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Abstract 23 

Domestication and breeding have reshaped the genomic architecture of chicken, but the 24 

retention and loss of genomic elements during these evolutionary processes remain 25 

unclear. We present the first chicken pan-genome constructed using 664 individuals, 26 

which identified an additional ~66.5 Mb sequences that are absent from the reference 27 

genome (GRCg6a). The constructed pan-genome encoded 20,491 predicated protein-28 

coding genes, of which higher expression level are observed in conserved genes relative 29 

to dispensable genes. Presence/absence variation (PAV) analyses demonstrated that 30 

gene PAV in chicken was shaped by selection, genetic drift, and hybridization. PAV-31 

based GWAS identified numerous candidate mutations related to growth, carcass 32 

composition, meat quality, or physiological traits. Among them, a deletion in the 33 

promoter region of IGF2BP1 affecting chicken body size is reported, which is 34 

supported by functional studies and extra samples. This is the first time to report the 35 

causal variant of chicken body size QTL located at chromosome 27 which was 36 

repeatedly reported. Therefore, the chicken pan-genome is a useful resource for 37 

biological discovery and breeding. It improves our understanding of chicken genome 38 

diversity and provides materials to unveil the evolution history of chicken 39 

domestication. 40 

 41 

Introduction 42 

Chicken (Gallus gallus) is the most abundant domesticated animal in the world. The 43 

publication of the chicken genome in 2004 (Hillier, et al. 2004) paved the way to 44 

identify the QTLs or QTGs involved in economically important traits, dissect the 45 

evolutionary processes of domestication, and understand the genetic basis of distinct 46 

phenotypes differentiating domesticated chickens and their wild relatives. Recently, the 47 

domestic chicken Gallus gallus domesticus was reported to have been domesticated 48 

from one subspecies of red jungle fowl, Gallus gallus spadiceus (Wang, Thakur, et al. 49 

2020b). Nevertheless, subspecies of Gallus gallus and other jungle fowls can introgress 50 

with Gallus gallus domesticus and these interspecies hybridizations have affected the 51 
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genetic content of the species during evolution (Barton 2001; DESTA 2019; Lawal, et 52 

al. 2020; Wang, Thakur, et al. 2020b). Traits such as yellow skin, pencilled feathers and 53 

the spotted comb of domesticated chickens are likely the result of introgressions from 54 

Gallus sonneratii, Gallus varius and Gallus lafayettii (Morejohn 1968b; Eriksson, et al. 55 

2008; Fallahshahroudi, et al. 2019). Hybridizations leading to fertile offspring have 56 

been documented between Gallus species (DANFORTH 1958; Morejohn 1968a). 57 

These indicate that Gallus gallus domesticus is an admixed species, not only derived 58 

from red jungle fowl (Wang, Thakur, et al. 2020a). A recent study also found different 59 

genome sizes between red jungle fowl and domestic chicken lineages (Piegu, et al. 60 

2020). Moreover, growing evidence suggests that structural variations are present in a 61 

substantial proportion of the genomes of many animals (Bickhart and Liu 2014), 62 

including human (Sherman, et al. 2019), pig (Zhao, et al. 2016; Li, Chen, et al. 2017; 63 

Tian, et al. 2020), salmon (Bertolotti, et al. 2020), and chicken (Kerstens, et al. 2011; 64 

Seol, et al. 2019). A range of phenotypes in chicken was reported to be determined by 65 

structural variations, such as feathered legs (Li, Lee, et al. 2020), crest (Li, et al. 2021), 66 

blue egg shell (Wang, et al. 2013), muffs and beard (Guo, et al. 2016), comb (Wright, 67 

et al. 2009; Imsland, et al. 2012), and fibromelanosis (Dorshorst, et al. 2011). The 68 

current chicken reference genome (GRCg6a) is derived from a single red jungle fowl 69 

individual. This reference therefore cannot fully capture the genetic diversity of 70 

domesticated chickens, and may be unable to reveal the genetic basis of some 71 

phenotypes. Recently, an increasing number of reports for pan-genomes in human 72 

(Sherman, et al. 2019), pig (Tian, et al. 2020), goat (Li, et al. 2019), and also in plants 73 

(Bayer, et al. 2020), have focused on capturing genetic variations between different 74 

individuals within the species. The pan-genome represents the gene set of the species 75 

rather than a representative individual, which can uncover the genetic diversity and 76 

resolve structural variations that are missed by studies using a single reference genome. 77 

The pan-genome can also provide a straightforward way to detect presence/absence 78 

variations (PAV) and explore the distributions of these variants at the population level.  79 

Body size is an important quantitative trait that has been intensively selected during 80 
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chicken improvement and possibly associated with genome structural variations. One 81 

of the well-known candidate genes linked to body size is insulin-like growth factor 2 82 

mRNA-binding protein 1 (IGF2BP1). IGF2BP1 can regulate cell proliferation, 83 

differentiation, morphology, and metabolism through regulating mRNA localization, 84 

stability, and translation of targeted genes (Stohr, et al. 2012; Bell, et al. 2013). In recent 85 

studies, IGF2BP1 was reported as N6-methyladenosine (m6A) readers to regulate the 86 

above functions (Huang, et al. 2018; Zhu, et al. 2020; Zhang, et al. 2021). Knockout of 87 

IGF2BP1 in mouse led to mild active colitis, mild-to-moderate active enteritis, and 88 

decreasing of barrier function and body weight (Singh, et al. 2020). Dwarfism and 89 

impaired gut development were also observed in IGF2BP1-deficient mice (Hansen, et 90 

al. 2004). Evidence from genome-wide association studies (GWAS) and QTL mapping 91 

revealed that the genomic regions upstream of IGF2BP1 were significantly associated 92 

with body weight, head weight, gizzard weight, chest width, leg weight, and wing 93 

weight in chicken and duck (Sheng, et al. 2013; Ma, et al. 2018; Zhou, et al. 2018; 94 

Wang, Bu, et al. 2020; Wang, Cao, et al. 2020; Zhang, et al. 2020). However, the causal 95 

variations of IGF2BP1 that responsible for body sizes in chicken and duck remain 96 

unclear. 97 

Here, we constructed the first chicken pan-genome and comprehensively 98 

investigate PAV using this pan-genome, revealing changes in allele frequencies 99 

associated with chicken evolution. We found that deletions in the promoter region of 100 

IGF2BP1 can increase transcriptional activity and gene expression, regulating the body 101 

size in commercial chickens. Dissection of the causal variation of IGF2BP1 associated 102 

with body size can accelerate the breeding process for high growth rate chickens using 103 

marker-assisted selection. These findings will improve our understanding of changes in 104 

chicken gene content during domestication and breeding and help to design highly 105 

productive chicken breeds in the future  106 

Results 107 

Pan-genome construction of chicken 108 

We constructed the first Gallus gallus pan-genome using an iterative mapping and 109 
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assembly approach based on the chicken reference genome GRCg6a assembly. A set of 110 

whole-genome sequencing data including 664 individuals was used in the pan-genome 111 

construction, which contains 5 Gallus gallus wild subspecies, 28 native breeds 112 

