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Abstract 19 

Despite recent progresses, the driving force of evolution and domestication of chickens remains 20 

poorly understood. To fill this gap, we recently sequenced and assembled genomes of four 21 

distinct indigenous chickens from Yunnan, China. Unexpectedly, we found large numbers of 22 

pseudogenes which have lost their functions and are fixed in their corresponding populations, 23 

and we also found highly variable proteomes in the genomes of the four indigenous chickens as 24 

well as the sequenced wild red jungle fowl (RJF) (GRCg6a). Although the four indigenous 25 

chicken breeds are closely related to the G. g. spadiceous subspecies, for the first time, we 26 

found that the RJF (GRCg6a) is of the G. g. bankiva origin. Thus, the five chicken share the most 27 

recent common ancestor (MRCA) before subspeciation. Our results support a scenario that the 28 

MRCA of the four indigenous chickens and the RJF possessed at least 21,972 genes, of which 29 

7,993 are dispensable. Each chicken has lost functions of thousands of the dispensable genes 30 

during their evolution and domestication via complete gene loss and pseudogenization. The 31 

occurring pattens of completely lost genes and pseudogenes segregate the chickens as their 32 

phylogenetic tree does. Therefore, loss-of-function mutations might play important roles in 33 

chicken evolution and domestication. 34 

Keywords 35 

Chicken; pseudogenization; loss-of-function; domestication; evolution.  36 
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Introduction 37 

As the first non-mammalian vertebrate sequenced [1], chicken (Gallus gallus) provides us with 38 

most protein sources in our daily life and also is an important model organism to study 39 

development and immunity of vertebrates [2]. Since the first release of the draft genome of a 40 

red jungle fowl (RJF) [1], its assembly quality has been greatly improved (galgal5 and GRCg6a) [3, 41 

4]. More recently, the Vertebrate Genomes Project (VGP) assembled pseudo-haplotype 42 

genomes (GRCg7b and GRCg7w) of a hybrid individual from a broiler mother and a layer father 43 

using long sequencing reads and multiple scaffolding data [5, 6]. Studies based on these 44 

assemblies have provided insightful understandings of not only the domestication and 45 

evolution processes, but also the genetic basis of selected traits of domesticated chickens. 46 

However, earlier studies were limited in revealing driving forces of chicken domestication and 47 

evolution due to low-quality genome assemblies and insufficient gene annotations. 48 

Consequently, contradictory conclusions have been drawn. For example, on the one hand, it 49 

was reported that the chicken genome has undergone a large number of segmental deletions 50 

[1], resulting in a substantial reduction of genome sizes and a large number of concomitant 51 

gene loss; and therefore, chicken might have fewer genes than other tetrapods [7]. On the 52 

other hand, it was concluded that selection for loss-of-function mutations had no prominent 53 

role in chicken domestication [8, 9]. However, accumulating genomic evidence supports loss-of-54 

function mutations as a major driving force for the evolution (for a review, see [10-12]) of 55 

animals [13-17] and plants [18] as well as for the domestication (for a review, see [19, 20]) of 56 

many farm animals [21] and crops [22, 23].  57 
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It has been shown that RJF subspecies G. g. Spadiceus is the primary ancestor of 58 

domestic chickens (Gallus gallus domesticus) all over the world [24]. G. g. Spadiceus diverged 59 

from other RJF subspecies G. g. murphy, G. g. jabouillei, G. g. gallus and G. g. bankiva 50,000-60 

500,000 years ago [24], substantially earlier than the advent of chicken domestication [25]. 61 

Indigenous chickens in Yunnan, a southwestern province in China, are among the earliest 62 

domesticated birds, and they are formed by less-intensive traditional family-based artificial 63 

selection in villages in isolated mountainous areas since 2,000–6,000 BC [25]. It has been 64 

estimated that indigenous chickens in Yunnan share the most recent common ancestor (MRCA) 65 

with wild G. g. Spadiceus less than 8,000 years ago [24]. Although domestic indigenous chicken 66 

such as those from southeast Asian and commercial chickens such as white leghorn may have 67 

substantial introgression from other RJF subspecies, indigenous chickens in Yunnan have 68 

minimal (~4%) introgression only from G. g. jabouille [24]. Thus, indigenous chickens in Yunnan 69 

are good candidates to investigate the driving force of evolution and domestication of 70 

indigenous chickens. 71 

We therefore recently sequenced and assembled genomes at chromosome-level of four 72 

indigenous chicken breeds in Yunnan [26]. These chicken breeds include Daweishan chicken 73 

with a miniature body size, Hu chicken with a large body size and stout legs, Piao chicken with a 74 

rumpless trait and Wuding chicken good at running. Using an annotation pipeline that 75 

combines homology-based and RNA-seq-based methods, we found that the Daweishan, Hu, 76 

Piao and Wuding chicken genomes encoded 17,718, 17,497, 17,711 and 17,646 protein-coding 77 

genes, respectively [27]. Of these genes in the four genomes, a total of 1,420 are not seen in 78 

the annotations of the RJF (GRCg6a), the broiler (GRCg7b) and the layer (GRCg7w) assemblies, 79 
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we thus refer them to as newly annotated genes (NAGs) [27]. Unexpectedly, we also identified 80 

a large number of pseudogenes in the Daweishan (747), Hu (606), Piao (682) and Wuding (667) 81 

chicken genomes [27]. Interestingly, most of the NAGs also are either encoded or become 82 

pseudogenes in the GRCg6a, GRCg7b, and GRCga7w assemblies. We therefore increase the 83 

numbers of both annotated genes and pseudogenes in GRCg6a (18,463 and 542), GRCg7b 84 

(19,002 and 474) and GRCg7w (18,978 and 435) [27]. In addition to the varying numbers of 85 

genes and pseudogenes, each pair of chicken genomes share 81%-92% of their genes, which 86 

diverge only 7,000-500,000 years ago. This is in stark contrast to the observation that humans 87 

and chimpanzees share 98% of their genes, which split at least 6-7 million years ago [28]. To 88 

understand the underlying reasons for such high variation in gene and pseudogene 89 

compositions in the chickens, we analyzed the occurring patterns and evolutionary behaviors of 90 

the pseudogenes as well as presence and absence variation of genes in the four indigenous 91 

chicken genomes and the RJF genome. We did not include the commercial chickens in this 92 

analysis as they may possess mosaic genomes of different ancestries inherited from multiple 93 

RJF subspecies [24, 29]. Our results suggest that loss-of-function mutations via 94 

pseudogenization (contain a premature stop codon or an open-reading-frame (ORF) shift 95 

mutation) and complete gene loss (losing all features of a gene beyond to be detected even as a 96 

pseudogene) might play critical roles in chicken domestication and evolution. 97 

 98 

Results 99 

Chicken genomes harbor highly varying sets of protein-coding genes and pseudogenes   100 
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Although the Daweishan (17,718), Hu (17,497), Piao (17,711) and Wuding (17,646) chicken 101 

genomes harbor quite similar numbers of protein-coding genes [27], they shared only 15,050 102 

genes (Figure 1a), comprising only 84.9%-86.0% of their genes. Interestingly, the indigenous 103 

chicken genomes encode 745-966 fewer genes than the RJF genome (GRCg6a) (18,463). 104 

