as high-density SNP arrays and next-

generation sequencing, it has become possible to conduct genome-wide studies for 

detecting such genomic footprints of artificial selection.  

In this study, with the same SNP array mentioned in Chapter 2, we applied 

both XP-EHH and XP-CLR methods in five commercial broiler purebred populations, 

including three male lines and two female lines, to detect the signatures of recent 

selection in these commercial broiler stocks. The findings here help to improve our 

understanding of the biological mechanisms controlling economically important traits 

in modern commercial broiler chickens.   
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3.2 Methods 
3.2.1 Animals and Data Preparation 

A total of 565 chickens from five commercial pure lines were genotyped using 

the Illumina 60k chicken SNP arrays [49]. All genotyped birds sampled were males 

and included 318 and 247 birds from male and female lines, respectively. Our sample 

included 24, 256 and 38 chickens, respectively, from three male lines with somewhat 

distinct breeding goals, labelled as lines ML1, ML2 (Line B in Chapter 2) and ML3, 

respectively, as well as 126 and 121 chickens from two female lines, labelled as lines 

FL1 (Line C in Chapter 2) and FL2 (Line D in Chapter 2), respectively. ML1, FL1 and 

FL2 genotyped chickens were elite sires randomly sampled from each purebred 

population. In ML2, only a portion of the genotyped male lines chickens (ML2_0; n = 

96) were elite sires, and these were randomly sampled from three overlapping 

generations; another portion (M2_1; n = 160) was a random sample of the progeny of 

the ML2_0 elite sires. ML3 genotyped chickens were a random sample of male 

chickens from this purebred population. Male and female lines originated from 

different breeds, i.e. the male line from Cornish, a meat type breed, and the female 

lines from White Rock, a dual-purpose breed. Each of these five lines came from a 

different source to Heritage Breeders, and all lines, except FL1, have been 

reproductively isolated for more than 40 generations. A one-time crossbreeding with 

ML2 and then backcrossing with FL1 happened in the history of FL1, and the 

resulting new FL1 population has been reproductively isolated for more than 25 

generations. In each generation within each pure line, approximately 50 to 80 male 

and 500 to 800 female birds have been selected for reproducing the next generation.  

The Illumina 60k SNP chip contains a total of 57,636 SNPs [49]. For the 

purpose of this study, we used only SNPs with assigned positions on the current 
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chicken genome (based on the latest reference genome, Gallus gallus 4.0 UCSC, May 

2012). Within each pure line population, we discarded SNPs with a call rate < 90% 

and Mendelian inconsistency > 0.001. We also did not use SNPs that were 

monomorphic among all the pure lines or SNPs on chromosomes 16 and W and two 

linkage groups, as there were too few SNPs in the 60k SNP panel for these 

chromosomes. After quality control, 48,950 SNPs were used in subsequent analyses 

for five populations (Table 3.1).  

Because a linkage map was required for the XP-CLR method, we calculated 

the genetic position of all the markers in the 60k SNP chip using a subset of markers 

with known genetic position (previously provided by Groenen et al. (2009) [74]), 

assuming that the recombination rates between two markers with known genetic 

positions were uniformly distributed. We used BEAGLE (Version 3.3.2) [59] to 

impute missing genotypes and infer haplotype phase by chromosome in each purebred 

line respectively, for further detecting selection signatures and identifying breed-

specific haplotypes under artificial selection. 

Table 3.1 Quality Control of Genotype among Five Populations 

Total 
SNPs Quality control SNPs 

used 
 NI1 MI2 UG3 MO4 LCR5  
57,636 1,507 1,478 873 4,292 536 48,950 
Note: 1 SNPs on on GGA16, W and two linkage groups (LGE22C19W28_E50C23 
and LEG64) or SNPs with unknown positions on Galgal4; 2 Mendelian inconsistency; 
3 Ungenotyped; 4 Monomorph; .5 Low call rate. 

3.2.2 XP-EHH Test 

As mentioned in Chapter 1, the XP-EHH test uses the integrated EHH (iHH) of a core 

SNP in two populations. We used the software developed by Pickrell et al. [75] to 
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estimate unstandardized XP-EHH statistics for all SNPs (after quality control) in all 

five purebred lines with cross-population comparison of each purebred line with the 

four remaining lines: for example, ML1 vs. ML2, ML3, FL1 or FL2 (four cross-

population tests for each line). The unstandardized XP-EHH statistics were adjusted 

using their means and variances in each purebred comparison, and then the 

standardized XP-EHH statistics were used to estimate P-values using standard normal 

distribution [45]. For each purebred comparison, we determined the candidate regions 

under positive selection by clustering the significant core SNPs (P-value < 0.05) with 

a distance of less than 200kb. 