(indigenous chicken breeds raised by farmers that did not experience intense artificial 113 

selection) and 4 commercial breeds (Supplementary Table S1; Figure 1a).  114 

The Gallus gallus pan-genome identified an additional ~66.5 Mb sequences that 115 

are absent from the reference genome (GRCg6a), encoding an additional 4,063 high-116 

confidence genes (Supplementary Table S2-S3). Of these, 49% (1,976 genes) non-117 

reference genes are only present in a small proportion of chickens (Figure 1b). Together, 118 

the chicken pan-genome, including reference and non-reference sequences, consists of 119 

1131.9 Mb and contains 20,941 predicted protein-coding genes. A total of 81 RNA-seq 120 

datasets from 27 tissues (including digestive, respiratory, kinetic, urinary, reproductive, 121 

endocrine, circulatory, nervous, immune, epithelium, and connective system) were used 122 

to investigate the gene expression (Supplementary Table S4). We observed an average 123 

normalized transcript per million (TPM) abundance greater than 1 for 90.6% of the 124 

autosomal genes in the reference genome and 19.4% of the non-reference genes. This 125 

pattern is similar to those found in other pan-genome studies (Zhao, et al. 2018; Gao, 126 

et al. 2019), which showed that genes in the reference genome generally have higher 127 

expression than genes in the non-reference contigs (Supplementary Figure S1a).  128 

Discovery of gene Presence/Absence Variation (PAV) 129 

After sample selection (see Methods and Supplementary Figure S2), a total of 268 130 

individuals with average sequence depth larger than 10x based on pan-genome 131 

estimation were available for gene PAV detection, including 6 wild, 217 native and 45 132 

commercial individuals (Supplementary Table S1). 133 

We categorized genes in the chicken pan-genome according to their gene presence 134 

frequencies. 15,205 (76.32%) core genes are shared by 268 individuals. 4,738 genes are 135 

variable including 391 softcore, 2,351 shell and 1,976 cloud genes, which are present 136 

in more than 99%, 1-99%, and less than 1% of all individuals, respectively (Figure 1b). 137 

The chicken pan-genome showed a moderate core gene content (76.32%) compared to 138 
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that of human (96.88%) (Duan, et al. 2019), mussel (69.2%) (Gerdol, et al. 2020) , and 139 

plants (35 ~81%) (Gao, et al. 2019). Gene Ontology (GO) enrichment results of each 140 

cluster of variable genes are presented in Supplementary Table S5. Variable genes were 141 

enriched in the function associated with reproduction, nutrient absorption, metabolic 142 

and biosynthetic process (Figure 1c). RNA-seq analysis revealed that the expression 143 

level of flexible genes (shell and cloud genes) was significantly lower than that of 144 

conserved genes (core and softcore genes) (Supplementary Figure S1b). No apparent 145 

difference of expression was identified between conserved genes in the reference and 146 

non-reference sequences, but the expression of conserved genes was significantly 147 

higher than that of flexible genes in both reference and non-reference sequences 148 

(Supplementary Figure S1c). Pan-genome modelling revealed a closed pan-genome 149 

with an estimated total of 19,190 genes (genes on sex chromosomes were excluded 150 

because the gene content was different between chromosomes Z and W) (Figure 1d). 151 

This suggests the chicken pan-genome assembled using our selected 268 individuals 152 

included all or nearly all of the Gallus gallus gene content.  153 

Gene PAV shaped by selection, genetic drift and hybridization 154 

We observed a broad gene PAV distribution within different groups, with substantial 155 

variation in the native chickens and wild relatives (red jungle fowls) (Figure 2a). PAV-156 

based PCA and phylogenetic analysis also showed high diversity among wild relatives 157 

and native chickens, while commercial broiler and layer clustered together (Figure 2b-158 

c). Moreover, two clades of commercial chickens were further separated into two 159 

groups, meat-production (two broiler breeds: BRA and BRB) and egg-production (two 160 

layer breeds: BL and WL). These differences between commercial and native or wild 161 

chickens are likely due to selection, but the genetic drift and other factors can not be 162 

ruled out. Therefore, we further investigated whether selection, genetic drift, and 163 

hybridization can alter gene PAV content since SNP-based allelic frequencies can be 164 

shaped by selection, genetic drift, and hybridization (Edwards 2008). 165 

We analyzed the pool sequencing data of ‘Virginia body weight lines’ and 166 

compared the gene PAV content between high weight selected (HWS) lines and low 167 
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weight selected (LWS) lines which were divergently selected from the same founder 168 

White Plymouth Rock population (Lillie, et al. 2018). Two lines had been suffered from 169 

intensive bidirectional selection for 8-week body weight, between which about 15-fold 170 

phenotypic difference presented. PAV-based PCA and phylogenetic analysis showed 171 

two distinct clusters were consistent with selected lines (Supplementary Figure S3a-3b). 172 

This suggests that gene PAV can be shaped by intensively artificial selection. We have 173 

further compared the frequencies of gene PAV between HWS and LWS and identified 174 

the candidate genes related to the intensive bidirectional selection for body weight. 175 

Twenty-four genes were found to be completely absent in HWS and present in LWS or 176 

entirely present in HWS and absent in LWS (Supplementary Figure S3c). The well 177 

studied SH3 domain containing ring finger 2 (SH3RF2, ENSGAT00000090177) gene, 178 

regulating appetite and affecting body weight, was also identified as one of these genes 179 

that is completely absent in HWS but present in LWS (Rubin, et al. 2010; Jing, et al. 180 

2020).  181 

We further investigated whether gene PAV within the chicken population can be 182 

affected by genetic drift or hybridization. Firstly, we studied conserved populations of 183 

varying size. The subpopulations GS1, GS2, and GS3 are from the Gushi chicken 184 

populations, of which GS1 (n=30) and GS2 (n=30) were sampled from a small 185 

conserved population in 2010 and 2019 respectively, while GS3 (n=30) was sampled 186 

from a large conserved population in 2019. The subpopulations XB1 (n=30) and XB2 187 

(n=30), are the Xichuan black-bone chicken populations, which were sampled from a 188 

large conserved population in 2010 and 2019, respectively (Supplementary Note; 189 

Supplementary Figure S4a). We did not observe the change of PAV content during short 190 

period (less than 9 years), whatever in a small or big conservation population, by 191 

comparing XB1 and XB2, or GS1 and GS2. However, we observed an apparent division 192 

between GS1 or GS2 and GS3 based on the results of PCA and phylogenetic analysis 193 

(Supplementary Figure S4b-d). We also found a significant reduction of genetic 194 

diversity in GS1 and GS2 in comparison with GS3 based on SNP heterozygosity and 195 

allelic richness analysis (observed heterozygosity: 0.18 in GS1, 0.17 in GS2, 0.23 in 196 
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GS3; allelic richness: 0.53 in GS1, 0.47 in GS2, 0.75 in GS3). These results are 197 

consistent with significant differences in gene PAV content (Supplementary Figure S4b-198 

d) and previous studies showing that small conserved populations suffer from genetic 199 

drift after long periods of isolation which leads to a reduction of genetic diversity 200 

