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ABSTRACT
SIWEN WU. De Novo Assemblies of Genomes of Four Indigenous Chickens and a
White Eared Pheasant Reveal Genetic Basis of Chicken Domestication and Altitude
Adaptation (Under the direction of DR. ZHENGCHANG SU)

High-quality assembly and annotation of the genome of a species are critical in
understanding the genetic basis of almost all aspects of the biology of the species.
Although many genome assembly pipelines have been developed, they are either difficult
to use or their assemblies are too fragmental. Moreover, although gene annotation
pipelines have been developed at large genome centers, they are either too complicated
for individual labs to use or not available to public. In this dissertation project, we have
proposed a user-friendly pipeline that can assemble genome at chromosome-level with
high-quality using PacBio/Nanopore long reads, I[llumina paired-end short reads and Hi-
C paired-end short reads. We have also developed an accompanying gene annotation
pipeline using a combination of homology-based and RNA-based approached. The
pipeline achieves high accuracy in protein-coding gene and pseudogene annotations.

Moreover, although multiple chicken genomes have been assembled, high-quality
indigenous chicken genomes are still lacking, hampering the understanding of chicken
domestication and evolution. Using the pipelines, we assembled and annotated the
genomes of four indigenous chickens with distinct morphological traits at the
chromosome-level. Our results challenge two earlier conclusions regarding chicken
domestication and evolution. First, we found a total of 1,420 new protein-coding genes in
the four chickens and recovered 51 of the 274 “missing” genes in birds in general and 36

of the 174 “missing” genes in chickens in particular. Most of these new genes are also



v
found in previously assembled GRCg6a and GRCg7b/w chicken genomes, and might
play house-keeping roles. Counting these new genes, chicken genomes encode more
genes than originally thought. Second, we identified a total of 2,015 non-processed
pseudogenes in the seven genomes. Most pseudogenization mutations are fixed in their
respective populations and preferentially occur at the two ends of genes. Purifying
selection is relaxed on the pseudogenes, suggesting that they might lose their gene
functions. Pseudogenization mutations segregate in the chickens as their phylogenetic
tree does, which is based on more than 6,000 essential protein-coding genes. Thus, in
contrast to the previous conclusion, loss-of-function mutations play a critical role in
chicken domestication and evolution. Moreover, these assembled genomes are valuable
resources for studying chicken domestication and evolution.

Furthermore, although many studies related to artificial selection signatures of
commercial and indigenous chickens have been carried out, quite a small number of
genes have been found to be under selection. To fill these gaps, we re-sequenced 85
individuals of five indigenous chicken breeds with distinct traits from Yunnan, a
southwest province of China. By analyzing these indigenous chickens together with 116
individuals of commercial chickens (broilers and layers) and 35 individuals of red jungle
fowl (RJF), we find a substantially large number of selective sweeps and affected genes
for each chicken breed using a rigorous statistic model than previously reported. We
confirm most of previously identified selective sweeps and affected genes. Meanwhile,
the vast majority (~98.3%) of our identified selective sweeps overlap known chicken
quantitative trait loci. Thus, our predictions are highly reliable. For each breed, we also

identify candidate genes and selective sweeps that might be related to the unique traits of



the chickens. Most of these genes do not contain nonsense mutations, we therefore
quantified the expression levels of eight genes in relevant tissues using RT-qPCR and
found that most of them showed differential expression compared to their counterparts.

Finally, eared pheasant species are closely related but inhabit at highly varying
altitudes from northeast to southwest China. To understand genetic bases of closely
related species to adapt to different altitudes, we sequenced a population of 10 white
eared pheasants (WT) (Crossoptilon crossoptilon) inhibiting in 3,000~4,300 m altitude
niches in Yunnan, China, and assembled the genome of an individual at chromosome-
level with a contig N50 of 19.63 Mb, a scaffold N50 of 29.59 Mb, and a total length of
1.02 Gb. This assembly with only few gaps is of higher quality than a previous one of a
brown eared pheasant (BR) (C. mantchuricum) individual living at 20~1000 m altitude in
northeast China. Interestingly, the WT genome encodes more protein genes than the BR
genome (16,315 VS. 15,003), while the later contains more pseudogenes than the former
(1,519 VS. 1,976). The two genomes shared 14,178 genes and 1,040 pseudogenes with
2,137 and 825 unique genes, and 479 and 936 unique pseudogenes, respectively. The
unique genes and unique pseudogenes of both species are mainly involved in biological
pathways of cardiovascular, energy metabolic, neuronal and immune functions, which are
known to be related to adaptation to high altitude. Moreover, we compared the selective
sweeps in the genomes of WT, BR and an additional species blue eared pheasant (BL)
(C. auritum) inhibiting at 1,500~3,000 m altitude in central west China, using re-
sequencing data of 10 WT, 12 BL and 41 BR individuals, respectively. Interestingly,
genes under selection in each species converge on the same pathways of the