3.2.3 XP-CLR Test 

To confirm selection signatures detected by the XP-EHH analysis, we applied 

the XP-CLR test based on the change in the allele frequency spectrum, since it has the 

advantage of enlarging signals to allow the resolution of more precise regions [50]. In 

our study, grid points at the putative selected allele positions were set along each 

chicken chromosome with a spacing of 2 kb, and sliding window size was set as 0.5 

cM around the grid points. To reduce the contribution of SNPs in high LD to the 

likelihood function, the cut-off level of absolute pairwise correlation coefficient of two 

SNPs was set to 0.9 for estimation of the weight factor (w in equation 1.9) [50]. 

For each cross-population comparison, the cutoff threshold of 0.5% XP-CLR 

scores was applied to determine windows with strong signals across the whole genome. 

We then determined the candidate selection regions by clustering these windows, such 

that windows with genetic distances less than 1 cM constitute a candidate selection 
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region. The selection regions detected by both statistical methods for each purebred 

line were determined as candidate regions under positive selection. A Karyogram 

layout of candidate selection regions detected by both tests was created using the 

ggbio R package [76]. We used the genomic database search engine BioMart 

(http://www.biomart.org/) to identify genes in the candidate selection regions.  

3.3 Results  

In total, 1,079 putative selection regions were detected with P-values < 0.05 

using XP-EHH test, and 1,018 putative selection regions were detected using the 

criterion of a 0.5% cutoff of XP-CLR scores. Regions detected using XP-EHH 

overlapped 31.53% of the regions that were identified using XP-CLR. Even though 

328 overlapped regions were detected by both methods among five purelines, some 

regions detected by either the XP-EHH or XP-CLR tests were wide enough to overlap 

with more than one region detected by the other test. Therefore, in total, 224 and 321 

unique regions were detected using XP-EHH and XP-CLR tests, respectively. In each 

line, approximately 11.09% of chicken genome was covered by regions detected by 

XP-EHH methods, while approximately 2.58% of chicken genome was covered by 

regions detected by XP-CLR methods. The overlapped selection regions in both 

methods only represented approximately 1.45% of chicken genome in each line. 

Selection regions detected by XP-EHH were much wider, mainly because the EHH 

test is an LD-based method, and LD is expected to extend over longer distances in 

regions under recent selection [77]. In contrast, regions detected by XP-CLR tests 

showed overall narrower and perhaps more accurate candidate regions than those 

detected by the XP-EHH tests. Thus, to narrow down regions that overlapped between 
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the two methods, we considered the 321 regions based on the XP-CLR test as the 

candidate selection regions. Their ranges of 321 regions are visualized in Figure 3.1.  

 

Figure 3.1 Candidate Selection Regions Detected by XP-EHH and XP-CLR Tests 

Note: For each pureline, the overlapped regions detected by the XP-EHH and XP-CLR 
tests were presented based on the ranges from XP-CLR test. Each population is 
denoted by a different color. 

By further examining these 321 regions, we identified 42 regions that were 

shared by two or more purebred lines (Appendix B). Because only common regions 

between two or more lines were counted in the overlapped regions detected in multiple 

lines, most of them (20 out of 42 regions) were smaller than 50kb while 4 regions 

were larger than 0.5Mb. Using BioMart, 91 genes could be found in the 42 regions 

(Appendix B) among which 9 regions were located at gene deserts and 19 regions only 
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harbored 1 or 2 genes. For the 9 regions located at gene deserts, the genes close to 

them (± 100kb) were listed on table in Appendix B. 

 

Figure 3.2 Haplotype Frequencies of Four Selection Regions Detected in Multiple 
Lines 

Note: For a given region, major haplotype in each line was assigned a different color 
from grey. Selection signatures were detected in lines marked with “*”. 

To gain insight into population differences in the overlapped candidate regions, 

we constructed haplotypes and estimated haplotype frequencies in these regions in 
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each population (Appendix C). This analysis was performed only for 15 genomic 

regions with at least 5 SNPs in our genotype data. Figure 3.2 represents the results of 

haplotype analysis in four selection regions with 10 to 20 SNPs in our genotype data. 

As demonstrated in Figure 3.2, in these genomic regions, haplotypes with high 

frequency are present in the lines with a selection signature. For example, in a 

selection region on GGA4 (52.15-52.47Mb), the same haplotype showed high 

frequency in FL1 and FL2, although the range of this region was more than 300kb. 

Another interesting example is a ~240kb region on GGAZ (45.49-45.73Mb); male 

lines had the same major haplotype, which was different from the major haplotypes in 

the female lines.  

3.4 Discussion 

In modern broiler breeding, the practice of selective mating is utilized to 

influence the expression of economically important traits in subsequent generations. 