(Whitlock 2000). Based on the above evidence, we compared the gene PAV frequencies 201 

between GS3 and GS1+GS2 to investigate gene PAV involving genetic drift by long 202 

periods of isolation. According to Fisher’s exact test (FDR < 0.001) (Gao, et al. 2019), 203 

we only identified six genes that were significantly different in frequencies between 204 

GS3 and GS1+GS2 (Supplementary Figure S4e), and none of these genes has a clear 205 

functional annotation (annotated as proteins without known function). Of these, four 206 

gene PAVs were fixed or nearly fixed in GS1+GS2, that consistent with the reduction 207 

of genetic diversity of GS1 and GS2. Secondly, we compared the gene PAV between 208 

Gushi chickens and the Gushi×Anak F2 population (Supplementary Figure S5a) and 209 

identified a clear divergence between Gushi breeds and the F2 population according to 210 

the PAV distribution (Supplementary Figure S5b). PAV-based PCA and the 211 

phylogenetic analysis also revealed that Gushi pure breeds and hybrid population fall 212 

into two distinct clades. These results suggest a relatively larger effect of hybridization 213 

on gene content, which is also significantly more extensive than that from genetic drift 214 

by comparing their clustering (Supplementary Figure S5c-d).   215 

Change of gene PAV frequency during breeding 216 

Gene PAV can be shaped by domestication and improvement; therefore, PAV within 217 

populations can also be applied to track the evolutionary history of a species (Gao, et 218 

al. 2019; Guo, et al. 2020). By comparing the gene presence frequency between the 219 

commercial and native breeds, we identified 30 significantly increased genes and 83 220 

significantly decreased genes associated with post-domestication breeding 221 

improvement (Supplementary Table S6; Supplementary Figure S6). Of these, 10 222 

significant genes (7 increased and 3 decreased) are located on the reference genome. 223 

We observed that two uncharacterized genes (PanGallus_Gene02610 and 224 

ENSGALT00000098327) are lost in modern breeds. We also observed four immune-225 
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related genes significantly decreased during improvement, including a class I 226 

histocompatibility antigen (ENSGALT00000081489), a B-cell differentiation antigen 227 

CD72-like (PanGallus_Gene00218), a T-cell differentiation antigen CD6 228 

(PanGallus_Gene04583), and an Immunoglobulin G-binding protein A 229 

(PanGallus_Gene03891).  230 

Tibetan chicken living at the Tibetan Plateau shows the environmental adaptation 231 

to high altitudes, particularly to the hypoxic environment (Wang, et al. 2015). Therefore, 232 

we compared the gene PAV frequencies between Tibetan chicken and other lower land 233 

indigenous chicken to identify candidate genes associated with the environmental 234 

adaptation to high altitude (Supplementary Table S7). A total of 121 genes showing 235 

significant difference in PAV frequencies were identified, of which frequencies of 118 236 

genes were significantly increased in Tibetan chicken. Vasodilator-stimulated 237 

phosphoprotein (VASP, ENSGALT00000100137) was found to have a high presence 238 

frequency (0.906) in Tibetan chicken compared to other lower land native chickens 239 

(0.476). VASP has been reported to protect endothelial barrier function during hypoxia 240 

(Schmit, et al. 2012). Vasculature of VASP deletion mouse exhibited patterning defects 241 

and lacks structural integrity, leading to edema and hemorrhaging (Furman, et al. 2007). 242 

This evidence suggests VASP is likely to play an essential role in vasculature function 243 

and structure in a hypoxic environment. Transitional endoplasmic reticulum ATPase 244 

gene (ENSGALT00000056168) was nearly completely lost in Tibetan chicken 245 

(frequency is 0.093), while had moderate frequency in other lower land native chickens 246 

(0.568). Previous studies revealed that transitional endoplasmic reticulum ATPase 247 

activity is significantly inhibited during hypoxia in rat and western painted turtles 248 

(Henrich and Buckler 2013; Smith, et al. 2015). This suggests that the absence of 249 

transitional endoplasmic reticulum ATPase gene is potentially associated with the 250 

adaptation to hypoxic environment. 251 

Change of PAV frequency in promoter regions during breeding  252 

Most PAV analysis in previous pan-genome studies has focused on the protein coding 253 

regions. However, further investigations of the roles of regulatory regions are also 254 
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required since they can affect gene expression and phenotype (Van Laere, et al. 2003; 255 

Swinnen, et al. 2019). Similarity between orthologous promoters drastically decreased 256 

when distance was longer than 2 kb from the gene transcription start site (TSS)  257 

(Keightley, et al. 2005). Therefore, promoter regions are generally anchored within the 258 

2 kb upstream genomic region of the TSS (Farre, et al. 2007; Abe and Gemmell 2014). 259 

In this study, the promoter region was defined as the 3 kb upstream genomic region 260 

from TSS to maximize the captured promotor regions. In order to detect smaller PAV 261 

in the promoter region, we divided each of the promoter region into three windows: 0-262 

1 kb, 1-2 kb, and 2-3 kb upstream of the gene and investigated the frequencies of PAV 263 

in each window (Figure 3). We observed that frequencies of 143 PAVs in the 0-1 kb 264 

region of commercial chickens were significantly different from that of native chickens, 265 

which contains 117 increased and 26 decreased. In the same comparison, the 266 

frequencies of 80 PAVs differed significantly in the 1-2 kb regions with 56 increased 267 

and 24 decreased, and 78 PAVs differed in the 2-3 kb regions with 55 increased and 23 268 

decreased (Figure 3a-c; Supplementary Table S8). We found 12 genes in the olfactory 269 

receptor gene family that showed reduced presence frequency in the promoter regions 270 

of commercial chickens relative to native chickens (Supplementary Figure S7a). We 271 

also observed that the presence frequencies of the promoter region of 9 immunoglobulin 272 

related genes were altered during improvement (Supplementary Figure S7b). Genes 273 

with significantly altered PAVs frequencies in promoter regions during breeding were 274 

enriched mainly in the GO terms of modulation by virus of host process, cyclin-275 

dependent protein kinase holoenzyme complex, and p53 binding (Supplementary 276 

Figure S8).  277 

Interestingly, we found two PAVs located at both 1-2 kb and 2-3 kb upstream region 278 

of IGF2BP1 gene respectively, which their presence frequencies are significantly less 279 

in commercial chickens than native chickens (Figure 3b-c). A high loss rate was 280 

observed in commercial breeds compared to native breeds, with a 1-2 kb promoter 281 

region presence frequency of 0.04 in commercial breeds and 0.83 in native breeds 282 

(Supplementary Table S8). Similarly, the 2-3 kb promoter region presence frequency 283 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

sab231/6332014 by C
old Spring H

arbor Laboratory user on 04 August 2021



11 

 

was 0.04 in commercial breeds and 0.89 in native breeds (Figure 3b-c).  284 

PAV-based GWAS on promoter regions 285 

To uncover traits determined by promoter region PAV, we further conducted PAV-based 286 