aforementioned four functional categories. These results suggest that these species



vi

adapted to highly varying altitudes by loss-of-function mutation and fine-tuning of genes
in these common pathways. Our assembled WT genome and re-sequencing data can be
valuable resources for studying the biology, evolution and developing conservation

strategies of these endangered species.
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CHAPTER 1 Introduction

Assembling and annotating a vertebrate genome involve multiple piece-meal
computational steps and are often done by an ad hoc manner, although many tools have
been developed for each of these steps. Consequently, there is no easily used efficient
pipeline to assemble vertebrates’ genome at chromosome-level with high-quality and
annotate genes accurately. Thus, we developed a user-friendly pipeline that can be used
to assemble high-quality genomes at chromosome-level for vertebrates and annotate the
genomes accurately using a combination of homology-based and RNA-based method.
Since the first assembly of the red jungle fowl (RJF) (Gallus gallus) genome in 2004 [1],
more completed versions (GRCg2~6a) of the RJF genome have been released using then
newly available sequencing technologies [2, 3]. However, none of them reached a high-
quality chromosome-level assembly, due largely to the difficulty to assemble the micro-
chromosomes and sub-telomere regions. More recently, semi-haploid assemblies of a
hybrid individual with a broiler mother (GRCg7b) and a white Leghorn layer father
(GRCg7w) were sequenced and assembled at the chromosome-level by the Vertebrate
Genome Project (VGP) consortium [4, 5]. However, no indigenous chicken breeds have
been sequenced and assembled at a high-quality chromosome-level. To fill this gap, using
our genome assembly pipeline, we have assembled all the chromosomes of four
indigenous chicken breeds with distinct morphological traits from Yunnan province in
southwestern China, one of geological places where chickens were first domesticated [6,
7]. Evaluations using multiple metrics proposed by the VGP consortium [4] indicate that
we have achieved the most continuous chicken genome assemblies so far. Careful

annotation of these high-quality assemblies allows us to uncover a large number of new



genes and pseudogenes in the four indigenous chicken genomes. These findings as well
as the assembled genome well position us to understand the major genetic basis of
chicken domestication and evolution. However, to fully reveal artificial selection
footprints in the chicken domestication process, we also identified all types of genetic
variations such as SNPs in larger populations of the RJF, the four indigenous chickens as
well as commercial broilers and layers, and identified the selective sweeps on their
genomes [8]. By analyzing the selective sweep of each chicken breed, we are able to find
genes and genomic regions related to the specific traits of each chicken breed. In
addition, to reveal genetic basis of adaptation to different altitude of eared pheasant, we
sequenced and assembled the genome of a white eared pheasant inhabiting in high
altitude and compared it with a brown eared pheasant individual. By the population
genetic analysis of white, blue and brown eared pheasant, we are able to identify
genes/pseudogenes and GO pathways related to the adaptation to different altitude.

In chapter 1, we introduce the whole aims and structure of the thesis.

In chapter 2, we develop a user-friendly genome assembly and annotation
pipelines for vertebrates. A high-quality genome assembly and annotation are important
to study vertebrates. However, many existing genome assembly tools can only assemble
genomes at contig level, and the many existing gene annotation tools cannot annotate
genes accurately. To fill the gaps, we have developed a pipeline that can be used to
assemble high-quality genomes using a combination of short (Illumina), long
(PacBio/Nanopore) and Hi-C reads and annotate the protein-coding genes accurately

using a combination of homology-based and RNA-based methods.