Through such selection, the “beneficial” alleles tend to become more frequent in 

populations over time. In our study, we applied XP-EHH and XP-CLR tests to detect 

the genomic regions under selection by measuring the characteristics of extended 

haplotype homozygosity and change in allele frequency spectrum, respectively. By 

cross-population comparisons of five commercial broiler purebred lines, we identified 

the genomic regions that are most likely to harbor genes related to traits of economic 

importance in broiler chickens. 

It should be mentioned that genetic drift and genetic bottleneck have potential 

to influence the results of selection signature studies such as this one. However, with 

modeling genetic drift in reference population by Brownian motion, the XP-CLR 

method applied in this study was designed to identify the selection signatures where 



 

 53 

differences in derived allele frequency between objective and reference populations 

were too large to be due to genetics drift [50]. Thus, to minimize influence of genetic 

drift, we only kept candidate selection regions detected by both XP-EHH and XP-CLR 

methods. Furthermore, bottleneck events did not occur in lines used in the present 

study for more than 40 generations. A potential limitation of our study is inherent to 

cross-population methods, which may fail to detect a selection signature where the 

desirable allele has been under similar level of positive or negative selection pressure 

in all the purebred lines that were studied in our study. However, this limitation should 

not be a major concern in our study since the lines that were used differed in the 

primary traits of selection. For example, the primary traits are growth rate for ML1, 

breast muscle yield for ML2 and feed efficiency for ML3. Therefore, alleles are 

expected to be under unequal selection pressure, or as explained below some alleles 

may have been selected in opposite direction between male and female lines.  

3.4.1 Candidate Selection Regions 

We compared the genes in the candidate selection regions in our study with 

those from two previous studies on detecting selection sweeps in chickens. Among 91 

genes in the 42 regions in our study, only two genes (SOX6 and GJD2) are in genomic 

regions detected by Rubin et al (2010) in commercial broilers. Also, only two genes 

(GAS7 and STXBP6) in our list are among 366 genes (based on Ensembl gene ID) 

detected by Elferink et al. (2012). This low extent of overlap with previous studies is 

likely be related to the different methods that we used for detecting selection 

signatures in the present study. As mentioned before, the cross-population methods in 

our study are aimed at detecting recent selection signatures, whereas the ZHp method 

used in two previous studies is primarily focused on detecting older selection 
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signatures such as those accumulated during domestication. For better comparison, we 

estimated ZH scores (Z transformed average heterozygosity) over sliding 5-marker 

windows on autosomes using data from our study (Appendix D) and found that 31 out 

of 81 genes harbored in 41 selection regions detected by ZH scores were also detected 

in broilers from two pervious studies (Table D1 and Table D2 in Appendix D) 

although our resource populations were much different to those in the two previous 

studies.  

In our results from two cross-population methods (XP-EHH and XP-CLR), 42 

regions were detected by both methods in multiple populations, which might indicate 

that gene(s) in these regions have been independently selected in multiple populations, 

i.e., parallel selection. To examine haplotype diversity among the 5 purebred lines in 

these overlapped regions, we identified major haplotypes and estimated their 

frequency within each population. As shown in Figure 3.2, in a given selection region, 

the same major haplotypes may be shared by multiple lines, which may reflect 

selection for the same allele of a gene in these lines. However, in 9 of 15 candidate 

selection regions in the table of Appendix C, such as GGA1: 54.92-55.22Mb and 

GGA13: 9.38-9.44Mb, the major haplotype varied greatly between lines. The 

difference in major haplotype may represent high diversity of genetic background 

among these pure lines [77]. Alternatively, it is possible that selection has acted on 

different alleles of a gene in these lines, i.e., divergent selection. For example, 

previous studies found that fertility was reduced in chickens under strong selection for 

body weight due to the negative genetic correlation between reproduction and growth 

traits [78–80]. Overall, selection for reproduction traits has been more emphasized in 

female lines, whereas selection for high feed-efficiency and increased skeletal muscle 
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growth has been the major focus in male lines. Thus, the frequency of alleles 

benefiting reproduction traits but adversely affecting growth traits are expected to be 

relatively higher in female lines as compared with the male lines.  