Consequently, the indigenous chicken genomes share only 13,979 genes with the RJF genome 105 

(Figure 1b), comprising only 75.7%-79.9% of their genes. Moreover, each pair of these five 106 

chicken genomes share only 84%-92% of their genes (Figure 1c), even though they only 107 

diverged 7,000-500,000 years ago [25]. These results indicate that the indigenous chicken 108 

breeds and RJF have undergone more dramatic changes in their gene compositions in the last 109 

7,000-500,000 years than have humans and chimpanzees (share 98% of their genes) in the last 110 

6-7 million years [28]. 111 

Moreover, we identified a larger number of pseudogenes in each of the four indigenous 112 

chicken genomes (606-747) (Table 1) based on three sources [27]. Most (486-622 or 80.2%-113 

83.5%) of the pseudogenes in the indigenous chicken genomes were predicted based on 114 

homology to annotated genes in GRCg6a (322-395), GRCg7b (313-385) and GRCg7w (311-398) 115 

(Tables 1 and S1-S4). In other words, some functional genes in the reference genomes become 116 

pseudogenes in an indigenous chicken genome due to at least a pseudogenization mutation 117 

(premature nonsense mutation or open-reading frame (ORF) shift mutation). A small portion 118 

(24-35 or 3.6%-5.8%) were predicted based on homology to the 1,420 NAGs, i.e., some 119 

functional NAGs in indigenous genomes become pseudogenes in other indigenous genomes. 120 

The remaining 83-94 (12.2%-14.0%) were predicted based on homology to previously 121 

annotated pseudogenes in GRCg6a (49-57), GRCg7b (55-64) and GRCg7w (51-58). In other 122 
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words, some pseudogenes in reference genomes also are pseudogenes in indigenous chicken 123 

genomes. Most pseudogenes (576-713, 94.9-96.0%) in each indigenous chicken genome are 124 

transcribed in multiple tissues (Tables S5-S8), suggesting that their regulatory systems might be 125 

still at least partially functional, and thus they might arise quite recently. Furthermore, based 126 

on pseudogenization mutations of the 1,420 NAGs in the reference genomes, we increased the 127 

numbers of annotated pseudogenes in GRCg6a (from 262 to 542) (Table 1). Notably, the 128 

indigenous chicken genomes harbor 64-205 more pseudogenes than GRCg6a, which partially 129 

explains why the former genomes harbor fewer genes than the latter genome (17,497-17,716 130 

vs 18,463). The indigenous chickens share 142 pseudogenes (Figure 1d) among themselves, and 131 

33 pseudogenes with the RJF (Figure 1e). Each pair of the chicken share 8%-48% of their 132 

pseudogenes (Figure 1f). In total, we found 1,995 pseudogenes that appeared in at least one of 133 

the five chicken genomes (Table S9). In summary, these results suggest a highly complex picture 134 

of gene presence and absence as well as pseudogenization in various chicken breeds. 135 

Vast majority of pseudogenes are unprocessed and unitary  136 

Most (91.6%-92.8%, 556-684) of the pseudogenes in each indigenous chicken genome are 137 

unprocessed (Table 1), i.e., they arose due to direct pseudogenization mutations, while the 138 

remaining small portion (7.2-8.4%, 48-63) are processed, i.e., they arose due to 139 

retrotransposition followed by pseudogenization mutations [30]. Unprocessed 140 

pseudogenization mutations could occur after a duplication event to eliminate a redundant 141 

copy [30]. However, we failed to find an intact paralog for most (88.2%-90.3%) of the 142 

unprocessed pseudogenes in the same genomes (Tables S1-S4), suggesting that most of the 143 

unprocessed pseudogenes are not related to gene duplications, and thus are unitary 144 
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pseudogenes [31]. There are a total of 1,814 unprocessed pseudogenes in the five chicken 145 

genomes (Table S10). The indigenous chickens share 129 unprocessed pseudogenes among 146 

themselves (Figure S1a), and 22 with the RJF (Figure S1b). Interestingly, compared to the cases 147 

in indigenous chickens, a smaller proportion of the pseudogenes in RJF (85.2%, 462) are 148 

unprocessed. However, the number (80) of processed pseudogenes in RJF is similar to those (63, 149 

50, 55 and 48) in the indigenous chickens (Table 1). In the following analyses, we will focus on 150 

the unprocessed pseudogenes. 151 

Pseudogenization mutations are biased to the two ends of parental genes  152 

To see whether the arise of the unprocessed pseudogenes in the indigenous chickens is under 153 

natural/artificial selection, selectively neutral or a result of random genetic drift, we compared 154 

the distribution of their first pseudogenization mutation sites along the CDSs of their parental 155 

genes in relevant genome(s) with the distribution of the synonymous mutation sites along the 156 

CDSs of true genes. As shown in Figure 2a, synonymous mutations in true genes are largely 157 

uniformly distributed along the CDSs as expected for neutral mutations, except at the two ends, 158 

where the density decreases, consistent with an earlier report in chickens [32]. The reduced 159 

synonymous mutation rates at the two ends suggests that the two ends of CDSs are generally 160 

under purifying selection, suggesting that the two ends might harbor functional elements not 161 

related to their amino acid coding functions, such as transcriptional and post-transcriptional 162 

regulatory elements [33]. Interestingly, the synonymous mutations in the pseudogenes are also 163 

largely uniformly distributed along the CDSs including the two ends (Figure 2a), indicating that 164 

purifying selection on the two ends of pseudogenes is relaxed. Thus, transcriptional and post-165 
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transcriptional regulatory elements at the two ends of pseudogenes might have been 166 

deteriorated since their pseudogenization. 167 

By stark contrast, the first pseudogenization mutations in the four indigenous chickens 168 

are strongly biased to the two ends of parental CDSs (Figure 2a), consistent with earlier reports 169 

in chickens [32] and humans [34]. Specifically, 22.2%, 64.2% and 13.6% of first loss-of-function 170 

mutations occur at the first 10%, the middle 80% and the last 10% lengths of the CDSs. Almost 171 

all the pseudogenes have their first (Figure 2b) and last (Figure 2c) coding nucleotides aligned 172 

with those of parental CDSs, indicating that the biased pseudogenization mutations to the 5’- 173 

and 3’-ends are not due to incorrect predictions of the two ends of the pseudogenes. These 174 

results strongly suggest that the biased first pseudogenization mutations towards the two ends 175 

of pseudogenes are under positive selection. 176 

Biased pseudogenization mutations to the two ends of parental CDSs might facilitate loss of 177 

functions of genes 178 

To see whether the first pseudogenization mutation along the parental CDSs result in loss of 179 

function of the genes, we compared the evolutionary pressures on true genes with that on 180 

pseudogenes in the four indigenous chickens using their ratio of the number of nonsynonymous 181 

mutations over the number of synonymous mutations (dN/dS). As shown in Figure 2d, the 182 

pseudogenes have significantly higher dN/dS values than the true genes (p<6.13e-295). This is 183 

also true when the pseudogenes with the first pseudogenization mutation occurring in the first 184 