In chapter 3, we reveal genetic basis of chicken domestication and evolution by de
novo assembly and annotation of four indigenous chicken genomes. To understand the
genetic basis of chicken domestication and evolution, high-quality indigenous chicken
genomes and accurate gene annotations are needed. We assemble the genomes of four
indigenous chickens with distinct traits at chromosome-level and accurately annotate the
genes in them. By comparing the genomes and genes of the four chickens as well as the
RJF (GRCg6a), the broiler (GRCg7b) and the layer (GRCg7w), we have found the major
genetic basis in chicken domestication and evolution.

In chapter 4, we determine artificial selection signatures in chicken domestication
process by population genetic analysis. Many complex or quantitative traits are not
caused by protein-coding genes, but by variations such as SNPs in non-coding sequences.
To determine artificial selection signatures in chicken domestication process, we call the
SNPs in the population of the four indigenous chickens as well as RJF, broilers and
layers. By analyzing the selective sweeps of these chicken breeds, we have found the
artificial selection signature related to breed-specific traits of each chicken breed during
the domestication process.

In chapter 5, we assemble the high-quality genome for a white eared pheasant
individual. By annotating the genome of the white eared pheasant and comparing it with
the genome of a brown eared pheasant individual, we have found the genetic region
related to the different altitude adaptation of eared pheasants.

In chapter 6, we give the conclusions.



CHAPTER 2 A user-friendly genome assembly and annotation pipeline

2.1 Background

Complete and accurate genome assembly of an organism is the first step to fully
understand the genetic bluebook of the organism. Subsequent annotation of all genes
encoded or pseudogenized in the genome would further the understanding of all aspects
of the organism including its evolution and physiology, etc. High-quality assembly and
annotation of the genome would greatly facilitate the study of all aspects of the organism.
The rapid development of sequencing technologies makes genome assembly more and
more accurate and achievable in individual labs. Since 1977, Sanger sequencing [163]
had been the most commonly used technology to sequence DNA before the advent of
next-generation sequencing (NGS) technology, and a few genomes including the first
human draft genome were sequenced by an automatic Sanger sequencing technology
with ~1,000 bp reads length. However, due to its poor quality in the first 15~40 bases of
the sequence and relatively high cost and low throughput, NGS [164] has replaced Sanger
sequencing to become the working horse for genome sequencing since 2005. However,
NGS, dominated by Illumina technology, is limited by its short reads length (150~300
bp), making it difficult to assemble repetitive regions. In 2014, the single molecule real
time (SMRT) sequencing platform was developed by Pacific Biosciences (PacBio) [165],
enabling the sequencing length up to 10 kbp [165, 166], allowing high quality de novo
assembly of large vertebrate genomes. In addition, with the development of Oxford
Nanopore Technology (ONT) [167, 168], sequencing length could reach to 2.3 Mbp,
made de novo genome assembly more complete. However, both PacBio and ONT reads

suffer high sequencing errors (10~20%), thus high quality NGS short read are often used



to correct these errors at different stages of assembly pipelines. Furthermore, with the
introduction of Hi-C technology [169] that provides information about physical distances
between genomic loci, genomes can be scaffolded into chromosomes.

Many contig assembly tools such as Wtdbg2 [15], Canu [170] and FALCON
[171] have been developed using a combination of long and short sequencing reads.
Moreover, tools such as SALSA [16, 17] have also been developed to scaffold the
assembled contigs using Hi-C or optical mapping data. Numerous large vertebrate
genomes have been assembled using sophisticated assembling pipelines that take
advantages of short, long and Hi-C reads, mostly at large consortium such as Vertebrate
Genome Consortium and genome. However, the genome assembly pipelines developed at
these consortia and centers are usually not available to individual research groups, and
also are difficult for most individual research groups to follow due to limited resources
available.

At the same time, annotation of protein-coding genes in an assembled vertebrate
genomes is a complex process, involving multiple tools for de novo gene prediction such
as Augustus [172], GlimmerHMM [173], GenelD [174], Genscan [175], SNAP [176] and
GeneMark-ES [177], homology-based method such as GeMoMa [178], and RNA-seq
data based methods such as Braker2 [179]. Although annotation pipelines have been
developed at genome centers such NCBI and ENSEMBL, they are not available to
individual research groups and difficult to follow. To fill these gaps, we have developed a
pipeline for assembling genomes of vertebrates with high-quality at chromosome-level
using the PacBio/Nanopore long reads, Illumina short reads and Hi-C paired-end reads,

and a pipeline for annotating protein-coding genes and at the same time identifying



pseudogenes using homology-based and RNA-seq data-based approaches. We have
demonstrated the usefulness of the pipelines by assembling and annotating four
indigenous chicken genomes (CHAPTER 3).