3.4.2 Candidate Genes in Regions Detected in Mulitple Populations 

Table  3.2 A Partial List of Candidate Genes Detected in/near the 42 
Overlapped Regions 

Note: * It means that the gene is located outside but close to a candidate selection 
region 

In the 42 overlapped regions, we identified several genes related to growth, 

development, feed efficiency and reproduction in chickens (Table 3.2). A few of these 

genes are discussed below as examples of candidate genes under recent selection in 

multiple broiler chicken populations. For example, MYH13 (myosin heavy chain 

(MyHC) 13) gene is located in an overleaped region on GGA18 (0.22-0.40Mb), and 

other four genes (MYH1A, MYH1B, MYH1C, MYH1E) belong to MyHC family are 

located very close to this regions. Previous studies found that MyHC genes play 

important roles in skeletal muscle development [81–83], and the polymorphisms in 

MYH3 were significantly associated with growth and carcass traits in Qinchuan cattle 

[84, 85]. Another muscle related gene, SOX6 (Sex Determining Region Y-Box 6), was 

Chr Start (bp) End (bp) Gene Function or association 
2 37844468 37965174 cTR Growth, development and 

homeostasis 
5 10549851 10784968 SOX6 Development of chondrocytes and 

skeletal muscle 
5 31546121 31552902 ACTC1 Muscle development 
5 31693846 31748417 STXBP6 Bone allocation and fecundity traits 
18 297153 334809 MYH13 Skeletal muscle development 
Z 56844264 56903872 CAST* Growth and muscle quality 
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located in a candidate selection region (GGA5: 10.65-11.09Mb) detected in two male 

lines, ML2 and ML3, in our study. This gene encodes a Sry-related transcription factor 

that promotes early chondroblast differentiation and plays a critical role in 

differentiation and proliferation of chondrocytes as well as normal fiber type 

differentiation of fetal skeletal muscle in mice [86–88]. Moreover, although no gene 

was found inside an overlapped region around 56.76Mb on GGAZ due to its small size 

(8kb), CAST (calpastatin) is located around the region. Calpastatin is a specific 

inhibitor of endogenous calpain, and calpain family plays an important role in 

embryonic development and muscle growth [89–91]. Many studies have found the 

polymorphisms in CAST had significantly associated with growth traits and meat 

quality traits in livestock animals [92–97]. 

Moreover, another muscle-related gene, ACTC1 (actin, alpha, cardiac muscle 

1), was found in one of the selection regions on GGA5 (31.06-31.82Mb). This gene 

encodes cardiac muscle alpha actin in chickens and plays an important role in fetal 

development as well as cell survival, differentiation and development of muscle [98–

101]. Syntaxin binding protein 6 (STXBP6) is another gene in this candidate selection 

region on GGA5. A previous study has indicated STXBP6 had potential pleiotropic 

effect on bone tissue and fecundity traits in chickens [102]. Interestingly, this selection 

sweep which was detected in two male lines (ML1 and ML3) in our study, was also 

found in a previous study in layer chickens [103]. One possible reason why this 

selection sweep is shared by broiler (meat-type) and layer (egg-type) chickens is that 

some economically important traits, such as body weight, are shared by layers’ and 

broilers’ breeding plan although their breeding strategies can be much different: 

breeder improved meat production in broilers by selection on high body weight and 
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growth rate while they improved feed efficiency in layers by selection on increased 

egg mass and low body weight [104–106]. Alternatively, this shared selection sweep 

may be explained by the pleiotropic effect of STXBP6 on both bone tissue and 

fecundity traits.  

A growth related gene, Thyroid hormone receptor beta (cTR), was found in or 

near four overlapped regions on GGA2 (37.90-38.07Mb). Thyroid hormone can 

regulate animal growth, development and homeostasis [107], and its receptor mediates 

thyroid hormone actions [108]. Mice with homozygous mutant cTR gene manifest low 

weight gain and decreased bone development compared to normal mice [109]. In a 

~40kb-length candidate selection region (GGA2: 38.03-38.07Mb) which were 

detected in 4 pure lines (FL1, FL2, ML2 and ML3), there are 3 SNPs in our dataset, 

which construct the same major haplotype (AAA) in two female lines and ML2, but 

the major haplotype (GGG) in ML3 is completely different. It is possible that in this 

candidate region, cTR gene has been under divergent selection among these lines. For 

example, one allele has been selected in two female lines and ML2 while an 

alternative allele was selected in ML3. This assumption can be further supported 

considering diverse functions of thyroid hormone: it has been reported that thyroid 

hormone also plays a critical role in fertility, but excessive amounts of this hormone in 

hyperthyroidism has a negative effect on reproduction in humans [110, 111]. 