10% (p<7.87e-46), the middle 80% (p<1.23e-230) or the last 10% (p<1.93e-30) of CDSs are 185 

compared with the true genes (Wilcoxon rank-sum test). These results suggest that at least 186 

most pseudogenes are no longer under purifying selection, and thus might lose gene functions. 187 
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Moreover, the pseudogenes with the first pseudogenization mutation occurring in the first 10% 188 

of CDSs and occurring in the last 10% of CDSs have similar dN/dS values (p=0.46), and both have 189 

significantly lower dN/dS values than the pseudogenes with the first pseudogenization 190 

mutation occurring in the middle 80% of CDSs (Figure 2d, p<9.24e-6 and p<7.75e-5, respectively, 191 

Wilcoxon rank-sum test). The underlying cause is not clear to us but might be due to our finding 192 

that the two ends of CDSs were under purifying selection before pseudogenization events 193 

occurred (Figure 2a). 194 

Clearly, the closer a pseudogenization mutation to the 5’-end of a CDS, the larger 195 

portion of the peptide chain is affected and the more likely a pseudogenization mutation occurs. 196 

Loss of function of a gene could also occur when critical amino acids at the N-terminus of the 197 

protein or regulatory DNA elements at the 3’-end of the CDS are disrupted by a 198 

pseudogenization mutation. For the former possibility, we noted that the identity of amino 199 

acids at the C-terminus of proteins are elevated (Figure 2a), indicating that the C-terminus may 200 

harbor critical amino acids. For the later possibility, as the 3’-UTRs of genes often harbor miRNA 201 

binding sites for post-transcriptional regulation [35], we hypothesize that 3’-ends of CDSs may 202 

also contain miRNA binding sites, and disruption of such sites in either 3’-ends of CDSs or 3’-203 

UTRs may have functional consequence. To test this, we scanned the pseudogenes’ and 204 

parental genes’ CDSs in the four indigenous chickens and their 1,000 bp downstream sequences 205 

as putative 3’-UTRs for potential miRNA binding sites. As shown in Figure 2e, putative 3’-UTRs 206 

and 3’-ends of both parental genes and pseudogenes have higher density of putative miRNA 207 

binding sites than their upstream coding regions, consistent with previously reports [35], 208 

suggesting that putative 3’-UTRs and 3’-ends indeed tend to contain a miRNA binding sites. 209 
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Interestingly, pseudogenes have a fewer number of miRNA binding sites in their 3’-ends and 3’-210 

UTRs than do parental genes (Figure 2e), suggesting that pseudogenization mutations might 211 

disrupt the miRNA binding sites in the 3’-end of CDSs. 212 

The functions of parental genes of most pseudogenes are lost in the indigenous chicken 213 

genomes 214 

To see whether alternative isoforms of the pseudogenes in the four indigenous chickens could 215 

skip the exons harboring the pseudogenization mutations, we assembled transcripts of all the 216 

transcribed pseudogenes in each indigenous chicken genomes (Table 1). We found that most 217 

transcribed pseudogenes had only one type of transcript containing the pseudogenization 218 

mutations, while for those that had more than one isoform, very few of them had transcripts 219 

that skipped the pseudogenization mutations (Tables S11-S14). For example, in Daweishan 220 

chicken, only 139 (20.32%) of the 684 unprocessed pseudogenes (Table 1) have alternative 221 

splicing transcripts, and only one of them has transcripts that skip the pseudogenization 222 

mutation (Table S11). In Hu chicken, only 137 (24.64%) of the 556 unprocessed pseudogenes 223 

(Table 1) have alternative splicing transcripts, and none of them has transcripts that skip the 224 

pseudogenization mutations (Table S12). In Piao chicken, only 131 (20.89%) of the 556 225 

unprocessed pseudogenes (Table 1) have alternative splicing transcripts, and only two of them 226 

have transcripts that skip the pseudogenization mutations (Table S13). In Wuding chicken, only 227 

139 (22.46%) of the 619 unprocessed pseudogenes (Table 1) have alternative splicing 228 

transcripts, and none of them has transcripts that skip the pseudogenization mutations (Table 229 

S14). These results suggest that almost all the pseudogenes in the four indigenous chickens did 230 

not skip the exons harboring the pseudogenization mutations, and that the functions of 231 
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parental genes cannot be rescued by alternative isoforms of the pseudogenes. Moreover, as we 232 

indicted earlier, most of the unprocessed pseudogenes do not have a functional copy in the 233 

same genomes, thus, the functions of their parental genes might be lost in the indigenous 234 

chickens. 235 

The GCRg6a assembly might be of an individual of G. g. bankiva origin 236 

Although the RJF G. g. spadiceus subspecies is believed to be the major ancestor of domestic 237 

chickens all over the world [24], no high-quality genome of a G. g. spadiceus individual has yet 238 

been available. Thus, we would compare the gene compositions in the four indigenous chicken 239 

genomes with that of the RJF genome (GRCg6a). To infer the subspecies origin of the RJF 240 

individual and the indigenous chickens belonging to, we performed a principal component 241 

analysis (PCA) on the SNPs profiles of the RJF individual and populations of the five RJF 242 

subspecies (G. g. Spadiceus, G. g. murphy, G. g. jabouillei, G. g. gallus and G. g. bankiva) as well 243 

as of the four indigenous chickens (Methods and Materials). As expected, individuals of the four 244 

indigenous chicken breeds form a compact cluster with those of the G. g. spadiceus subspecies 245 

(Figure 3a), indicating that the four indigenous chicken breeds are indeed derived from G. g. 246 

spadiceus. Constituent with a previous report [24], individuals of G. g. murphy form a widely 247 

spread cluster that cannot be separated from the compact cluster formed by individuals of G. g. 248 

jabouillei (Figure 3a), suggesting the diversity of the individuals of G. g. murphy and possible 249 

admixture with G. g. jabouillei. Individuals of G. g. gallus form a cluster in between the one 250 

formed by individuals of G. g. jabouillei and the one formed by individuals of G. g. bankiva. 251 

Consistent with the previous report [24], individuals of G. g. bankiva form a cluster that is 252 

farthest away from those formed by other subspecies and the indigenous chickens (Figure 3a), 253 
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indicating that G. g. bankiva diverged earliest from the other subspecies. Interestingly, the 254 

sequenced RJF (GRCg6a) is separated far away from the cluster formed by the indigenous 255 

chickens and G. g. spadiceus individuals, and is closest to the cluster formed by G. g. bankiva 256 

individuals (Figure 3a), suggesting that it might be of G. g. bankiva origin. We also analyzed the 257 

genetic structures of the chickens (Methods and Materials). In agreement with the PCA result, 258 

GRCg6a has highly similar genetic structure to the individuals of G. g bankiva (Figures 3b-3d). 259 

Both G. g. murphy and G. g. spadiceous have diverse genetic structures (Figures 3b-3d) due to 260 

their broader geographic origins as previously indicted [24]. Hu and Piao chickens have mosaic 261 

genetic structures, while Daweishan and Wuding chickens have quite uniform genetic 262 

structures (Figures 3b-3d). The four indigenous chicken breeds have large genetic admixture 263 

from G. g. spadiceous but little from the other subspecies (Figures 3b-3d). These results further 264 

strengthen our conclusion that the four indigenous chicken breeds might be mainly derived 265 

from G. g. spadiceous, while the GRCg6a assembly belongs to an individual of the G. g. bankiva 266 

origin. The latter conclusion might not be surprising given the fact that the sequenced RJF 267 

individual was from of the UCD0001 line that was originated from a wild population from 268 

