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Abstract 

Most of the economic traits considered in genetic improvement programs are of quantitative nature. They are 

genetically determined by many genes. To apply major genes or linked markers in gene- or marker-assisted selection 

program, they must first be identified in the genome. Mapping genomic regions for the economic traits is the first step 

to identify genes influencing traits of interest. This report gives the most comprehensive information on discovering 

quantitative traits loci (QTL) and their underlying genes for economic traits in chicken, in particular on chromosome 

4 (GGA4), using up-to-date genomic approaches and bioinformatics tools. This work is based on several publications 

(Goraga et al. 2010, 2012; Nassar and Brockmann 2011, 2013; Nassar et al. 2012, 2013, 2015; Lyu et al. 2016, 2017) 

and other published QTL results in chicken QTL database (Chicken QTLdb). I had done this work in collaboration 

with Humboldt-Universität zu Berlin, Germany, during the year 2010 to 2017. In brief, we mapped several genomic 

regions on 22 chromosomes affecting 24 traits. The majority of identified loci showed additive effects on several 

growth and body composition traits. The biggest effect on analysed traits was detected on the distal region of GGA4. 

The confidence interval of the QTL region on GGA4 harbours hundreds of genes. The final identification of genes 

and mutations will contribute to our understanding of the complex inheritance pattern of growth regulation, muscle 

development and fat deposition in chicken. Such information would support breeders in using this information for 

genetic improvement in breeding programs.  

 

Keywords: growth, muscle mass, fat deposition, candidate gene, QTL mapping, bioinformatics, whole genome 
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Background 

 

One of the main concerns of the livestock industry is 

to improve economically important traits in animals. 

Growth traits and in particular the yield of muscle mass 

and the amount of white adipose tissue deposited in the 

body are the most important economical traits that 

influence the nutritional and economic values of 

chickens. These phenotypes are of complex nature. They 

are genetically determined by expression of more than 

one gene. Despite rapid developments in genetics, 

genomics and bioinformatics tools, fine dissection of 

complex traits has remained challenging task in 

livestock. Knowledge of quantitative trait loci (QTL) 

and their underlying genes (QTG) contributing to these 

traits, which cannot be measured directly on living 

chickens, would support breeders in using this 

information for genetic improvement in breeding 

programs. QTL are often found on different 

chromosomes. Sometimes a cluster of closely linked 

polymorphic genes within a QTL region is responsible 

for the quantitative variation of a trait (Abiola et al. 

2003: Members of the Complex Trait Consortium 

2003).  

The design of mapping population is the crucial step 

in genome-wide QTL scan. A powerful approach for 

mapping QTL is to use crosses between two populations 

that differ (high vs. low) in the traits of interest 

(Andersson 2001). This means, different QTL alleles are 

completely fixed with parental lines and segregate in the 

crossbred F2 populations. Thus, in an F2 population the 

additive and dominance QTL effects can be estimated 

(Alfonso and Haley 1998). As a first step in gene 

discovery, usually a linkage or association study is 

performed that maps genomic loci (QTL) affecting the 

expression of complex traits and which contains 

hundreds of genes. In a subsequent step, these QTL are 

fine mapped in such strategies to identify the one or 

several causative genes.  

Different crosses between diverse chicken breeds or 

within breeds have been used to map genomic loci 

affecting growth performance and carcass composition 

traits. For instance, crosses between high-and low-

growth selected lines (Jennen et al. 2004; Jacobsson et 

al. 2005; Park et al. 2006; Nadaf et al. 2009) and crosses 

between phenotypically and genetically different 

breeds, e.g. White Leghorn (layer) with either broiler 

(meat-type chicken) (Sewalem et al. 2002; Carlborg et 

al. 2004; Ikeobi et al. 2004; Schreiweis et al. 2005; Zhou 

et al. 2006a, b), Rhode Island Red (Tuiskula-Haavisto et 

al. 2002), red junglefowl (Kerje et al. 2003), Oh-Shamo 

(Tsudzuki et al. 2007), or Golden Montazah (Abdel Alal 

et al. 2016; Khalil et al. 2016) were produced. 