Therefore, the divergent effects of thyroid hormone on reproduction and growth traits 

may explain why the receptor gene, cTR, may have been under divergent selection 

among these lines.   
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3.5 Conclusions  

Using 60k SNP genotypes of 565 chickens from 5 commercial pure lines and 

with cross-population comparison using two methods, our study uncovered novel 

candidate regions for recent selection in broiler chickens. Based on the biological 

function of genes in the candidate regions, several genes, such as SOX6 and cTR, have 

possibly made large contributions to economically important traits in chickens. Our 

findings suggest that recent selection in broiler breeding has had large impact on 

frequency of genes controlling important traits, such as weight gain, muscle mass, feed 

efficiency and reproduction. Finally, since most of the candidate genes identified in 

the present study are novel and have been probably under recent selection, they should 

be of great interest for future research into the genetic architecture of traits relevant to 

modern broiler breeding. 
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Appendix A 

SUMMARY OF HAPLOBLOCK STRUCTURE IN DIFFERENT 
CHROMOSOME CATEGORIES 

Table A.1 Summary Statistics of Haploblock Structure in Different 
Chromosome Categories 

Chromosome Type Statistics Populations1 
B C D fBCD 

Macro MedBS2 (kb) 42.8 48.8 40.0 36.1 
MaxBS3 (kb) 3,521.9 3,527.6 4,226.0 2,737.2 
TSNPs4 13,535 13,353 12,324 6,956 

Intermediate MedBS2 (kb) 30.2 38.4 31.2 25.1 
MaxBS3 (kb) 1,810.0 1,868.0 1,640.0 1,421.0 
TSNPs4 4,402 4,255 4,007 2,108 

Micro MedBS2 (kb) 16.9 22.2 17.0 14.0 
MaxBS3 (kb) 1,330.0 975.0 774.2 794.3 
TSNPs4 8,356 8,112 7,432 4,311 

Note: Statistics of haplotype structure are presented for different chromosome 
categories in chicken genome.  
1 B: line B; C: line C; D: Line D; fBCD: field crossbred chickens; 
2 Median haploblock size; 
3 Maximum haplolock size; 
4 Total number of SNPs forming haploblocks. 
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Appendix B 

CANDIDATE SELECTION REGIONS IN MULTIPLE POPULATIONS 

Table B.1 Candidate Selection Regions Detected by XP-EHH and XP-CLR 
Tests in Multiple Populations 

Chr. Region 
Start 
(bp) 

Region 
End  
(bp) 

Population No. 
Gene 

Gene Symbol 

1 30507595 30545595 FL1,FL2 1 ANO6 

1 54923595 55215595 ML3,FL2 1 STAB2 

1 12422159
5 

12422359
5 

ML1,FL2 3* MID1;CLCN4;WWC3 

1 12424159
5 

12429159
5 

ML1,FL2 2 CLCN4;WWC3 

1 12873559
5 

12876959
5 

FL1,FL2 1* CRLF2 

1 12954959
5 

12962959
5 

ML1,FL2 2 RP2;SLC9A7 

2 18696746 19226746 ML2,FL2 6 ENSGALG00000007962;Diet1;ENSGALG0000002639
1;ARL5B;NSUN6;CACNB2 

2 24796746 24964746 ML1,ML3 6 ASNS;C1GALT1;COL28A1;MIOS;RPA3;gga-mir-
1685 

2 29210746 29986746 ML2,FL1 6 HDAC9;TWISTNB;ENSGALG00000019648;TMEM19
6;ENSGALG00000026059;FERD3L 

2 37896746 37952746 ML2,FL2 1 cTR 

2 37952746 38002746 ML2,FL1,F
L2 

2* cTR;uc_338 

2 38002746 38028746 ML2,FL2 3* cTR;RARB;uc_338 

2 38028746 38066746 ML2,FL1,
ML3,FL2 

3* cTR;RARB;uc_338 

2 11257674
6 

11260074
6 

ML1,ML3 3* RAB2A;CHD7;gga-mir-1557 

3 9477236 9489236 ML2,FL1 1 VPS54 

3 31915236 32869236 ML1,FL1 2 SULT6B1;CEBPZ 

3 38561236 38579236 ML2,FL2 1 SIPA1L2 

3 38795236 38903236 ML2,FL1 1 DISC1 

3 68203236 68245236 ML2,FL2 1 PREP 

4 8966567 9078567 ML1,ML3 2 RPS6KA6;ENSGALG00000020298 

4 9268567 9366567 ML1,ML3 5 ENSGALG00000007110;ENSGALG00000007118;ENS
GALG00000007123;SH3BGRL;ENSGALG000000071
31 
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Table B Candidate Selection Regions Detected by XP-EHH and XP-
CLR in Multiple Populations (Continued) 