GWAS on the promoter regions using the Gushi×Anak population with 204 F2 287 

individuals (Figure 3d-f). Anak chicken is a commercial broiler breed from Israel, while 288 

Gushi is an indigenous chicken of China that did not experience from an intensive 289 

selection. We identified 56 association events for 0-1 kb promoter regions, 61 for 1-2 290 

kb promoter regions and 78 for 2-3 kb promoter regions (Supplementary Table S8). 291 

These association events are involved in 81 traits, including body size, growth, carcass, 292 

meat quality, and physiological traits (Supplementary Note). For example, the PAV for 293 

2-3 kb upstream region of ENSGALG00000052768 (low-density lipoprotein receptor 294 

precursor, LDLR) was functionally related to serum CREA (creatinine) level. 295 

ENSGALG00000051173 (olfactory receptor 14C36-like) was found to be associated 296 

with ileum length (IL), jejunum length (JL) and cecum length (CL). We also found that 297 

the promoter region PAV of immune-related genes showed associations with production 298 

traits. For instance, ENSGALG00000054397 (class I histocompatibility antigen, F10 299 

alpha chain-like isoform X1) was associated with breast bone length (BBL12) and 300 

ENSGALG00000050329 (class I histocompatibility antigen, F10 alpha chain-like 301 

isoform X1) was correlated with body weight at birth (BBW). ENSGALG00000051088 302 

(Gallus gallus class I histocompatibility antigen, F10 alpha chain-like) was linked with 303 

BBL12 and body slanting length at 12 weeks (BSL12) (Supplementary Table S8). 304 

Immunoglobulin related genes were also identified to correlate with production traits. 305 

ENSGALG00000049846 (immunoglobulin-like receptor CHIR2D-751 precursor) was 306 

associated with breast muscle weight (BMW) and the ratio of head weight to body 307 

weight at 12 weeks (HR1). ENSGALG00000045164 (leukocyte immunoglobulin-like 308 

receptor subfamily A member 2) was associated with breast muscle weight (BMW) and 309 

shank girth (SG8). ENSGALG00000050779 (immunoglobulin superfamily member 1) 310 

was linked with six carcass composition traits, and ENSGALG00000050638 311 

(immunoglobulin-like receptor CHIR2D-878 precursor) was associated with shank 312 
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length (SL12) (Supplementary Table S8).  313 

As expected, we also found that the promoter region of IGF2BP1 was associated 314 

with growth traits, including claw weight (CW1), the ratio of claw weight to body 315 

weight (CR), double pinion weight (DPW) and semi-evisceration weight (SEW), based 316 

on PAV-based GWAS of both 1-2 kb and 2-3 kb upstream regions (Figure 3e-f; 317 

Supplementary Table S8). The most significant association was identified between 318 

IGF2BP1 and CW1 (p = 1.92E-07) based on 1-2 kb PAV-based GWAS (Figure 3h-i).  319 

Dissection of the structure and function of IGF2BP1 promoter region 320 

To dissect the structure of IGF2BP1 promoter region, we comprehensively analyzed 321 

the results of PCR and WGS read mapping. Three alleles of IGF2BP1 promoter region 322 

were identified, which were defined as W (wild type), L1 allele (3.2 kb deletion at 323 

GRCg6a chr27:6082202-6085435), and L2 allele (1.5 kb deletion at chr27:6083984-324 

6085538) (Figure 4a; Supplementary Figure S9a). We conducted allele specific PCR to 325 

genotype these three alleles in wild, native and commercial chickens (Figure 4a-b). As 326 

expected, the W allele was dominant in native breeds and wild relatives. In contrast, all 327 

the two commercial broiler breeds and commercial crossed chickens mainly had 328 

absence variant (L1 or L2 alleles). Absence variant (L1 or L2) was also dominant in 329 

commercial layer breeds, except for White Leghorn breeds. This result is consistent 330 

with the distribution of 1-2 kb and 2-3 kb upstream region PAV frequency for the 331 

IGF2BP1 promoter region, which showed that commercial breeds were almost uniform 332 

for the mutant absence variant. We also compared the promoter region of IGF2BP1 333 

between high weight selection (HWS) lines and low weight selections (LWS) line using 334 

their pool sequencing data (Lillie, et al. 2018). We found that L1 was fixed in high body 335 

weight lines, whereas W was fixed in the low body weight lines, including the relaxed 336 

selection lines (Supplementary Figure S9b). It implies that W and L1 alleles have been 337 

selected to be fixed at an earlier time, before the divergence of relaxed selection lines. 338 

Via the single genotype marker association analysis, the associations between the 339 

L1 allele and the body size, body weight or carcass composition still hold true when 340 

enlarging the sample size of Gushi×Anak F2 population to 734 (Figure 5; 341 
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Supplementary Figure S10). The associated traits include claw weight (CW1, CR), 342 

shank length (SL12), breast bone length (BBL8 and BBL12), wing weight (DPW), 343 

evisceration weight (EW and SEW), head weight (HW1), carcass weight (CW), leg 344 

weight (LW and LMW), pelvis breadth (PB12), shank girth (SG12 and SG8), body 345 

slanting length (BSL8 and BSL12), gizzard weight (GW), body weight (BWHR, BW6 346 

and BW10), and growth rate (GR0_4). In those traits, the L1L1 genotype was always 347 

linked to better performance of production (such as body size, carcass weight and body 348 

weight) than the WW genotype (Figure 5; Supplementary Figure S10). The significant 349 

association between the IGF2BP1 genotype and body size confirms the PAV-based 350 

GWAS results in promoter regions (Figure 3). Of these, associations are most 351 

significant in traits CW1 (p = 2.32E-14) and CR (p = 3.70E-12), which account for 352 

4.01% and 3.85% of the phenotypic variations, respectively. Interestingly, we observed 353 

a larger effect of L1 in females relative to males, which explained 11.5% in females and 354 

7.3% in males of the phenotypic variations for CW1 trait (Figure 5a). Besides, a female 355 

phenotype variation of 8.2% for DPW and 6.2% for SL12 was explained by L1. These 356 

associations are also consistent with the chicken and duck SNP-based GWAS results, 357 

which indicated that SNPs located near IGF2BP1 were associated with body weight, 358 

head weight, gizzard weight, chest width, leg weight, and wing weight (Ma, et al. 2018; 359 

Zhou, et al. 2018; Wang, Bu, et al. 2020; Wang, Cao, et al. 2020; Zhang, et al. 2020). 360 

Unexpectedly, L2 allele was not found in the F2 population. 361 

To further verify the molecular effects of the deletions, luciferase expression levels 362 

were investigated to represent the transcriptional activity through transfecting three 363 

kinds of recombinant plasmids (pGL3-L1, pGL3-L2, and pGL3-W) into chicken DF-1 364 

cells (Figure 6a). Before performing the luciferase activity experiment, we screened the 365 

genome region which inserted the pGL3 construct, and confirmed that we did not find 366 

any difference except the L1 and L2 deletion. Therefore, the activity difference among 367 

the three constructs was derived from the deletions. The transcriptional activities of 368 

these two deletions (L1 and L2) were significantly higher than that of wild type (W). 369 