Malaysia [1], where G. g. bankiva inhabits [24]. 269 

Indigenous chickens and the RJF have lost thousands of genes since their divergence 270 

Based on our aforementioned results, it is reasonable to assume that the indigenous chickens 271 

and the RJF share a MRCA A1 before subspeciation, and the indigenous chickens share a MRCA 272 

A2 of G. g. spadiceus after subspeciation. There are two possible scenarios that the indigenous 273 

chickens and the RJF could be derived from the two MRCAs. In one scenario, a MRCA possessed 274 

at least the union of genes in the derived chickens plus functional versions of the intersection of 275 
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unprocessed pseudogenes of all the derived chickens, and the derived chickens selectively lost 276 

genes via two unnecessarily exclusive forms of loss-of-function mutations, i.e., complete gene 277 

loss and pseudogenization, during the evolution and domestication processes. In the case of 278 

the four indigenous chickens, as illustrated in Figure 4a, their MRCA A2 would possess 20,760 279 

(20,631 genes (Figure 1a) + 129 unprocessed pseudogenes (Figure S1a)) genes, and Daweishan, 280 

Hu, Piao and Wuding chickens would lose functions of 3,042, 3,263, 3,049 and 3,114 genes, 281 

respectively, though pseudogenization (684, 556, 627 and 619) and complete gene loss (2,358, 282 

2,707, 2,422 and 2,495) during their evolution and domestication processes. In the case of the 283 

four indigenous chickens and the RJF, their MRCA A1 would possess 21,972 (21,947 genes 284 

(Figure 1b) + 25 unprocessed pseudogenes (Figure S1b)) genes, and the RJF and MRCA A2 285 

would lose functions of 3,509 and 1,212 genes, respectively, though pseudogenization (462 and 286 

0) and complete gene loss (3,047 and 1,212) during the subspeciation and evolution processes 287 

(Figure 4a). Moreover, from MRCA A1, Daweishan, Hu, Piao and Wuding chicken would lose 288 

function of additional 1,212 genes (Figure 4a). This explanation is in agreement with the earlier 289 

finding that chicken genome has undergone a large number of segmental deletions, resulting in 290 

a substantial reduction of genome sizes and the number of genes [1]. In the other scenario, the 291 

MRCA would possesses at most the intersection of genes in the derived chickens, and the 292 

derived chickens selectively gain genes during the evolution and domestication processes. In 293 

the case of the four indigenous chickens and the RJF, their MRCA A1 would possess at most 294 

13,979 genes, and RJF, Daweishan, Hu, Piao and Wuding chickens would have gained 4,484, 295 

3,739, 3,618, 3,732 and 3,667 genes, respectively, since their divergence (Figure 1b). However, 296 
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this scenario is unlikely since there is no evidence of a large-scale introgression in the RJF and 297 

the indigenous chickens (Figure 1b).  298 

 Assuming MRCA A1 of the RJF and four indigenous chickens possessed 21,972 genes 299 

(Figure 4a), then, as the five chickens share 13,979 core genes (Figure 1b), the remaining 7,993 300 

would lose functions though complete gene loss or pseudogenization in at least one of the five 301 

chickens. Specifically, of the 7,993 dispensable genes, 1,583 (19.8%) are pseudogenized in at 302 

least one of the five chickens, while the remaining 6,410 (80.2%) are not pseudogenized in any 303 

of the five chickens, but are completely lost in at least one of the five chickens, and we refer 304 

them as missing genes for the convenience of discussion. 305 

Loss-of-function mutations affect an array of important biological pathways of chickens 306 

We analyzed the biological functions of the 7,993 dispensable genes in MRCA A1 that are either 307 

completely lost (6,410) or pseudogenized (1,583) in at least one of the five indigenous chicken 308 

genomes (Figure 4b). To this end, we performed a two-way hierarchical clustering on the 7,993 309 

dispensable genes and the five chickens based on the occurring patterns of these dispensable 310 

genes in the five chicken genomes based on Euclid distances using the UPGMA method. The 311 

dispensable genes form distinct clusters along the clustering hierarchy (Figure 4b). Based on the 312 

distinct features of clusters, we divided them into 31 exclusive clusters as described in Table 313 

S15.  Although only 1,567 (19.6%) of the dispensable genes have GO term assignments to their 314 

functional parental genes in GRCg6a/GRCg7b/GRCg7w or humans, most clusters (27/31, 87.1%) 315 

containing genes related to important biological pathways (Figure 4b, Table S15). For instance, 316 

cluster 29 containing 241 genes that are completely lost or pseudogenized in Daweishan 317 

chicken but functional in other four genomes are involved in 20 pathways for metabolism 318 
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(thiamin metabolism), signal transduction (PI3 kinase pathway, p53 pathway feedback loops 2, 319 

etc.), cell growth (EGF receptor signaling pathway, VEGF signaling pathway, PDGF signaling 320 

pathway, TGF-beta signaling pathway, FGF signaling pathway), neuronal function (nicotinic 321 

acetylcholine receptor signaling pathway, metabotropic glutamate receptor group II pathway, 322 

etc.), immunity (Inflammation mediated by chemokine and cytokine signaling pathway), and 323 

cardiovascular function (blood coagulation, angiogenesis). Cluster 30 containing 1,071 genes 324 

that are functional in all the four indigenous chicken genes but are completely lost or 325 

pseudogenized in the RJF are involved in 27 pathways for metabolism (ATP synthesis, de novo 326 

purine biosynthesis, glycolysis,), signal transduction (FAS signaling pathway, heterotrimeric G-327 

protein signaling pathway-Gi alpha, etc.), cardiovascular functions (hypoxia response via HIF 328 

activation, angiogenesis), reproduction (gonadotropin-releasing hormone receptor pathway), 329 

Immunity (T cell activation, interleukin signaling pathway, etc.), cell growth (TGF-beta signaling 330 

pathway, EGF receptor signaling pathway, PDGF signaling pathway, etc.), neuronal functions 331 