4 52154567 52474567 FL1,FL2 1 ANKRD50 

5 10653054 11089054 ML2,ML3 3 SOX6;C5H11ORF58;PLEKHA7 

5 12813054 13015054 ML2,FL2 4 KCNQ1;TRPM5;TSSC4;TAPA1 

5 31057054 31817054 ML1,ML3 7 DPH6;ZNF770;AQR;ACTC1;GJD2;STXBP6;ENSGAL
G00000026078 

6 9181500 9189500 ML1,ML3 1 Band 

8 6908377 7040377 ML1,ML2,
FL1 

3 RFWD2;TNR;SCARNA3 

11 1095919 1147919 FL1,FL2 3 FAM65A;CTCF;RLTPR 

11 1233919 1237919 ML2,ML3 1 KCTD19 

12 10631819 10643819 ML1,ML2 2 CFAP100;gga-mir-1731 

13 9380016 9440016 ML2,FL1 8 SFXN1;KIF20A;BRD8;NHP2;N4BP3;B4GAL-
T7;LMAN2; ENSGALG00000003134 

18 221750 403750 ML1,FL1 4 GAS7;MYH13;ENSGALG00000027323;ENSGALG000
00028102 

Z 9535533 9727533 FL1,FL2 5 GOLPH3;MTMR12;ENSGALG00000003235;SUB1;S
NORA66 

Z 10001502 10025533 ML2,FL2 1 ADAMTS12 

Z 45489533 45725533 ML2,FL1 4 SLC27A6;YTHDC2;MCC;U2 

Z 45725533 45781533 ML2,FL1,
ML3 

1 DCP2 

Z 46107533 46277533 ML1,ML3 3 EPB41L4A;NREP;SNORA13 

Z 46387533 46389533 ML2,ML3 1 CAMK4 

Z 50415533 50461502 ML1,ML3 1* ST8SIA4 

Z 51937502 51939502 ML1,ML2 3* NANS;CLTA;GNE 

Z 56761533 56769533 ML2,ML3,
FL2 

3* fbn2;ERAP1;CAST 

Z 62481533 62525533 ML2,FL2 1 VCAN 

 
Note: Some genes are overlapped among different selection regions because some 
regions are close to each others; * the genes close to the region (± 100kb) and none 
gene is annotated inside the region. 
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Appendix C 

MAJOR HAPLOTYPE AND ITS FREQUENCY IN SELECTION 
SIGNATURES 

Table C.1 Major Haplotype and Its Frequency in Selection Signatures 

Chr. Region 
Start (bp) 

Region 
End (bp) 

Population No.
SNP 

FL1 FL2 ML1 ML2 ML3 

MH fMH MH fMH MH fMH MH fMH MH fMH 

1 54923595 55215595 FL2,ML3 10 H1 0.30 H2 0.75 H3 0.44 H3 0.39 H4 0.72 

2 18696746 19226746 FL2,ML2 22 H1 0.34 H2 0.89 H3 0.38 H2 0.83 H2 0.24 

2 24796746 24964746 ML1,ML3 7 H1 0.34 H2 0.44 H1 0.83 H3 0.55 H1 0.91 

2 29210746 29986746 FL1,ML2 32 H1 0.78 H2 0.27 H3 0.44 H4 0.74 H4 0.26 

3 31915236 32869236 FL1,ML1 38 H1 0.77 H2 0.59 H2 0.46 H3 0.21 H4 0.28 

4 52154567 52474567 FL1,FL2 14 H1 0.80 H1 0.70 H2 0.44 H3 0.22 H4 0.28 

5 10653054 11089054 ML2,ML3 18 H1 0.38 H2 0.47 H3 0.35 H4 0.92 H5 0.83 

5 12813054 13015054 FL2,ML2 5 H1 0.27 H2 0.97 H3 0.44 H4 0.61 H5 0.35 

5 31057054 31817054 ML1,ML3 29 H1 0.46 H1 0.39 H1 0.96 H1 0.57 H1 0.82 

8 6908377 7040377 FL1,ML1,
ML2 

8 H1 0.73 H2 0.34 H2 0.77 H2 0.99 H2 0.95 

13 9380016 9440016 FL1,ML2 7 H1 0.49 H2 0.33 H3 0.69 H4 0.63 H4 0.19 

18 221750 403750 FL1,ML1 15 H1 1.00 H2 0.24 H1 0.94 H3 0.46 H1 0.47 

Z 9535533 9727533 FL1,FL2 6 H1 0.98 H1 0.95 H2 0.35 H2 0.66 H2 0.59 

Z 45489533 45725533 FL1,ML2 7 H1 0.96 H2 0.41 H3 0.65 H3 1.00 H3 0.96 

Note: MH: major haplotype symbol; fMH: Major haplotype frequency. 
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Appendix D 

DETECTING SELECTION SIGNATURES USING ZH SCORES 

To improve our comparison with previous studies by Rubin et al. (2010) and 

Elferink et al. (2012) [56, 57], we estimated ZH scores (Z transformed average 

heterozygosity) over sliding 5-marker windows on autosomes using data from our 

study. For estimation of ZH scores, we used the similar equation that was adopted by 

Elferink et al. (2012): 

𝐻! =
2 𝑛!"# 𝑛!"#
𝑛!"# + 𝑛!"#

! 