2.2 Methods and materials

2.2.1 Pipeline for genome assembly
2.2.1.1 Pipeline design

The length of PacBio/Nanopore long reads can reach up to 10 kbp, but their error
rate can reach up to 10%. The length of Illumina short reads is usually only 150~300 bp,
but the error rate is smaller than 0.1%. To assemble a high-quality genome, we need to
use both long and short reads with appropriate methods. Besides, to assemble the genome
at chromosome-level, Hi-C reads are also needed. In our genome assembly pipeline, the
first step is to generate gapless contigs using long reads. To assemble the contigs into
scaffolds with correct order, the next step is to bridge the contigs with gaps (Ns) into
scaffolds using Hi-C reads. The third step is to fill the gaps introduced in the scaffolding
step using long reads. Since the high error rate of long reads, the first three steps would
introduce many sequence errors in the assembly. Thus, the fourth step and the fifth step
are to polish the scaffolds using long reads and short reads, respectively. The final result
is a highly continuous chromosome-level assembly with a few gaps. The flowchart of the
genome assembly pipeline is shown in Figure 2-1.
2.2.1.2 Required software

e Wtdbg?2 [15] software (https://github.com/ruanjue/wtdbg?)

e SALSA [16, 17] software (https://github.com/marbl/SALSA)

e PBJelly [18] software (https://github.com/esrice/PBJelly)


https://github.com/ruanjue/wtdbg2
https://github.com/marbl/SALSA
https://github.com/esrice/PBJelly

e Racon [180] software (https://github.com/isovic/racon)

e NextPolish [20] software (https://github.com/Nextomics/NextPolish)

e SAMotools [30] software (https://github.com/samtools/)

e Minimap2 [181] software (https://github.com/lh3/minimap?2)

e BWA [29] software (https://github.com/lh3/bwa)

e BEDTools [182] software (https://github.com/arg5x/bedtools2)

2.2.1.3 Required raw data

[llumina paired-end short reads (150~300 bp), PacBio/Nanopore long reads and
Hi-C paired-end reads with relatively high sequencing depths. We recommend 100X for
short reads, at least 40X for long reads, and 100X for Hi-C reads.
2.2.1.4 Procedure

Step 1: Use Wtdbg2 [15] to generate contigs using long reads and polish the
contigs using Illumina short reads.

Step 2: Use SALSA [16, 17] to bridge the contigs into scaffolds using Hi-C
paired-end reads.

Step 3: Use PBjelly [18] to fill gaps introduced in scaffolds using long reads.

Step 4: Use Racon [180] to polish the scaffolds obtained in Step 3 using long
reads.

Step 5: Use Nextpolish [20] to further polish the scaffolds obtained in Step 4
using short reads.

For the appropriate parameters of each step, we give the examples at:

https://github.com/zhengchangsulab/A-genome-assebmly-and-annotation-pipeline
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Figure 2-1 Flowchart of the genome assembly pipeline

2.2.2 Pipeline for gene annotation
2.2.2.1 Pipeline design

To annotate genes accurately in vertebrate genomes, we designed a pipeline with
a combination of homology-based and RNA-based methods. For the homology-based
annotation, the first step is to map the CDSs isoforms of the reference species which are
closely related to the target species. For each reference gene whose CDSs could be
mapped to the assembled genome, all the mapped CDSs are concatenated and checked to
see whether the resulting sequence forms an ORF (the length is an integer time of three

and contain no stop codon in the middle). If yes, the concatenated sequence is predicted



to be an intact gene. If the CDSs of a reference gene can be mapped to multiple loci in the
assembled genome, the locus with the highest mapping identity is used. If the
concatenated sequence did not form an ORF, i.e., it contains at least an earlier matured
STOP codon, or an ORF shift mutation, we map the short reads to the sequence with no
gaps allowed. If the sequence is completely covered by the short reads, the
pseudogenization is fully supported by the short reads, and we predict the sequence to be
a pseudogene; otherwise, the pseudogenization is not supported by the short reads, and
we predicted the sequence to be a partially supported gene, because the pseudogenization
might be artificially caused by errors of the long reads that could not be corrected by the
short reads.