(nicotinic acetylcholine receptor signaling pathway). Cluster 26 containing 217 genes that are 332 

completely lost or pseudogenized in Wuding chicken but are functional in other four chickens 333 

are involved in 17 pathways for metabolism (glutamine glutamate conversion, mannose 334 

metabolism, ATP synthesis), neuronal functions (GABA-B receptor II signaling), Immunity (toll 335 

receptor signaling pathway), cell growth (EGF receptor signaling pathway, Endothelin signaling 336 

pathway, FGF signaling pathway), reproduction (gonadotropin-releasing hormone receptor 337 

pathway), immunity (inflammation mediated by chemokine and cytokine signaling pathway), 338 

signal transduction (heterotrimeric G-protein signaling pathway-Gi alpha and Gs alpha 339 

mediated pathway, etc.), and cardiovascular function (angiogenesis). Cluster 1 containing 1,316 340 
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genes that are functional in the RJF but completely lost or pseudogenized in all the four 341 

indigenous chickens are involved in 26 pathways for Signal transduction (cadherin signaling 342 

pathway, Wnt signaling pathway, etc.), neuronal function (alpha adrenergic receptor signaling 343 

pathway), cardiovascular function (Hypoxia response via HIF activation), immunity (interferon-344 

gamma signaling pathway, B cell activation, etc.), metabolism (de novo purine biosynthesis, 345 

oxidative stress response, etc.), cell growth (FGF signaling pathway, EGF receptor signaling 346 

pathway, PDGF signaling pathway), and reproduction (gonadotropin-releasing hormone 347 

receptor pathway). Cluster 27 containing 221 genes that are completely lost or pseudogenized 348 

in Piao chicken but functional in other four chickens are involved in 17 pathways for 349 

metabolism (glutamine glutamate conversion, mannose metabolism, ATP synthesis), neuronal 350 

functions (GABA-B receptor II signaling), immunity (toll receptor signaling pathway, 351 

inflammation mediated by chemokine and cytokine signaling pathway), signal transduction 352 

(heterotrimeric G-protein signaling pathway-Gi alpha and Gs alpha mediated pathway), cell 353 

growth (EGF receptor signaling pathway, FGF signaling pathway, etc.), reproduction 354 

(gonadotropin-releasing hormone receptor pathway), and cardiovascular function  355 

(angiogenesis, endothelin signaling pathway). Taken together, the importance of these affected 356 

pathways suggests that loss-of-function mutations might have shaped the traits of the 357 

indigenous chickens for them to adapt to domesticated conditions and for the RJF to adapt to 358 

its unique ecological niche. 359 

Pseudogenes and functional versions of missing genes are preferentially located on micro-360 

chromosomes and have high G/C contents 361 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 22, 2024. ; https://doi.org/10.1101/2024.05.21.595210doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.21.595210
http://creativecommons.org/licenses/by-nd/4.0/


 18

We analyzed the distributions of the 1,583 pseudogenes and the 6,410 missing genes in the 362 

chromosomes in each indigenous chicken genome. For missing genes in a chicken genome, we 363 

used its functional copy in another chicken for the analysis. Both the pseudogenes and 364 

functional versions of the missing genes are located in almost all the chromosomes in each of 365 

the four indigenous chickens (Figures 5a, 5b). However, the micro-chromosomes (chr14-chr39) 366 

and unplaced contigs have higher densities of both the pseudogenes and functional versions of 367 

the missing genes, harboring more than a third of the pseudogenes (39.4%-41.3%, Figure 5c) 368 

and more than half of functional versions of the missing genes (51.5%-54.6%, Figure 5d) while 369 

only comprising 13.5%-14.4% of the genomes. Likewise, both the ratio of the number of 370 

pseudogenes/the number of genes (Figure 5e) and ratios of the number of functional versions 371 

of missing genes/the number of genes (Figure 5f) tend to be higher on the micro-chromosomes 372 

and unplaced contigs. Both the pseudogenes and functional versions of the missing genes (in 373 

other chickens) have a significantly higher G/C contents than true genes for each of the four 374 

indigenous chicken genomes (Figure 5g). Interestingly, the pseudogenes exhibit even 375 

significantly higher G/C contents than functional versions of the missing genes for all the four 376 

chicken genomes except for the Hu chicken genome. The same results were seen when the 377 

analyses were done separately on macro-chromosomes (chr1-chr5 and chrZ) (Figure S2a), 378 

middle-chromosomes (chr6-chr13 and chrW) (Figure S2b) and micro-chromosomes (chr14-379 

chr39) (Figure S2c) to account for their different G/C contents [26]. It is not clear to us why 380 

functional copies of the missing genes have elevated G/C contents compared to true genes in 381 

the chicken genome. However, the elevated G/C contents in the pseudogenes compared with 382 

those in true genes and functional versions of the missing genes might be due to G/C-biased 383 
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gene conversion during miotic recombination and DNA repairing [36] after purifying selection 384 

on the pseudogenes were relaxed. 385 

Most pseudogenes arise recently and are fixed in respective populations 386 

The vast majority (93%-97%) of the pseudogenes in each of the four indigenous chicken 387 

genomes share more than 95% of sequence identity with their parent genes (Figures 6a-6d), 388 

indicating that they arose quite recently. Only a small portion (0%-1%) with less than 80% of 389 

sequence identity with their functional parental genes arose a relatively long time ago. To see 390 

whether the first pseudogenization mutation along a pseudogene in the four indigenous 391 

chicken genomes are fixed or not in their respective populations, we computed the frequencies 392 

of the mutated alleles in the populations of the four breeds based on DNA re-sequencing reads 393 

(Materials and methods). As shown in Figures 6e-6h, most (~75%) of the mutations in the 394 

pseudogenes in each chicken genome are fixed or nearly fixed (allele frequency > 80%) in their 395 

respective populations. The high probability of fixation of the pseudogenes suggests that they 396 

might be under positive selection. A few examples of fixed or nearly fixed unitary pseudogenes 397 

in indigenous chicken populations are shown in Figure S3. 398 

Most missing genes have residual sequences in the indigenous chicken genomes but lose 399 

gene features in respective populations  400 

To see whether the missing genes in the assembled genomes also are completely lost in their 401 

respective populations, we mapped re-sequencing DNA short reads from the individual 402 

chickens of a breed population to the functional versions of the missing genes in the 403 

corresponding assembly (Materials and methods). As shown in Figures 6i-6l, in each of the four 404 

indigenous chicken genomes, vast majority (99.9%) of the missing genes still have residual 405 
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sequences in the individual genomes, covering up to 90% of their functional versions, while only 406 

few missing genes lack detectable residual sequences in the populations. These results strongly 407 

suggest that most of the missing genes were once functional in the ancestors, but lost gene 408 

features beyond recognitions recently. The missing genes might have lost function earlier than 409 

the pseudogenes as the former have lost the features to be predicted as even pseudogenes. 410 

Moreover, most (99%) of the missing genes in assembled indigenous chicken genome have a 411 

missing frequency > 99% in their respective populations, and only few are detected in all the re-412 

sequenced individuals in respective populations (Figures 6m-6p). The high missing rate of the 413 

missing genes in the relevant populations suggests that loss-of-function (null) mutations are 414 

fixed in the populations, and thus might be under positive selection. Two examples of fixed 415 

loss-of-function mutations of missing genes in indigenous chicken populations are shown in 416 

Figures S4a and S4b. In both cases, the residual sequences cover different parts of the 417 

functional versions of the missing genes in different breeds, with a missing match rate > 11% 418 

and all containing gaps (Figure S4). 419 

Occurring patterns of loss-of-function mutations reflect evolutionary history of the chickens 420 

The patterns of loss-of-function mutations of genes in the chicken genomes might provide hints 421 

to mutation orders during chicken evolution and domestication. Most pseudogenes in the 422 