Further, the activity of the L1 genotype is also higher than that of L2 (Figure 6a). 370 
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Subsequently, we compared the mRNA expression level between the L1L1 (Ross 308) 371 

and WW genotypes (Gushi chicken). The expression of IGF2BP1 mRNA in WW 372 

genotype is significantly lower than that in the L1L1 genotype in almost all investigated 373 

tissues at 6 weeks of age (Figure 6b). To reduce the difference in the genetic background 374 

among individuals with different genotypes and investigate the effect of deletions more 375 

accurately, we performed cross-breeding between chickens with the same heterozygous 376 

genotypes (L1WⅹL1W and L2WⅹL2W) to generate L1L1, L2L2 and WW genotype 377 

chicken with half-sib or full-sib relationship, and then compared the expressions of 378 

IGF2BP1. In spleen and duodenum tissues at 3 weeks of age, we observed higher 379 

expressions in L1L1 and L2L2 than WW genotype, while L1L1 also showed a higher 380 

value than L2L2 (Figure 6c). This is completely consistent with the result of 381 

transcriptional activity (Figure 6a). We also observed three conserved elements located 382 

in L1 deletion based on 77 vertebrates basewise PhyloP conservation score 383 

(https://hgdownload.soe.ucsc.edu/goldenPath/galGal6/phastCons77way/), of which 384 

one conserved element located in L2 deletion (Figure 4a). These suggest the functional 385 

importance of three conserved elements which possibly regulating IGF2BP1 386 

expression.  387 

Investigation of the genomic regions flanking the deletion 388 

Since IGF2BP1 was also reported as the body size candidate gene using SNP-based 389 

studies (Sheng, et al. 2013; Ma, et al. 2018; Wang, Bu, et al. 2020; Wang, Cao, et al. 390 

2020; Zhang, et al. 2020), we explored the SNPs within the region from 10 kb upstream 391 

of L1 deletion and 10 kb downstream in order to test if any of the signal driving SNPs 392 

in previous studies could be the causal. SNP calling was done using the same 664 393 

individual sequencing data for building the pan-genome; however, 210 individuals were 394 

excluded for the low quality of SNP calling or their heterozygous genotype. The 395 

remaining individuals include 325 WW, 117 L1L1, and 12 L2L2 samples. We searched 396 

for SNPs that associated with the deletions in three different ways, L1L1 vs. WW, L2L2 397 

vs. WW, and L1L1 + L2L2 vs. WW. Altogether, five associated SNPs were detected. 398 

Among them, the highest PhyloP conservation score is 0.97, and that SNP (chr27: 399 
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6087849) is not within a conservation element. The other four SNPs have negative 400 

conservation scores. This implies that none of these five associated SNPs are highly 401 

conserved, which supports that the deletion is likely to be the only functional mutation 402 

within this region. 403 

Discussion 404 

Construction of the first chicken pan-genome and dissection of genetic changes in 405 

the chicken population 406 

Here, we constructed the first pan-genome of chicken, capturing ~66.5 Mb novel 407 

sequences that are absent from the reference genome (GRCg6a). Similar novel 408 

additional pan-genome sequences were captured in pig (Tian, et al. 2020) (~72.5 Mb), 409 

human (Sherman, et al. 2019) (~296.5 Mb), and plants (Yao, et al. 2015; Golicz, Bayer, 410 

et al. 2016; Montenegro, et al. 2017) (15.8 Mb ~ 350 Mb). Absent sequences from the 411 

reference genome were predicted to encode additional 4,063 high-confidence genes. 412 

We also found about one-third of the gene PAV is variable among the 268 individuals 413 

used for PAV calling. This highlights the heterogenicity of genetic makeup among 414 

chicken breeds and shows a potential utility for further breeding (Gao, et al. 2019).  415 

We observed that red jungle fowls and native chickens contained most of the genetic 416 

diversity of chickens, while limited genetic diversity was found in commercial chickens 417 

(Figure 2). This result is consistent with known reductions in genetic diversity of 418 

modern livestock compared to their wild ancestors (Malomane, et al. 2019; Frantz, et 419 

al. 2020). Similarly, peach (Guo, et al. 2020), chickpea (Varshney, et al. 2019) and 420 

tomato (Gao, et al. 2019) pan-genome studies found that their wild relatives and 421 

landraces are more genetically diverse compared with modern cultivars. We also found 422 

that intra-species gene content variation can be affected by selection, genetic drift, or 423 

hybridization (Supplementary Figure S3-S5). We proposed that the reduction of genetic 424 

diversity in commercial chickens might occur due to intensive artificial selection during 425 

breeding, but other factors can not be ruled out, such as genetic drift.  426 

PAVs are associated with physiological traits and the presence frequency of 427 

immune related loci was reduced during modern chicken breeding 428 
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We found that the promoter region PAV of genes showed associations with 429 

physiological related traits, such as LDLR and olfactory receptors (Supplementary 430 

Table S8). Lipid accumulation can enhance LDLR expression leading to an increase of 431 

serum creatinine (Sun, et al. 2013; Zhang, et al. 2016). LDLR knockout mouse and rat 432 

showed substantial increases in plasma creatinine (Bisgaard, et al. 2016; Sithu, et al. 433 

2017). Variation in the promoter region of LDLR may reduce its expression and further 434 

upregulate serum creatinine level. Olfactory receptors were first discovered in the 435 

olfactory epithelium, functioning in odorant recognition involving various 436 

physiological behaviors, such as food choice and intake. However, recent studies 437 

indicate that these genes are also expressed in the intestinal tract (Priori, et al. 2015; 438 

Kim, et al. 2017; Kotlo, et al. 2020), and olfactory receptors play a role in intestinal 439 

inflammatory reaction (Kotlo, et al. 2020), secretion (Kim, et al. 2017) and microbiota 440 

metabolites (Priori, et al. 2015). We also found olfactory receptor 14C36-like gene 441 

associated with ileum length (IL), jejunum length (JL) and cecum length (CL) 442 

(Supplementary Table S8). It is thus possible that olfactory receptors are involved in 443 

feed digestion and conversion via regulation of intestine development and thus were 444 

under selection during modern breeding (Supplementary Figure S7a). 445 

We observed the presence frequency of immune related gene or promoter region 446 

(including MHC and immunoglobulin) decreased in commercial chicken compared 447 

with the native breed. Of these, some immune gene PAVs showed significant 448 

association with production traits (Supplementary Table S8). This is consistent with a 449 

previous report that a high immune response is negatively correlated with chicken egg 450 

production and body weight (Warner, et al. 1987). MHC genes are involved in immune 451 

recognition and susceptibility to infectious disease (Sommer 2005). There is a possible 452 

genetic linkage between MHC genes and growth or reproduction genes (Warner, et al. 453 

1987). Another possible explanation is that increased productivity may also increase 454 

the metabolic burden of immune gene maintenance in modern breeds. A trade-off might 455 

occur between the conservation of production-related genes and the loss of immune-456 

related genes due to human selection for desirable production traits (van der Most, et 457 
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al. 2011). 458 

IGF2BP1 deletion is the causal variant for a major QTL associated with body size 459 