𝑍𝐻! =
𝐻! − 𝜇𝐻
𝜎𝐻  

where 𝐻! is the heterozygosity of pureline 𝑖; 𝑛!"# and 𝑛!"# are the sum of major 

and minor allele frequencies, respectively, within a window; 𝜇𝐻 is the overall average 

heterozygosity and 𝜎𝐻 is the standard deviation for all windows. Unlike the previous 

study in which allele frequencies were estimated based on the 60k SNP genotyping of 

DNA pools from 13 broiler lines, we estimated allele frequencies based on individual 

genotypes, obtained using the same SNP array, of 565 birds from 5 broiler lines. To 

calculate the ZH score, we first estimated allele frequencies of SNPs within each pure 

line, and then averaged the allele frequencies across all 5 lines. 

In total, we identified 41 significant candidate selection regions with a ZH 

score smaller than -4, and 12 of these regions (29.3%) overlapped with regions 

detected by Elferink et al. (2012) (Table D1 below). Also, 81 genes could be identified  
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in the 41 selection regions detected by ZH scores. Of these 81 genes, 22 genes 

overlapped with findings in Robin et al. (2010) and 20 genes overlapped in the 

Elferink et al. study (2012).  In summary, 31 genes (38%) overlapped with these 

previous findings (Table D2 below), and 11 of these 31 genes are detected in two prior 

studies as well as in our study, including IGF1, PMCH, PARPBP, NUP37, CCDC53, 

DRAM1, GNPTAB, TBXAS1, TPK1, HNF4G and CTK1. Of these 11 genes, the first 8 

genes are located at 55.43–56.14Mb on GGA1. This region on GGA1 is also known 

for QTL affecting body weight, abdominal fat and thigh muscle weight in 

experimental broiler chickens [112]. The most likely candidate genes under selection 

in this well-known QTL could be insulin-like growth factor 1 (IGF1) and pro-

melanin-concentrating hormone (PMCH). Insulin-like growth factor I (IGF-I), 

encoded by IGF1, is a polypeptide hormone that stimulates the proliferation, 

differentiation and metabolism of myogenic cell lines in different species [113]. The 

importance of IGFs in growth and maintenance of various tissues has been well-

established [114–119]. Previous studies showed that polymorphisms in IGF1 were 

significantly associated with many important traits in broilers, such as growth, body 

composition and feeding traits [107, 120, 121]. On the other hand, in rat, loss of 

PMCH affected energy expenditure and resulted in a 20% lower set point for body 

weight [122]. Polymorphisms in PMCH were found to be significantly associated with 

growth and meat quality traits in chickens [123].  

It should be noted our resource populations (5 broiler purelines) were much 

different from those in the two previous studies. There were 13 broiler purelines, 

including 8 male (sire) lines and 5 female (dam) lines, in Elferink et al. (2012) and 

only two commercial broiler lines in Rubin et al. (2010). Also, based on our records, 
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these broiler pure lines in our study have been reproductively isolated for more than 

40 generations, except a one-time crossbreeding with ML2 in FL1, which means these 

purelines have no recent intercross with the chicken lines used in two previous study. 

And our results showed that the selection regions detected by the cross-population 

methods (XP-EHH and XP-CLR) were not consistent with the regions by the ZHp 

method in two previous studies. However, selection regions detected by ZH scores 

were notably overlapped with findings in previous studies. The cross-population 

methods in our study are aimed at detecting recent selection signatures, whereas the 

ZHp method used in two previous studies is primarily focused on detecting older 

selection signatures such as those accumulated during domestication. Thus, the most 

possible reason of high overlap using ZH scores is that some older selection signatures 

during chicken domestication were shared with commercial broilers used in our study 

as well as two previous studies. 

Table D.1 Candidate Selection on Autosomes Regions Using ZH Scores 

Chr. Region Min ZH Scores* Overlaped Regions on Galgal 
4.0 by Elfernick et al (2012) 

Overlaped Regions on Galgal 
2.1 by Elfernick et al (2012) 

1 17325206-17446734 -4.418184661   

1 55318088-55688710 -4.375274826 55270842-55742636 57160808-57640392 

1 55890067-56127275 -5.125910409   

1 94794472-94910370 -5.014038076 94765422-94910370 98803036-98949817 

1 96848298-96934530 -5.058494147   

1 100172772-100256420 -4.86413964   

1 101247403-101332268 -4.087064733 101247403-101332268 105347850-105433972 

2 51162211-51283333 -5.624307335   

2 52985076-53150206 -4.309988163 53019497-53182786 54058591-54230105 

2 54950540-55117267 -4.601780555   

2 118411866-118805768 -6.071187532 118363604-118805768 123456560-123902432 

2 123103337-123190653 -4.154940939   

2 123245460-123367332 -4.099824187   

2 132700572-132866538 -5.206119561   
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Table D.1 Candidate Selection on Autosomes Regions Using ZH Scores 
(Continued) 