GRCg6a genome are completely lost in the four indigenous chicken genomes (Figure 4b), 423 

suggesting that the indigenous chickens completely lost these genes after their divergence from 424 

the MRCA A1, during their domestication process and/or subspeciation of G.g. spadiceous, 425 

while GRCg6a is still in the process of completely losing these genes. In contrast, most 426 

pseudogenes in the four indigenous chicken genomes have intact copies in GRCg6a (Figure 4b), 427 
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suggesting that these GRCg6a genes might lose their functions in the indigenous chickens after 428 

their separation from MRCA A1, during the domestication process and/or subspeciation of G.g. 429 

spadiceous, and might be in the process of being completely lost. 430 

To see whether the occurring patterns of the complete gene loss and pseudogenization 431 

in the five chicken genomes reflect their evolutionary relationships, we constructed a neighbor-432 

joining (NJ) phylogenetic tree using the occurring patterns in the five chicken genomes of the 433 

7,993 MRCA A1 genes that are either completely lost or pseudogenized in at least one of the 434 

five indigenous chicken genomes. As shown in Figure 7a, consistent with the UPGMA tree 435 

rooted with the RJF (Figure 4b), Wuding and Piao chickens form a clade that is joined by 436 

Daweishan chicken, and the resulting cluster is joined by Hu chicken. The tree is also consistent 437 

with the NJ tree constructed using 6,744 essential protein-coding genes in the five chicken 438 

genomes and quail (Coturnix jcponica) with quail as the root (Figure 7b). Therefore, the 439 

occurring patterns of complete gene loss and pseudogenization in the five chickens segregate 440 

them in the way by their evolutionary relationships, and thus, reflect their evolutionary 441 

relationships. This result is in contrast to the earlier reports that loss-of-function mutations 442 

failed to segregate between wild and domestic chickens, and thus selection for loss-of-function 443 

mutations had a little role in chicken domestication [8, 9]. 444 

 445 

Discussion 446 

We find larger numbers of pseudogenes in the four indigenous chicken genomes as well as in 447 

the RJF genome (GRCg6a). Most of the pseudogenes in each chicken genome are unprocessed 448 

and unitary, while only a small number of them are processed. This finding is consistent with 449 
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the previous results [37, 38], presumably because the chicken’s LINE1 like CR1 (L1) elements 450 

lack retro transposase activity [37, 38]. However, the large number of unprocessed 451 

pseudogenes that we found in each chicken genome is in stark contrast to the findings in 452 

humans and mice. For example, a previous study found that only a few dozen unprocessed 453 

pseudogenes were found in human population [39, 40], not to mentioning in a human 454 

individual. In a more recent study [41], 165 and 303 unprocessed pseudogenes were found in 455 

large mouse and human populations, respectively. However, these numbers are still much 456 

smaller than those (1,995) that we found in only five chicken genomes. Thus, we observed a 457 

larger scale of unprocessed pseudogenization in chickens than in mice and humans. 458 

Our results strongly suggest that most of the pseudogenes lose their protein-coding 459 

functions. First, the pseudogenes have elevated G/C contents and higher dN/dS ratios 460 

compared with true genes, no matter where the first pseudogenizations occur along the CDSs 461 

of their parental genes, indicating that they are no longer under purifying selection. Second, in 462 

true genes, synonymous mutations are largely uniformly distributed along the CDSs, but 463 

decrease at the two-ends of the CDSs, suggesting that both ends are under purifying selection. 464 

However, such purifying selection is relaxed on the two ends of pseudogenes. Third, although 465 

most pseudogenes have transcripts, very few have isoforms that skip the exon with the first 466 

pseudogenization mutations. Finally, there are two scenarios for a pseudogene to arises: 1) 467 

when the function of the gene is no longer needed; and 2) after a gene duplication event, 468 

removal of a redundant copy is beneficial. We found that most of the pseudogenes in the 469 

chickens are unitary, and thus, were not related to gene duplications. Therefore, functions of 470 

most of parental genes are lost in the genomes that harbor the pseudogenes.  471 
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Moreover, we find that the compositions of protein-coding genes in the five chicken 472 

genomes are highly variable even in the indigenous chicken genomes that harbor similar 473 

number of genes. For example, even though the Daweishan and Piao chicken genomes encode 474 

almost the same number of genes (17,718 vs 17,711), they share only 91% of their genes even 475 

though they have diverged for only a few thousand years [24]. These results are in stark 476 

contrast with the observation that humans and chimpanzees share almost the same sets (98%) 477 

of genes although they split at least 6-7 million years ago [28]. Both the unexpectedly large 478 

number of pseudogenes and the highly variable compositions of the proteomes in the five 479 

chicken genomes strongly suggest that chickens have undergone dramatic changes in their 480 

proteomes in the last 7,000-500,000 years of evolution and domestication. 481 

We confirm that the four indigenous chickens from Yunnan province are mainly derived 482 

from the G. g. spadiceous subspecies, and infer for the first time that the sequenced RJF 483 

(GRCg6a) is of G. g. bankiva origin. Thus, the indigenous chickens and the RJF might share their 484 

MRCA A1 ~500,000 years ago, before their subspeciation [24]. There are two possible scenarios 485 

that the highly variable proteomes in the five chicken genomes could arise: 1) their MRCA A1 486 

only possessed the intersection of their genes, and each derived chicken selectively gained 487 

thousands of new genes; and 2) their MRCA A1 harbored the union of their genes plus 488 

functional versions of the intersection of their unprocessed unitary pseudogenes genes, and 489 

each derived chicken selectively lost thousands of genes. Our results are against scenario 1 but 490 

favor scenario 2. First, the RJF and the four indigenous chicken have little gene introgression 491 

from other RJF subspecies (Figures 3b-3d). Thus, it is unlikely that the five chickens have gain 492 

large numbers of genes from other subspecies. Second, the hundreds of unprocessed unitary 493 
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pseudogenes in each chicken genome arose quite recently, and are still in the process of being 494 

completely lost, and they might be once functional in recent ancestors. Third, although all the 495 

missing genes in a genome have lost all gene features, most of them have residual sequences 496 

left in the genomes, strongly suggesting that they were also once functional in recent ancestors. 497 

The missing genes might have lost functions earlier than the pseudogenes, because the former 498 

have lost the gene features, while the latter still possess few to be recognized as pseudogenes. 499 