Many QTGs or QTLs associated with chicken growth traits have been identified, of 460 

which loci located at chromosomes 27, 4 and 1 have the largest impact on growth in 461 

chicken (Sheng, et al. 2013; Ma, et al. 2018; Wang, Bu, et al. 2020; Wang, Cao, et al. 462 

2020; Zhang, et al. 2020). To our knowledge, the study in 2003 was the first time to 463 

report that a large QTL region located between 4.0 Mb and 6.1 Mb in chromosome 27 464 

was associated with chicken body size (Kerje, et al. 2003). After that, many studies 465 

identified the chicken growth trait QTL in chromosome 27, including the gene 466 

IGF2BP1 by SNP-based GWAS (Sheng, et al. 2013; Ma, et al. 2018; Wang, Bu, et al. 467 

2020; Wang, Cao, et al. 2020). Our previous GWAS also revealed a signal peak 468 

correlated to body size trait, which was located at the genomic upstream of IGF2BP1 469 

(Zhang, et al. 2020). GWAS in duck also revealed SNPs located at the genomic 470 

upstream region of IGF2BP1 that showed significant association with body size traits, 471 

while a higher expression level of IGF2BP1 is correlated to better performance (Zhou, 472 

et al. 2018). Altogether, IGF2BP1 is a potential major gene associated with body size 473 

traits, but the causal variant regulating these traits has not been reported previously. 474 

In this study, using a genotype-phenotype association, we found two mutant alleles 475 

in the IGF2BP1 promoter region that contributed to larger body size. We also observed 476 

a stronger association in females than males (Figure 5; Supplementary Figure S10). We 477 

compared the phenotypes among L1W, L1L1, and WW chickens to estimate the 478 

inheritance mode of the deletions. Taking the CW1 trait as an example, we found no 479 

significant difference in CW1 between L1W and L1L1 (p = 0.68) in males, while both 480 

are significantly heavier than WW (L1W vs WW, p = 1.26E-3, L1L1 vs WW, p= 2.60E-481 

5). We inferred that there is a possible dominant effect of L1 against W in males. In 482 

females, however, we found no significant difference between WW and L1W (p = 0.42), 483 

while L1L1 are significantly heavier than L1W (p = 5.35E-7) and WW (p = 4.0E-6). 484 

There is a possible recessive effect of L1 against W in females. One possible reason is 485 

that this autosomal deletion locus shows sex-influenced inheritance, with a dominant 486 
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effect in males and a recessive effect in females. There may be a putative binding site 487 

of androgen-mediated transcription factor located on this deletion region. We also found 488 

three conserved elements based on 77 vertebrates basewise PhyloP conservation score, 489 

suggesting a putative regulatory function (Figure 4a). These deletions in the promoter 490 

region may increase IGF2BP1 expression by upregulating its transcriptional activity 491 

(Figure 6). Further studies are required to elucidate the upstream regulatory pathway.  492 

Together with our GWAS analysis, the mutant genotype is associated with higher 493 

expression of IGF2BP1 and improved productivity traits (Figure 5; Figure 6). Our 494 

findings are consistent with findings that higher expression of IGF2BP1 is linked to the 495 

larger body size in duck (Zhou, et al. 2018). Although the IGF2BP1 mutation only 496 

explains a moderate 2-4% of phenotypic variation, this is in fact a substantial effect for 497 

a complex quantitative trait like body size. For instance, in humans two key variants for 498 

lean body mass explained 0.23% and 0.16% of the variance (Zillikens, et al. 2017) and 499 

~50 variants for height only explain ~5% of the variance (Yang, et al. 2010). After 500 

examining the flanking regions of the deletion, the only five SNPs correlated to the 501 

deletion showed extremely low conservation scores implying that the deletion is the 502 

unique functional variant in this region. Based on this combined evidence, we propose 503 

that the deletion in the IGF2BP1 promoter region is the causal variant for the QTL 504 

located at chromosome 27 that was previously reported to be related to body size in 505 

chicken. 506 

Conclusion 507 

Collectively, this first chicken pan-genome provides a foundation for future chicken 508 

population genetics and evolutionary genomics studies. PAV analysis offers an 509 

opportunity to uncover genomic architecture and identify the change of gene content 510 

during domestication and improvement, helping the designing of future chicken breeds 511 

with desired traits. We dissect the causal variant of one of the major QTL contributing 512 

to body size in chicken using PAV-based GWAS. The deletions that we found can be 513 

applied as markers for breeding programs using marker-assisted selection. As pan-514 

genomic studies become more common, PAV-based GWAS will provide a powerful 515 
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complement to SNP-based GWAS for identifying functional variants of economically 516 

or evolutionary important traits. 517 
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Materials and Methods 518 

Genomic sequencing of chicken 519 

A total of 868 individuals were used in this study, of which 664 were used to construct 520 

the chicken pan-genome (Supplementary Table S1). We downloaded 509 accessions, 521 

published in recent genome resequencing studies (Fan, et al. 2013; Wang, et al. 2015; 522 

Ulfah, et al. 2016; Li, Che, et al. 2017; Lawal, et al. 2018; Qanbari, et al. 2019; Huang, 523 

et al. 2020; Wang, Thakur, et al. 2020b), from the National Center for Biotechnology 524 

Information (NCBI) Sequence Read Archive database (Supplementary Table S1). 525 

Sequencing data of 150 Henan indigenous chickens and 204 Gushi×Anak F2 526 

individuals were generated in this study, and further data for an additional 5 Xichuan 527 

black-bone chickens were generated in our previous study (Li, Sun, et al. 2020). 528 

Genomic DNA was extracted from chicken blood using Qiagen DNeasy Kit. Paired-529 

end libraries with ~500 bp insert size were constructed and then subjected to sequencing 530 

using the BGISEQ-500 platform to generate paired-end 150 bp reads (BGI Genomics 531 

Co., Ltd. and Beijing Fuyu Biotechnology Co., Ltd, China). We also downloaded 10 532 

pool sequencing data, including 5 HWS and 5 LWS pool data from the NCBI database 533 

using project number PRJNA516366 (Lillie, et al. 2018). 534 

Pan-genome construction and annotation 535 

Raw reads were processed to remove low quality reads and generate adaptor free clean 536 

reads using Trimmomatic (v0.36) (Bolger, et al. 2014). The pan-genome was 537 

constructed by a reference based iterative mapping and assembly approach using the 538 

GRCg6a assembly as a starting reference genome (Golicz, Batley, et al. 2016; Golicz, 539 

Bayer, et al. 2016). The reference-based iterative mapping and assembly approach 540 

(Golicz, Batley, et al. 2016; Golicz, Bayer, et al. 2016) was first applied in a pan-541 

genome study of the crop B.oleracea. This approach allows using sequencing data from 542 

a large range of individuals from different populations to construct a pan-genome. 543 

Briefly, clean reads were mapped to the reference genome (Ensemble 544 

Gallus_gallus.GRCg6a.dna.toplevel.fa) using bowtie2 (v2.3.5.1) (Langmead and 545 

Salzberg 2012). Unmapped reads were extracted using SAMtools and then assembled 546 
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using MaSuRCA v3.3.1 (Zimin, et al. 2013). After pan-genome construction, newly 547 

assembled contigs of non-reference sequences with length larger than 500 bp were kept. 548 