For the RN A-based annotation, the first step is to remove RNA-seq reads from
rRNA genes by mapping all of the RNA-seq reads from various tissues of the target
species to the rRNA database and filtering out the mapped reads. Then the unmapped
reads are assembled into transcripts. Next, the assembled transcripts are mapped to the
assembled genomes and those that at least partially overlap non-coding RNA genes (see
below), protein-coding genes or pseudogenes predicted by the homology-based method
are removed. For the remaining transcripts, if it contains an ORF with at least 300 bp, we
predict it to be a protein-coding gene. If multiple ORFs were found in a transcript, the
longest one is selected.

For the protein coding genes predicted by the homology-based and RNA-based
methods, the CDS phase is corrected using GFF3toolkit [183]. The non-coding RNA

genes are predicted using infernal (1.1.2) [38] with Rfam (v.14) database [39] as the



reference. The flowchart of the gene annotation pipeline is shown in Figure 2-2 (data
preparations) and Figure 2-3 (our gene finding procedure).
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Figure 2-3 Flowchart of our gene finding procedure of gene annotation pipeline

2.2.2.2 Required software

e Splign [34] software (https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi)

e Bowtie2 [35, 184, 185] software (https://github.com/BenLangmead/bowtie2)

10
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e SAMtools [30] software (https://github.com/samtools/)

e BEDTools [182] software (https://github.com/arg5x/bedtools2)

e Trinity [37] software (https://github.com/trinityrnaseqg/trinityrnaseq)

e STAR [31] software (https://github.com/alexdobin/STAR)

e GFF3toolkit [183] software (https://github.com/NAL-i5K/GFF3toolkit)

e Infernal [38] software (https://github.com/EddyRivaslLab/infernal)

e Our gene finding procedure (https://github.com/zhengchangsulab/A-genome-

assebmly-and-annotation-pipeline)

2.2.2.3 Required raw data

Reference CDS isoforms from closely related species, RNA-seq short reads from
as many as possible tissues of the target species and Illumina paired-end sequencing
reads of the target species are required. Rfam database and rRNA database are required.
2.2.2.4 Procedure
2.2.2.4.1 Data preparations (Figure 2-2)

1) Homology-based method:

Step H1: Use Splign [34] to map the reference CDS isoforms to the target genome
assembly.

Step H2: Use Bowtie2 [35, 184, 185] to map the Illumina paired-end sequencing
reads to the target assembly allowing no-mismatch to get the region not supported by the
short reads on the target assembly.

2) RNA-based method:

Step R1: Use Infernal [38] to predict non-coding RNAs against Rfam database.
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Step R2: Use Bowtie2 [35, 184, 185] to map RNA-seq short reads to the rRNA
database to get the unaligned reads, and assemble the unaligned reads into transcripts
using STAR and Trinity genome-guided method.

Step R3: Use Splign [34] to map the transcripts obtained in step R2 to the target
assembly.
2.2.2.4.2 Annotate genes and pseudogenes (Figure 2-3)

Step 1: Use our gene finding procedure (https://github.com/zhengchangsulab/A-

genome-assebmly-and-annotation-pipeline) to get the primary gene annotation results.

The inputs of the pipeline are the results from Step HI~H2 and Step R1~R3 of Data
preparations.
Step 2: Use GFF3toolkit [183] to correct CDS phase of the protein coding genes

from the primary gene annotation results.
2.3 Results

2.3.1 Results of genome assembly pipeline

Using the genome assembly pipeline, we have successfully assembled genomes of
four indigenous chicken breeds at chromosome-level with high-quality (CHAPTER 3).
We now use Daweishan chicken (raw sequencing data are shown in Supplementary Table
3-3) as an example to demonstrate how to use the pipeline to assemble its genome at
chromosome-level with high continuity. As shown in Table 2-1, after step 1 (assemble
contigs followed by polishing using short reads), we obtained 616 contigs with a Contig
N50 of 23 Mbp and BUSCO [10] completeness of 94.20%. To evaluate the quality of the
contigs, we mapped the short reads from the Daweishan chicken to these assembled