In addition, it has been shown that chicken genome has undergone a large-scale of segmental 500 

deletions, resulting in a substantial reduction of the number of genes [1]. 501 

Although 7,993 of the 21,947 genes estimated in the MRCA A1 of the RJF and the four 502 

indigenous chicken genomes are dispensable, many of them are involved in important 503 

biological processes. Thus, their selective retainment or loss in a genome might be beneficial to 504 

the chicken in its unique natural or domestic conditions. More specifically, although the 505 

thousands of genes in the RJF genome that are either completely lost or pseudogenized in the 506 

four indigenous chicken genomes might be essential for RJF to live in its unique ecological niche, 507 

loss-of-function mutations of these genes in the indigenous chickens might be beneficial for 508 

them to live in domestic conditions. Similarly, although the thousands of genes in the four 509 

indigenous chicken genomes that are either completely lost or pseudogenized in the RJF 510 

genome might be essential for the indigenous chickens to live in their domestic conditions, loss-511 

of-function mutations of these genes in the RJF might be beneficial for it to live in its unique 512 

ecological niche. 513 

Our results strongly suggest that loss-of-function mutations via complete gene loss and 514 

pseudogenization are a result of natural/artificial selection. First, unlike synonymous mutations 515 
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along the true genes and pseudogenes, which are largely uniformly distributed along the CDSs 516 

as expected for neutral mutations, the first pseudogenization mutations in pseudogenes are 517 

strongly biased to the two ends of parental CDSs, particularly, the 5’-ends. Such biases would 518 

facilitate eliminating the functions of parental genes. It is well-known that a promoter can 519 

extend into the 5’-end of the CDS, thus mutations in the region may disrupt the promoter of the 520 

gene [42]. Moreover, the closer a pseudogenization mutation is toward the 5’-end of the CDS, 521 

the greater impact of the mutation could have on the gene function and the more likely the 522 

gene would lose its function. Although pseudogenizations at the 3’-ends of CDSs can potentially 523 

produce at least partially functional proteins, this is unlikely for at least most of the 524 

pseudogenes that we found in the indigenous chicken genomes. This is because dN/dS ratios 525 

for pseudogenes with the first pseudogenization sites occurring in the last 10% and in the first 526 

10% of the CDSs are not significantly different, but both are significantly higher than those for 527 

true genes. In other words, pseudogenizations in the 3’-ends of CDSs can be as effective as 528 

pseudogenizations in the other parts of the CDSs to eliminate the functions of genes. We found 529 

that 3’-ends of CDSs might harbor miRNA binding sites, and pseudogenization could disrupt 530 

such binding sites, which might change post-transcriptional regulation, and thus, the functions 531 

of genes. 532 

Second, most pseudogenization mutations are fixed in the indigenous chicken 533 

populations (Figures 6e~6h), and thus the mutations are likely under positive selection, 534 

although the selection on the other parts of the pseudogenes is relaxed. This is possible since 535 

most of the pseudogenes arose quite recently as indicated by their high sequence identity with 536 

normal copies (Figures 6a~6d). Thus, unlike completely lost gene, pseudogenes have not had 537 
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enough time to be fully degraded after they are no longer under negative selection pressure. Of 538 

course, with time the pseudogenes without any other functions will be eventually degraded 539 

beyond recognition. Third, most of the missing genes in each assembled indigenous chicken 540 

genomes also are missing in the corresponding population (Figures 6m~6p), i.e., the null alleles 541 

are fixed, and thus are likely under positive selection. Finally, the occurring patterns of the 542 

7,993 dispensable genes in the MRCA A1 segregate the four indigenous chickens and the RJF 543 

(Figure 7a) in the exactly same way as the phylogenetic tree of the chickens constructed using 544 

more than 6,000 essential avian protein-coding genes (Figure 7b). Taken together, these results 545 

strongly suggests that loss-of-function mutations via pseudogenization and complete loss of 546 

thousands of genes in RJF and the indigenous chickens since their divergence play critical roles 547 

in chicken evolution and domestication. This conclusion is in contrast to an earlier report that 548 

loss-of-function mutations play a little role in chicken domestication [8]. Complete gene loss 549 

and pseudogenization are not unnecessarily exclusive forms of loss-of-function mutations. One 550 

a gene is pseudogenized, it will be rapidly degraded as purifying selection on the pseudogene is 551 

relaxed (Figure 2d). 552 

It is worth pointing out that although it has been shown that deleterious mutations 553 

might play roles in the domestication of plants [43, 44] and animals [45, 46], lost-of-function 554 

mutations are not necessarily deleterious. In fact, it has been well documented that loss of 555 

certain genes might be the results of adaptation of birds for flight [17, 47-49], of beef cattle for 556 

meat production [21], and of humans for new abilities [39]. It has been proposed that loss-of-557 

function mutations may be important factors in rapid evolution as occurred during 558 

domestication—the “less is more” hypothesis [20], which has since gained substantial evidence 559 
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supports [10, 11, 19, 50-57], including the data that we present in the current study. Thus, the 560 

earlier conclusion that fixation of null alleles is not a common mechanism for phenotypic 561 

evolution in chicken domestication [8, 9] might be incorrectly drawn because of the low quality 562 

of earlier chicken genome assemblies, leading to the failure to detect inactivating mutations 563 

such as large scale pseudogenizations and high variation of gene presence and absence [58]. 564 

 565 

Materials and Methods 566 

Chicken population: The GRCg6a and quail (coturnix japonica) genomes and annotation files 567 

were downloaded from the NCBI Genbank with accession numbers GCF_000002315.6 and 568 

GCF_001577835.2, respectively. Our previously assembled four indigenous chicken genomes 569 

were downloaded from the NCBI Genbank with the BioProject number PRJNA865263. All the 570 

Illumina short DNA sequencing reads and RNA-seq reads of different tissues of the four 571 

indigenous chickens were downloaded from the NCBI SRA database with accession number 572 

PRJNA865247. 573 

We downloaded the re-sequencing data of different RJF subspecies from the ChickenSD 574 

database (http://bigd.big.ac.cn/chickensd/) with accession numbers listed in [24]. All the re-575 

sequencing data of the indigenous chickens were downloaded from the NCBI SRA database 576 

with the accession number PRJNA893352. The sequences of 8,338 essential avian proteins were 577 

obtained from the BUSCO aves_odb10 database [59]. 578 

Protein-coding gene and pseudogene annotation: We used a combination of homology-based 579 

and RNA-seq-based method to annotate the protein coding genes and pseudogenes as 580 

previously described [27]. 581 
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Single nucleotide variants calling: We mapped short DNA reads from each individual chicken to 582 

the GRCg7b reference genome using Bowtie (2.4.1), and called SNVs and small indels in each 583 

individual chicken using GATK (4.1.6) [60].  584 

Calculation of alle frequencies of pseudogenes: We computed allele frequencies of the first 585 

pseudogenization mutation of each pseudogene in each chicken breeds using GATK (4.1.6) [60] 586 

based on call SNVs and indels. 587 

Neighbor-joining tree construction: We mapped the 8,338 essential avian proteins to each of 588 

the five chicken’s CDSs as well as the quail’s CDSs using blastx (2.11.0) [61]. We selected the 589 

6,744 genes with greater than 70% sequence identity with the essential avian proteins in each 590 

of the six genomes to construct a neighbor-joining tree. Since it is hard to make multiple 591 

alignments for very long sequences, we evenly divided the genes in each bird into 68 groups 592 

(each contains about 100 genes). We then aligned sequences of the same group in the six birds 593 

using Clustal Omega (1.2.4) [62]. We finally concatenated the 68 multiple alignments with a 594 

fixed order and constructed a consensus neighbor-joining trees with 1,000 rounds of 595 

bootstrapping using Phylip (3.697) [63]. The 6,744 essential avian genes that we used to 596 

construct the tree is listed in Table S16. 597 

PCA and population structure analysis: We used the SNPs called in each individual chicken of 598 

each population to perform the PCA and population genetic structure analysis. PCA was 599 

performed using PLINK (1.90) [64] with the default settings, and population genetic structure 600 

analysis was inferred using ADMIXTURE (1.3.0) [65] with K=2, 3, …, 15 using the default settings. 601 