Moreover, crosses between broiler and Fayoumi (Zhou 

et al. 2006a, b) or layer lines (Ambo et al. 2009; Campos 

et al. 2009) have been used for QTL mapping. Because 
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different chicken strains or lines can harbour different 

variants of genes that control traits of interest, additional 

mapping studies can help to add genetic variation 

contributing to our traits of interest and they can be used 

for combined analysis from other crosses to fine map 

major QTL effects. Therefore, the aims of this project 

were: 1) to identify QTL affecting growth performance, 

muscle mass, carcass parts and fat deposition, and 2) to 

fine map and identify potential genes for a major growth 

QTL on chromosome 4 (GGA4) in chicken. The final 

identification of genes and their mutations will 

contribute to our understanding of the complex 

inheritance pattern of growth regulation, muscle 

development and fat deposition in chicken. Such 

information could be more emphasized in animal 

breeding programs using marker-assisted selection 

(MAS) or genomic selection (GS) in order to increase 

the selection response in a reasonable time frame. 

  

Material and Strategies 

 
Animals: An F2 mapping population and advanced 

intercross line (AIL; F10 to F12) has been established 

from the initial crosses between the two different lines 

New Hampshire (NHI) and White Leghorn (WL77), in 

which we used about 1000 animals. The lines NHI and 

WL77 had been selected for high body weight at the age 

of 20 weeks and for low egg weight during laying 

period, respectively. Afterwards, the lines were inbred. 

NHI chickens show a two-fold higher body weight at 

selection age compared to WL77 (Goraga et al. 2010). 

Phenotypes: 24 phenotypes of growth performance and 

body composition were used in this study. Growth 

performance included body weight and body weight 

gain at different developmental stages between hatch 

and 20 weeks. Body composition measurements 

included weights of carcass, breast muscle, wings, 

residual carcass, drumsticks and thighs, as well as 

visceral and subcutaneous adipose tissue masses and 

intramuscular fat content at the age of 20 weeks.  

Genotyping and sequencing: Genome-wide linkage 

analysis using 123 microsatellite (short sequence 

repeats; SSR) and single nucleotide polymorphism 

(SNP) loci were sued to map QTL covering 25 

chromosomes (for detail see Goraga et al. 2012; Nassar 

et al. 2012, 2013, 2015). Chicken 60K and 600K SNP 

chips as well as whole genome sequencing were used to 

fine map and characterize the major growth QTL in the 

distal part of chromosome 4 (for detail see Lyu et al. 

2017). 

Analyses and bioinformatics tools: The program 

GridQTL (http://www.gridqtl.org.uk/) was used for 

QTL analysis. Sex-averaged genetic map (Kosambi) 

was used for the QTL scans. Interval mapping was 

performed using multiple regressions (Nassar et al. 

2012, 2013, 2015). Once a single QTL in a linkage 

group was identified, the presence of a second QTL was 

investigated by using the two QTL model. In subsequent 

steps, most significant QTL were fitted as background 

effects to detect additional QTL. The inclusion of 

previously detected QTL to the standard model 

decreases the error variance and thereby increases the 

statistical power to detect QTL. This procedure was 

repeated until no additional significant QTL was 

detected. Empirically derived significance thresholds 

were estimated by random QTL scans with 1000 

permutations of the data. The 95%-confidence interval 

of a single QTL was estimated using a parametric 

bootstrap analysis with 1000 iteration.  

     For fine mapping study, paired-end reads were 

trimmed using TRIMMOMATIC with standard settings 

using the TruSeq3-PE adapter sequences provided by 

Illumina for adapter trimming. Reads were aligned 

against the Gallus gallus 4 reference genome (Ensembl 

78) using BWA (version 0.7.10), after which GATK and 

PICARD tools were applied to perform base quality 

score recalibration, indel realignment, duplicate 

removal, and SNP and INDEL discovery across all 

samples simultaneously using the GATK 

HAPLOTYPECALLER with variant quality score 

recalibration according to GATK Best Practices 

recommendations. Pairwise tests of LD were performed 

for used markers in every generation using the SHESIS 

software platform (http://analysis.bio-

x.cn/myAnalysis.php). We used the LME4 package in R 

(version 3.1.3) to perform the association analysis 

between genotypes and growth or body composition 

traits (see Lyu et al. 2017 for detail).       

 

Findings and Discussion  

 
In chicken, linkage and physical maps, as well as 

sequence data and bioinformatics tools are available that 

makes whole-genome scans for QTL and QTG feasible. 

Our data confirmed that the phenotypic differences 

between the crossed lines were of polygenic nature. 

Because of the high correlation among different 

analysed traits, we expected to identify QTL that had 

effects on more than one trait (Figure 1). Some loci had 

specific effect in the early or late growth performance.    

  

     This project confirms that most genetic effects 

contributing to our growth-related traits act additively 

(Chicken QTLdb release 34; 

http://www.animalgenome.org/cgi-

bin/QTLdb/GG/index). Most alleles inherited from the 

NHI line were associated with higher performance for 

identified loci. Thus, our data clearly provide evidence 

that many loci across the genome have responded to the 

selection procedure for high meat yield in the line NHI. 