contigs using Bowtie2 [35] allowing no mismatch, and found 3.56% of the assembled
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nucleotides in the contigs could not be covered by the short reads. After step 2
(scaffolding), the number of contigs and BUSCO completeness decreased compared with
the results of step 1, and the number of Ns, contig N50 and percentage of the assembly
that cannot be covered by short reads increased compared with the results of step 1, these
were caused by the fact that scaffolding made the assembly more continuous but at the
same time it could introduce more gaps. After step 3 (fill gaps using long reads), the
number of contigs and number of Ns decreased, and the contig N50 increased compared
with the results of step 2. Meanwhile, the percentage of the assembly that cannot be
covered by short reads increased compared with the results of step 2, because gap filling
using long reads could reduce gaps but at the same time introduce sequence errors. After
step 4 (polish using long reads), the number of contigs remained the same (368) but their
total length increased and contig N50 increased, and the number of Ns decreased,
compared with the results of step 3. Meanwhile, BUSCO completeness decreased, and
percentage of the assembly that cannot be covered by short reads increased, because
polishing using long reads can reduce gaps but at the same time introduce sequencing
errors for the assembly. Thus, the assembly needs to be further polished using short reads
in Step 5. After step 5 (polish using short reads), the number of contigs remained the
same (368), the number of Ns increase slightly but was only 1,452 in 157 gaps, the contig
N50 was 74 Mbp, the BUSCO completeness was 96.70%, and only 1.69% of assembled
nucleotides could not be covered by short reads. The Hi-C interaction heatmap of the
finally assembled scaffolds (Figure 2-4) shows that most of the scaffolds form a squared

box along the main diagonal of the heatmap matrix, indicating the assembly is at
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chromosome-level. Taken together, all these measures indicate the assembly is of high-
quality.

Table 2-1 Genome assembly results of the Daweishan chicken

Steps # Congits (bp) (#NS) Contig N50 (bp) (L50) | BUSCO ge of that cannot be covered by short reads allowing no mi:
Step 1-Wtdbg2 616 (1,018,887,028) (0) 22,952,302 (13) 94.20% 3.56%
Step 2-SALSA | 407 (1,018,887,028) (108,500) 73,917,222 (5) 94.10% 3.57%
Step 3-Pbjelly | 368 (1,026,115,452) (14,224) 73,988,966 (5) 94.10% 4.22%
Step 4-Racon | 368 (1,036,024,190) (1,306) 74,243,019 (5) 85.00% 14.95%
Step 5-NextPolish| 368 (1,037,025,916) (1,452) 74,334,266 (5) 96.70% 1.69%

Figure 2-4 Hi-C interaction heatmap of the Daweishan chicken assembly

2.3.2 Results of gene annotation pipeline

Our gene annotation pipeline works seamlessly with our genome annotation
pipeline for accurately identifying protein-coding genes, including new genes that are
missed in the reference annotations as well as pseudogenes in the assembled genome as
we have recently demonstrated in four indigenous chicken genomes (CHAPTER 3). We
now use chrl0 of our assembled Daweishan chicken genome as an example to
demonstrate how to use the pipeline to annotate genes encoded in the chromosome. First,
using the homology-based approach (Figures 2-2 and 2-3), we mapped all the CDS
isoforms in closely related RJF (GRCg6a), and domesticated chickens (GRCg7b and
GRCg7w) to the target chr10, found 421 intact genes, six partially supported genes and

13 pseudogenes from the homology-based method. Second, using the RNA-based
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approach (Figures 2-2 and 2-3), we found 26 new genes in the chromosome (Table 2-2).
Thus, we have identified a total of 453 protein-coding genes (including 26 new genes not
annotated in the reference) and 13 pseudogenes on the chr10 of the Daweishan chicken.
For the reference, 432, 433 and 445 protein-coding genes, and four, two and four
pseudogenes, are annotated in GRCg6a, GRCg7b and GRCg7w, respectively (Table 2-2).
By comparing our results with the reference, we have identified more pseudogenes and
also found new genes that are not annotated in the reference, suggesting our pipeline is
accurate and can find more putative genes.