Contaminant sequences were filtered by the following two steps. Firstly, contigs were 549 

aligned using blastn v2.9.0 (Camacho, et al. 2009) against the NT database (v5, 07-03-550 

2019) of contaminant taxid groups, which includes archaea, viruses, bacteria, fungi and 551 

Viridiplantae. Secondly, the remaining contigs were classified and filtered using 552 

Kraken2 (v 2.0.9-beta) using the kraken2-microbial database, which consists of archaea, 553 

bacteria, fungi, protozoa, viral and human sequences. 554 

(https://lomanlab.github.io/mockcommunity/mc_databases.html) (Wood, et al. 2019). 555 

The unclassified contigs were defined as contamination-free. The final contamination-556 

free non-reference sequences and the reference Gallus/GRCg6a genome were merged 557 

to generate the chicken pan-genome.  558 

A custom repeat library was constructed by scanning the final non-reference 559 

sequence using RepeatModeler (v1.0.11) (Flynn, et al. 2020). A custom repeat library 560 

and the RepBase database (downloaded in June 2019) of vertebrates were used to detect 561 

the repeat sequences with RepeatMasker (v4.0.8) (Tarailo-Graovac and Chen 2009). 562 

The MAKER2 annotation pipeline was used to obtain a set of high-confidence 563 

annotation based on RNA-seq evidence, homologous protein evidence and ab initio 564 

gene prediction evidence(Holt and Yandell 2011). RNA-seq evidence was generated 565 

using Hisat2-Stringtie pipeline (Pertea, et al. 2016) with published data from available 566 

tissues (Supplementary Table S2). Protein sequences of chicken, human and other 567 

mammals and vertebrates were collected from the Uniprot database 568 

(https://www.uniprot.org/). Ab initio gene prediction was implemented using SNAP 569 

(Korf 2004) and Augustus (Stanke, et al. 2006) with the ‘chicken’ model selected. 570 

Finally, redundant assembled protein sequences were filtered with CD-HIT (Fu, et al. 571 

2012) (-c 0.9 -n 5 -M 16000 -T 18) with the threshold of 90% similarity.  572 

PAV calling 573 

Gene PAV was determined based on the cumulative coverage of exons of each gene. 574 

The longest transcripts were retrieved as the gene body to avoid redundant gene counts. 575 
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If at least two reads covered more than 5% cumulative coverage of all exons, this gene 576 

was defined as present in an individual. Otherwise, it was defined as absent (Golicz, 577 

Bayer, et al. 2016). Clean reads were aligned to the pan-genome using BWA-MEM 578 

(v0.7.17) (Li and Durbin 2009) with default parameters and the sequences depth of each 579 

sample was captured using Mosdepth package (v0.2.5)(Pedersen and Quinlan 2018). 580 

High-depth sequencing data (>30x) is preferable to increase the robustness of PAV 581 

analysis; however, it is not economical to sequence large samples numbers at this depth. 582 

Low-depth data (<15x) is a viable and more economical means to carry out PAV 583 

analysis in large sets of diverse samples (Gao, et al. 2019; Sherman, et al. 2019; 584 

Jayakodi, et al. 2020). To estimate the impact of the sequencing depth on gene PAV 585 

calling, we extracted reads from reference genome individual with varying depths of 586 

sequences to determine the minimum sequence depth required to call a confident gene 587 

PAV. An average sequence depth of 10x was considered as the threshold for including 588 

a sample since this threshold is estimated to allow a 99.94% recovery rate of gene PAV 589 

(Gao, et al. 2019) (Supplementary Figure S2a). We also performed additional 590 

simulation analysis using sequencing data of random seven breeds and found 591 

98.4%~99.5% of pan-genome genes can be called when the average sequence depth 592 

reaching 10x (Supplementary Figure S2b). Thus, to get a high confident PAV matrix, 593 

individuals with an average depth above 10x were kept to perform gene PAV calling. 594 

Additionally, the sequencing data of red jungle fowls in Thailand were reported to be 595 

contaminated by domestic chicken sequences and were removed for the PAV calling 596 

(Qanbari, et al. 2019; Wang, Thakur, et al. 2020b). 597 

PAV calling for promoter region was performed using the same method of gene 598 

PAV calling that is described above but based on the gene promoter regions. We divided 599 

the promoter region into three 1 kb windows based on the distance to the transcription 600 

start site. The three blocks were in the 0-1 kb, 1-2 kb and 2-3 kb regions upstream to 601 

the transcription start site of genes in the reference genome. A PAV was considered as 602 

present if more than 50% cumulative coverage with at least two reads was identified, 603 

otherwise, it was considered absent (Golicz, Bayer, et al. 2016).  604 
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PAV analysis 605 

The gene PAV matrix was subjected to population genetic analysis. Principal 606 

component analysis and neighbour-joining phylogenetic analysis were conducted using 607 

TASSEL5 (Bradbury, et al. 2007). To identify the PAV with frequency significantly 608 

changed during improvement, the PAV frequency of each gene was compared between 609 

the native breeds and commercial breeds. Fisher’s exact test was employed to identify 610 

significant PAV with false discovery rate (FDR) 0.001 (Gao, et al. 2019). Significantly 611 

increased genes were defined as genes having a significantly higher frequency in the 612 

commercial breeds than the native breeds. Inversely, we consider genes with a 613 

significantly lower frequency as significantly decreased genes. To identify the promoter 614 

region with significantly changed during chicken improvement, PAV patterns were also 615 

analyzed using the same method as gene PAV frequency calculation. 616 

PAV-based GWAS 617 

PAV-based genome-wide association study (GWAS) was also implemented to identify 618 

the candidate genes associated with 151 traits in a GushiⅹAnak F2 mapping population 619 

with 204 individuals. To reduce bias, gene PAVs were removed if they were located on 620 

sex chromosomes or showed a minor allele frequency less than 0.05. A general linear 621 

model (GLM) was employed for association analysis using TASSEL5 (Bradbury, et al. 622 

2007), with sex and the first five PCA eigenvectors defined as fixed effects. A 623 

Bonferroni test was used to define the genome-wide significant (0.05/number of loci) 624 

or suggestive (0.1/number of loci) cut-off threshold. 625 

GO annotation 626 

Functional annotation of the pangenome was performed using command line Blast2GO 627 

(Conesa et al., 2005) v2.5. The pan-genome genes were aligned to the proteins in the 628 

Uniref90 database (downloaded on Sep 2019) using BLASTP (Camacho et al., 2009), 629 

and only alignments with E-values < 1x10-5 were used. Then, the BLAST results were 630 

reformatted to satisfy Blast2GO naming requirements. Gene ontology annotation of the 631 

variable genes was conducted by the R package topGO (Alexa, et al. 2006) using 632 

Fisher's exact test with the approach ‘elim’ used to correct for multiple comparisons.  633 
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Genotyping of IGF2BP1 PAV and association analysis 634 