    We mapped several genomic regions on 22 

chromosomes affecting 24 phenotypes (Figure 1). 
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Linkage analysis provided evidence for highly 

significant QTL on GGA1, 2, 4, 5, 7, 10, 12, 15, 26 and 

27. The highest QTL effects accounting for 4.6 to 40.2 

% of the phenotypic F2 variance were found on the distal 

region of GGA4 between 42.1 and 88.4 Mb (F ≥ 11.2). 

The QTL allele of the high weight NHI line had positive 

additive effects on body weight, body weight gain, 

muscle mass and carcass traits (14.0 g ≤ a ≤ 141.8 g), 

and had negative additive effect on adipose tissue mass 

(-5.3 g). We suggest a transgressive action of the obesity 

allele only if it is not in the genetic background of the 

line WL77 (Nassar et al. 2013). Transgressive QTL 

alleles (high-fat alleles inherited from the lean line 

WL77) can occur in a mapping population because of no 

or limited selection for these traits, drift, pleiotropic 

effects of the QTL allele, linkage to genes affecting 

other traits that are under selection, as result of 

interaction between genes, or as modifier alleles (Abasht 

et al. 2006). The change in the direction of effect can 

occur when crossing populations with different genetic 

backgrounds (Nassar et al. 2013). Transgressive allele 

effects for the same chromosomal region were also 

reported by Nadaf et al. (2009). 

     Using body weight as a covariate in the analysis of 

body composition traits provided evidence for genes in 

the GGA4 QTL region affecting adipose tissue mass 

independently of body weight. The QTL effect size 

differed between sexes and depended on the direction of 

cross. The results confirmed known QTL and identified 

new QTL effects on GGA5, 7, 8, 9, 10, 11, 12, 13, 14, 

15, 16, 18, 24, 26, 27 and 28. For intramuscular fat 

content, a suggestive QTL was located on GGA14. The 

detection of multiple traits in the same genomic region 

could be caused on the molecular level either by several 

genes in a narrow chromosomal region affecting these 

traits or by a single mutation that affects all traits in a 

pleiotropic manner.  

     The size of the GGA4 region is large (26.9 Mb), 

where hundreds of genes (QTG) reside that could 

potentially affect the growth traits (Nassar et al. 2015). 

This promising genomic region has been repeatedly 

mapped for growth and body composition traits in 

several crosses worldwide (Chicken QTLdb release 34; 

http://www.animalgenome.org/cgi-

bin/QTLdb/GG/index), in which traits were analysed at 

younger or older ages, shows that these genomic loci 

affect the traits during a long developmental period. In 

crosses between different breeds, e.g. White Leghorn 

(layer) with either broiler (meat-type chicken) (Sewalem 

et al. 2002; Carlborg et al. 2003, 2004; Schreiweis et al. 

2006; Podisi et al. 2011), Rhode Island Red (Tuiskula-

Haavisto et al. 2002; Sasaki et al. 2004), red junglefowl 

(Kerje et al. 2003; Le Rouzic et al. 2008), or Oh-Shamo 

(native Japanese breed) (Tsudzuki et al. 2007), as well 

as in crosses layer lines (Zhou et al. 2006; Ambo et al. 

2009) the same region on GGA4 affected growth. In 

addition, the effect of this QTL on growth performance 

has been noticed too in Egyptian chicken breeds or lines; 

Fayoumi (Zhou et al. 2006a, b), Golden Montazah 

(Abdel Alal et al. 2016), line CE1 that has been selected 

for 6-week body weight for 15 generations and line CE2 

as the genetic control (Higazy et al. 2017). Therefore, 

our findings together with published results obtained in 

other crosses could be relevant for Egyptian chicken 

breeds.  

     Because the locus on chromosome 4 has been 

identified in many crosses between egg and meat-type 

chickens, either layer or broiler lines could have a joined 

phylogenetic origin, as suggested by the phylogenetic 

tree analysis of sequence variances between domestic 

chickens and their subsequent specialization into broiler 

and layer (Rubin et al. 2010). As the magnitudes of the 

genetic effects reported for the different mapping 

populations vary, it can be assumed that very likely 

more than two alleles occur in the different breeds. 

Therefore, the high QTL effects identified in our 

population and others can contribute to identify QTG 

(functional candidate genes) and their causative 

polymorphism(s).  
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Figure 1 Marker map and position of QTL identified in F2 populations of reciprocal crosses between NHI and WL77 for meat production traits [Nassar et al. 2012, 

2013, 2015]. On the left side of every chromosome, marker positions are given in cM, on the right side marker names are given with positions in Mb in brackets. 