Prediction of miRNA binding sites: For each pair of pseudogene and its parental gene, we 602 

scanned their CDSs and 1,000 bp downstream sequences as putative 3’-UTRs for miRNA binding 603 
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sites using RNAhybrid (2.1.2) [66]. The miRNAs predicted in the genome harboring the 604 

pseudogene are used as the database for the scanning. We consider the putative binding sites 605 

with a p-value<0.05. 606 

Calculation of gene body coverage ratio and missing rates of missing genes: For each 607 

assembled indigenous chicken breed genome, we collected functional version (reference genes) 608 

of its missing genes from either the RJF genome (GRCg6a) or any of the other three indigenous 609 

chicken genomes. We mapped the re-sequencing short reads of each individual chicken of each 610 

breed (n= 25, 10, 23 and 23 for Daweishan, Hu, Piao and Wuding, respectively) to the reference 611 

genes for the breed using Bowtie (2.4.1) [67] allowing no mismatch and gaps. For each missing 612 

gene in the assembled genome of a breed, we computed the gene body coverage ratio as the 613 

average length of the reference gene body covered by reads among all the individuals of the 614 

breed over the length of the reference gene body. We also computed missing rate for each 615 

missing gene in the assembled genome of a breed as the ratio of the number of individuals 616 

whose re-sequencing reads cannot fully cover the reference gene body over the number of 617 

total individuals of the breed. 618 
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Table 1: Summary of annotated pseudogenes in the four indigenous chicken genomes in 789 
comparison with those in GRCg6a 790 

  791 

RNA-seq-based method

Gene-

supported

Pseudogene-

supported

# 

Pseudogenes

# 

Pseudogenes

# 

Processed

# 

Unprocessed

Daweishan 622 94 31 - - 63 684 713

Hu 486 85 35 - - 50 556 576

Piao 564 83 35 - - 55 627 655

Wuding 557 86 24 - - 48 619 633

RJF(GRCg6a) - - - 262 280 80 462 -

Chicken

Homology-based method

# Originally 

annotated 

pseudogenes

# 

Pseudogenes 

added

Final pseudogenes
# Trancribed 

pseudogenes
# NAG-supported 

pseudogenes
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792 
Figure 1. Comparison of protein-coding genes and pseudogenes among the five chicken breeds.793 
a. Venn diagram of the protein-coding genes of the four indigenous chickens. b. Venn diagram 794 
of the protein-coding genes of the five chickens. c. Comparison of the protein-coding genes 795 
among each pair of the five chickens. d. Venn diagram of the pseudogenes of the four 796 
indigenous chickens. e. Venn diagram of the pseudogenes of the five chickens. f. Comparison of797 
the pseudogenes among each pair of the five chickens.  798 
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 799 

Figure 2. Pseudogenization mutations tend to occur at the two ends of CDSs. a. Probability of 800 
first pseudogenization mutations (red line) in 100 evenly divided CDS segments from the 5’-801 
ends to the 3’-ends of the parental genes of the pseudogenes in the four chickens,  mean rates 802 
of synonymous mutations in 100 evenly divided CDS segments from the 5’-ends to the 3’-ends 803 
of the true genes (blue line) and pseudogenes (purple) in the four chickens, and mean identity 804 
of the true genes in 100 evenly divided CDS segments from the 5’-ends to the 3’-ends of the 805 
genes (green line).  b. Start position of the “CDS” of the pseudogenes in the four chickens with 806 
respect to the nucleotide positions of their parental genes starting with 0 with the downstream 807 
positions being positive integers. c. End positions of the “CDS” of the pseudogenes in the four 808 
chickens with respect to the nucleotide positions of their parental genes ending with 0 with the 809 
upstream positions being negative integers. d. Violin plots of the dN/dS values of all true genes, 810 
all pseudogenes, pseudogenes with the first pseudogenization occurring in the first 10%, the 811 
middle 80% and the last 10% of the CDSs in the four indigenous chickens. e. Number of 812 
predicted miRNA binding sites per 100pb along the CDSs and 3’ UTRs of the true genes (red line813 
and pseudogenes (green line). In the figure, ‘0’ represents the end positions of the CDSs, the 814 
positive numbers represent the relative positions of 1,000 bp sequences downstream of the 815 
end of CDSs, and the negative numbers represent the relative positions of the CDSs with 816 
respect to the ends of CDSs. 817 
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818 
Figure 3. Analysis of frequency spectrums of SNPs. a. Principal component analysis of the RJF 819 
subspecies, indigenous chickens and the RJF individual (GRCg6a) based on their SNP profiles. b-820 
d. Genetic structures of the RJF subspecies, indigenous chickens and the RJF individual (GRCg6a821 
estimated using the ADMIXTURE program for K=2, 3, …, 15.  822 

37

 

a) 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 22, 2024. ; https://doi.org/10.1101/2024.05.21.595210doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.21.595210
http://creativecommons.org/licenses/by-nd/4.0/


 38

 823 
Figure 4. Evolutionary pattern of the five chickens. a. A hypothetical scenario for loss-of-824 
functions of the five chickens since their divergence from MRCA A1 and A2. b. Heatmap of two-825 
way hierarchical clustering of the 7,993 dispensable genes in MRCA A1 that are either 826 
completely lost or pseudogenized in at least one of the five indigenous chicken genomes based 827 
on their appearance as an intact form (1, brown), absence (0, white) and as a pseudogenized 828 
form (-1, blue) in the five chicken genomes.  829 
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 830 
Figure 5. Distribution of pseudogenes and missing genes on each chromosome of the four 831 
indigenous chicken genomes. a, b. Number of pseudogenes (a) and missing genes (b) on each 832 
chromosome of the chicken genomes. c, d. Density of pseudogenes (c) and missing genes (d) on 833 
each chromosome of the chicken genomes. e, f. Ratio of number of pseudogenes/genes (e) and 834 
mising genes/genes (f) on each chromosome of the chicken genomes. g. Comparison of G/C 835 
contents of true genes, pseudogenes and missing genes in the chicken genomes. Statistical 836 
tests were done using one-tailed t-test.  837 
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 838 
Figure 6. Most loss-of-function mutations are fixed in the indigenous chicken populations. a-d. 839 
Number of pseudogenes in each of the indigenous chicken genomes with the indicated identity 840 
with their parental genes. e-h. Number of pseudogenes with the indicated pseudogenization 841 
rate in the chicken populations. i-l. Number of missing genes in each of the indigenous chicken 842 
genomes with the indicated reads coverage on their functional versions. The dashed red lines 843 
are the CDFs of coverage ratios. m-p. Number of missing genes with the indicated missing rate 844 
in the chicken populations.  845 
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 846 
Figure 7. Evolutionary relationships of the five chickens. a. Neighbor-joining phylogenetic tree 847 
of the five chickens, constructed using the occurring patterns of the 7,993 dispensable genes in 848 
their genomes. The numbers on the branches are Euclid distance between the pattern vectors. 849 
b. Neighbor-joining phylogenetic tree of the five chickens, constructed using the 6,744 essential 850 
protein-coding genes in their genomes and the quail genome. The numbers on the nodes are 851 
bootstrapping value for 1,000 repeats. 852 
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