Three primers, including one forward and two reverse primers, were designed based on 635 

the sequence of the IGF2BP1 promoter region (Figure 4a). One pair of primer, Asp-F 636 

and Asp-R, was used for genotyping L1 and W allele, while another pair, 2k-F and Asp-637 

R, was used to genotype L2 and W (Figure 4a; Supplementary Table S8). PCR reaction 638 

was conducted as described below: 5 pmol of each primer, 100 ng of genomic DNA, 2 639 

ul 10 ⅹ PCR buffer (Takara), 100 uM dNTP mixture and 1 ul Taq polymerase. 640 

Association analysis of the validation population was conducted between genotypes 641 

(L1L1, L1W and WW) in IGF2BP1 PAV and 151 traits (Supplementary Note) in F2 642 

population with 734 individuals using GLM as described as above. The value of marker 643 

R squared was used to explain the phenotype variation of IGF2BP loci, as computed 644 

from the marker sum of squares (SS) after fitting all other model terms divided by the 645 

total SS (Bradbury, et al. 2007). 646 

Functional assay of IGF2BP1 promoter region and IGF2BP1 expression 647 

Three kinds of IGF2BP1 promoter region (L1, L2 and W) were cloned into pGL3-Basic 648 

luciferase vector (Promega) using Clone-F and Clone-R primer (Supplementary Table 649 

S9). All recombinant plasmids, together with the pRL-TK plasmid (Promega), were 650 

transfected into DF-1 (chicken fibroblast cell) cell line. After 48 hours, the 651 

transcriptional activity was investigated by the Dual-Luciferase Reporter Assay System 652 

(Promega). Quantitative PCR was conducted to investigate the mRNA level of 653 

IGF2BP1 using primer IGF2BP1-qF and IGF2BP1-qR (Supplementary Table S9). The 654 

relative expression level of IGF2BP1 was normalized by GAPDH using the 2-
△△ct 655 

method. 656 

Investigating the flanking SNPs of deletions 657 

The deletion and its flanking regions (chr27:6072202-6095435) were analyzed by 658 

GATK (v3.8) pipeline (McKenna, et al. 2010) using the same 664 individuals for 659 

building the pan-genome. Genotypes of the IGF2BP1 deletion of each sample were 660 

determined by the GATK results and manually checking the alignments by IGV 661 

(version 2.4.3). Then samples with the same genotypes were grouped together, and the 662 
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SNP associated with the IGF2BP1 genotypes was defined as 1) significant in the Chi-663 

squared test, 2) the mutant allele of the SNP has an allelic frequency higher than 0.8 in 664 

the deletion group, and 3) the allelic frequency difference between the two compared 665 

groups greater than 0.5. Three different deletion groups were used in three different 666 

comparisons. They are L1L1 group, L2L2 group, and L1L1 + L2L2 group, all compared 667 

with WW group, respectively. 668 
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Figure 1. Pan-genome of chicken. a Geographical distribution of samples used for 954 

pan-genome construction. b Pan-genome gene classification. c Word cloud of the Gene 955 

Ontology (GO) enrichment of biological process for variable genes. d Pan-genome 956 

modelling. The pan-genome modelling shows no more dramatic increases when the 957 

number of accession genomes is over 220, indicating that selected individuals were 958 

sufficient to capture the majority of PAVs within Gallus gallus. Upper and lower lines 959 

represent the pan-genome number and core-genome number, respectively.  960 

Figure 2. Distribution of gene PAV. a The heatmap shows the PAV of variable genes 961 

within wild relatives, native breeds and commercial breeds. b The principal component 962 

analysis of chicken breeds based on gene PAV. Wild: wild relatives (red jungle fowls); 963 

Native, native breeds; commercial breeds consist of two broiler breeds (BRA and BRB) 964 

and two layer breeds (BL and WL). c Neighbor-Joining phylogenetic tree constructed 965 

based on gene PAV matrix. 966 

Figure 3. Change of PAV frequency in promoter region during breeding and PAV-967 

based GWAS. a, b, c,  Scatter plots showing gene occurrence frequencies in Native 968 

breeds and Com (commercial) breeds for 0-1 kb (a), 1-2 kb (b) and 2-3 kb (c) upstream 969 

promoter regions, respectively. d, e, f, Manhattan plots showing significant promoter 970 

region PAVs associated with 151 traits for 0-1 kb (d), 1-2 kb (e), and 2-3 kb (f) upstream 971 

promoter regions. All association analysis result was plotted according to the physical 972 

location and p-value, with each dot representing an association analysis result. The 973 

upper and lower dashed line represents the significant and suggestive thresholds, 974 

respectively. CW1, claw weight; CR , the ratio of claw weight to body weight; DPW, 975 

double pinion weight; SEW, semi-evisceration weight. 976 

Figure 4. Structure and frequency of the three alleles in IGF2BP1 promoter region. 977 

a Genomic structure of three alleles in IGF2BP1 promoter region in relation to 978 

evolutionarily conserved elements (77 vertebrates basewise PhyloP conservation score). 979 

Variant alleles in the promoter region of IGF2BP1 include wild type (W) and two 980 

mutant alleles (L1 and L2). The conserved elements are indicated by red arrows. Asp-981 

F, 2k-F and Asp-R are the PCR primers for the identification of the allelic type. b Allelic 982 
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frequency of IGF2BP1 promoter region in the validated population by allelic-specific 983 

PCR genotyping. PCR product sizes of W, L1 and L2 are 2345 bp, 290 bp and 791 bp, 984 

respectively. The gel shows the six genotypes derived from the combinations of the 985 

three alleles.  986 

Figure 5. Single-marker genotype association of IGF2BP1 promoter region in the 987 

validated Gushi×Anak F2 population with 734 individuals. Eight representative 988 

association events were included and others were showed in Supplementary Figure S10. 989 

The number in the bracket is the proportion of phenotype variance explained by 990 

IGF2BP1 loci. CW1, claw weight; CR, the ratio of claw weight to body weight. SL12, 991 

shank length; BBL12, breast bone length; DPW, double pinion weight; SEW, semi-992 

evisceration weight; CW, carcass weight; LW, leg weight. All traits were phenotyped at 993 

12 weeks of age. 994 

Figure 6. Comparison of transcriptional activity and expression among three 995 

IGF2BP1 genotypes. a Comparison of transcriptional activity among different 996 

IGF2BP1 promoter region in chicken DF-1 cells. Left shows the constructions of the 997 

inserted fragment into the pGL3-Basic plasmid. Significance of two-tailed Student’s t-998 

test: **, p < 0.01; ***, p <0.001. b Comparison of mRNA expression of IGF2BP1 999 

between L1L1 (Ross 308) and WW (Gushi) chickens in five tissues at 6 weeks of age. 1000 

Breast, breast muscle; Leg, leg muscle. P-values were calculated using a two-tailed 1001 

Student’s t-test. c Comparison of mRNA expression of IGF2BP1 between L1L1, L2L2 1002 

and WW in an IGF2BP1 genotype segregating population at 3 weeks of age. 1003 

 1004 
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