Bars on the right side of every chromosome represent genome-wide suggestive (open), significant (striped), and highly significant (filled) QTL with 95% confidence 

intervals. Red color represents QTL effects that have not been reported before. GGA = Gallus gallus autosome; BW0, BW5, BW10, BW15, BW20 = Body weight 

at hatch, 5, 10, 15, and 20 weeks of age, respectively; BWG05, BWG510, BWG1015, BWG1520 = Body weight gain as difference between two subsequent body 

weight measurements, e.g. between hatch and 5, 5 and 10, 10 and 15; and 15 and 20 weeks, respectively. BW20M = Body weight at 20 weeks in males; BM = 

Breast muscle weight; CW = Carcass weight; DRTH = Drumsticks and thighs weight; FCDT = Fat content in drumsticks and thighs; FMB = Fat mass in breast 

muscles; FMDT = Fat mass in drumsticks and thighs; GonAT = Gonadal adipose tissue; IMFB = Intramuscular fat in breast muscles; MesAT = Mesenteric 

adipose tissue; RC = Residual carcass weight; Skin + subcAT = Skin + subcutaneous adipose tissues; SubcAT = Subcutaneous neck adipose tissue; ViscAT = 

Visceral adipose tissues;  WAT = Total white adipose tissues; WW = Wings weight.       
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     For many linkage analyses obvious functional 

candidate genes are not immediately evident. 

Comparative sequencing of all genes within the 

confidence intervals of identified QTL is usually not 

achievable. Therefore, fine mapping is necessary to 

physically reduce the numbers of QTG. Albeit QTL 

identified in our study were localized in same 

chromosomal regions in other crosses, every cross 

descending from a different genetic recourse population 

can contribute to reduce the target chromosomal region 

and haplotypes most likely harbouring the quantitative 

trait nucleotides (QTN) (Li et al. 2005; Brockmann et al. 

2009; Tortereau et al. 2010; Rückert and Bennewitz 

2010).  

     The support confidence interval of the GGA4 QTL 

region between 61.5 and 88.4 Mb in the chicken genome 

harbours 292 genes (Ensemble release 77) that could 

potentially affect the analysed traits. Therefore, we 

performed fine mapping to physically reduce the 

chromosomal interval and the number of potential 

candidate genes. An advanced intercross line has been 

established from the initial F2 mapping population, in 

which we used generations F10 to F12. The linkage 

disequilibrium between markers/genes in this population 

decreases from generation to generation (Besnier et al. 

2011). Nine SNP markers within the QTL confidence 

interval region were selected to perform an association 

analysis with several growth traits from hatch to 20 

weeks and body composition traits at 20 weeks. The 

confidence interval of the QTL has been reduced from 

26.9 to 3.4 Mb. Within the fine mapped region, markers 

rs14490774, rs314961352 and rs318175270 were in full 

linkage disequilibrium and showed the strongest effect 

on growth and muscle mass (LOD ≥ 4). This reduced 

region contains 30 genes, compared to 292 genes in the 

original region (Nassar et al. 2015; Lyu et al. 2017). 

Chicken 60K and 600K SNP chips combined with full 

genome sequencing of the parental lines were used to call 

mutations in the reduced region. In the narrowed-down 

region 489 sequence variants were detected. Variant 

effect prediction showed that 47 % of the 489 variants 

were intergenic. The most deleterious variants are a 

missense variant in ADGRA3 and a frameshift deletion in 

the functional unknown gene ENSGALG00000014401. 

In addition, five synonymous variants were discovered in 

the genes PPARGC1A, ADGRA3, PACRGL, SLIT2 and 

FAM184B (Lyu et al. 2016, 2017).  

 

Conclusions 

 
The large differences in growth and body composition 

traits between the parental lines permitted the detection 

of genomic regions and genes affecting the analysed 

phenotypes in the reciprocal F2 crosses and AIL animals. 

Our study together with published results obtained in 

other crosses confirmed the importance of the distal 

GGA4 region for chicken growth. The confidence 

interval and the number of potential genes could be 

reduced 8- and 10- fold respectively. Variant calling in 

the reduced QTL region provided more knowledge on 

this QTL. Further research will focus on functional 

effects of mutant genes. The final identification of 

gene(s) and their causative mutation(s) contributes to our 

understanding of the complex inheritance pattern of 

growth regulation, muscle development and fat 

deposition in chicken. Such information could be 

relevant for local chicken breeds as well as for 

commercial practice for improving growth quality and 

quantity using molecular selection in breeding scheme. 
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