Chr. Region Min ZH Scores* Overlaped Regions on Galgal 
4.0 by Elfernick et al (2012) 

Overlaped Regions on Galgal 
2.1 by Elfernick et al (2012) 

2 132700572-132866538 -5.206119561   

2 134352222-134442514 -4.40592918   

4 19743236-19835780 -4.684396983 19743236-19835780 21353385-21446397 

4 25764337-25859452 -4.511174785 25764337-25859452 27390369-27486328 

4 28035422-28230422 -4.187252371   

4 41084642-41198563 -4.545590581   

4 55064448-55217732 -4.776249313   

5 2313223-2476419 -6.641726542 2313223-2476419 2344535-2509232 

5 17167644-17318490 -4.604209916   

5 28368731-28506092 -4.240303547   

5 29108062-29266586 -4.080978837 29135573-29295758 32166885-32328626 

5 31025580-31147825 -4.220523368   

5 31507804-31832717 -5.80300688   

5 33007063-33120931 -4.497099368   

7 5643745-5905521 -4.068939155   

7 6684032-6889263 -5.738147146   

7 7509112-7650094 -5.436397921   

7 8676490-8758220 -4.212718653   

7 34593699-34664942 -4.987138098   

9 9038758-9119497 -4.095622623   

11 15147420-15179611 -4.069899318   

12 19551322-19635007 -4.267147764 19488793-19625157 20149599-20289120 

19 9671672-9749988 -4.024241821 9671672-9781558 9652495-9762375 

20 11419918-11452543 -4.470396511   

25 1020499-1038371 -4.037848079   

27 1800098-1822575 -4.729582369   

28 3718756-3767132 -4.048501113   

28 3880366-4012896 -5.039573006 3958560-4012896 3747817-3803959 

Note: * Minimum ZH Scores among multiple 5-marker windows  
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Table D.2 Overlap Candidate Genes with Previous Studies 

Ensembl Gene ID Gene 
Name 

Chr. Gene Start (bp) Gene End 
(bp) 

Reference 

ENSGALG00000012755 IGF-I 1 55432530 55480957 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012757 PMCH 1 55523694 55525080 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012756 PARPBP 1 55520474 55569389 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012759 NUP37 1 55569414 55593570 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012760 CCDC53 1 55601447 55616701 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012761 DRAM1 1 55643576 55658917 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012763 GNPTAB 1 55671166 55703413 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000012788 PARP12 1 55884056 55900238 Elferink et al., 2012 

ENSGALG00000012791 TBXAS1 1 55904115 56140985 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000015737 NCAM2 1 100155276 100281469 Elferink et al., 2012 

ENSGALG00000012369 TPK1 2 52757783 53010513 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000015670 HNF4G 2 118421432 118442821 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000016111 CSMD3 2 132812344 133381395 Elferink et al., 2012 

ENSGALG00000009732 PCDH18 4 28118550 28128788 Rubin et al., 2010 

ENSGALG00000003777 NELL1 5 2243250 2526700 Elferink et al., 2012 

ENSGALG00000009845 GJD2 5 31568439 31572498 Rubin et al., 2010 

ENSGALG00000009847 STXBP6 5 31693846 31748417 Elferink et al., 2012 

ENSGALG00000005974 COL6A1 7 6739939 6761011 Rubin et al., 2010 

ENSGALG00000006126 COL6A2 7 6781274 6810349 Rubin et al., 2010 

ENSGALG00000006131 FTCD 7 6812146 6818978 Rubin et al., 2010 

ENSGALG00000006133 - 7 6832281 6832803 Rubin et al., 2010 

ENSGALG00000025432 - 7 6843583 6843666 Rubin et al., 2010 

ENSGALG00000004363 MCM3AP 7 6849401 6877820 Rubin et al., 2010 

ENSGALG00000006141 FUT13 7 6880141 6893211 Rubin et al., 2010 

ENSGALG00000008473 PLXND1 12 19511694 19575586 Elferink et al., 2012 

ENSGALG00000008487 TMCC1 12 19596795 19653917 Elferink et al., 2012 

ENSGALG00000003579 CTK-1 28 3878507 3912897 Rubin et al., 2010; Elferink 
et al., 2012 

ENSGALG00000003703 USE1 28 3920735 3924954 Rubin et al., 2010 

ENSGALG00000003717 MYO9B 28 3926426 3956759 Rubin et al., 2010 

ENSGALG00000003727 HAUS8 28 3966089 3971791 Elferink et al., 2012 

ENSGALG00000003742 CPAMD8 28 3981682 4015690 Elferink et al., 2012 

Note: “-” means no assoicated gene name 
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