Table 2-2 Gene annotation on chrl0 of the four chickens

Chicken H logy-based RNA-based |# Total protein coding genes|# Total pseudogenes
Daweishan | # Intact genes: 421; # Partially supported genes: 6; # Pseudogenes: 13 | # new genes: 26 453 13
GRCg6a - - 432 4
GRCg7b - - 433 2
GRCg7w - - 445 4

2.3.3 Comparison of our annotation pipeline with the pipeline of NCBI

To further demonstrate the accuracy of our gene annotation pipeline, we
annotated the genes for a Tibetan ground-tit (an Aves) individual based on its assembly
from NCBI (GCF_000331425.1) using our pipeline and compared our results with the
gene annotation results from NCBI. By using the CDSs of 53 well-annotated Aves from
NCBI (Supplementary Table 2-1), we annotated 14,659 intact genes, 1,165 partially
supported genes and 765 pseudogenes for the individual (Table 2-3). By using the RNA-
seq reads of the individual, we annotated 111 NT-supported genes and seven novel genes
for the individual (Table 2-3). In total, we annotated 15,942 genes and 765 pseudogenes
for the individual (Table 2-3). For the results from NCBI, there are 15,814 genes and 83
pseudogenes annotated for the individual (Table 2-3). When comparing the results from
our pipeline and NCBI, we found that there are 15,058 genes shared by the results from

the two pipelines, suggesting that our pipeline could annotate almost all the genes
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(95.2%) predicted by the NCBI pipeline (Table 2-3). For the pseudogenes, there are 41
shared by the results of the two pipelines (Table 2-3). For the inconsistent genes and
pseudogenes predicted by the two pipelines, we found that NCBI could mistakenly
predict genes to pseudogenes, or mistakenly predict pseudogenes to genes. For example,
gene DIO3 is annotated as a true gene by the NCBI pipeline, but it is annotated as a
pseudogene by our pipeline since there is a stop codon (TGA) in the middle (position:
411) of the ORF of the gene (Figure 2-5a). Gene LOC102109485 is annotated as a
pseudogene by the NCBI pipeline, but it is annotated as a true gene (named
LOC107212260) by our pipeline since there is neither a stop codon nor a ORF shift
mutation in the ORF of the gene (Figure 2-5b).

Table 2-3 Annotation of the Tibetan ground-tit genome using the two pipelines

Reference-based RNA-based
Methods # Total genes | # Total pseudogenes
# Intact # Partial # Pseudogenes [# NT-supported # Novel
Our pipeline | 14,659 1,165 765 111 7 15,942 765
NCBI pipeline - - - - - 15,814 83
Common - - - - - 15,058 41

oré ¢ T G C A c ¢ @EHE c c c ¢ Cc 6 T
NBlG ¢ T 6 ¢ A ¢ c [NGE c c c c ¢ 6 T

404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419 420 421

b

1
Our  ATGTCCCTGGTGGCGAAGGAGAAGAACCACGTCCGCTTGGTTTTCCTGGGAGCTGCCGGCGTGGGCAAGACATCGCTCAT
NCBI ATGTCCCTGGTGGCGAAGGAGAAGAACCACGTCCGCTTGGTTTTCCTGGGAGCTGCCGGCGTGGGCAAGACATCGCTCAT
81 160
Our CCGCCGCTTCCTCATGGACACCTTCGAGCCCAAGCACCGGCGCACGGTGGAGGAGCTGCACAGCAAGGAGTACGAGGTGT
NCBI CCGCCGCTTCCTCATGGACACCTTCGAGCCCAAGCACCGGCGCACGGTGGAGGAGCTGCACAGCAAGGAGTACGAGGTGT

161 240
Our GTGGGGCCACGGTGAAGGTGGAGATCCTGGACACCAGCGGCAGCTACTCCTTCCCGGCCATGAGGAAGCTCTCCATCCAG
NCBI GTGGGGCCACGGTGAAGGTGGAGATCCTGGACACCAGCGGCAGCTACTCCTTCCCGGCCATGAGGAAGCTCTCCATCCAG

241 320
Our AACAGCGACGCCTTCGCCCTGGTCTACGCCGTGGATGACGCCGAGTCCTTCGAGAGCGTCAAGAGCCTGCGGGAGGAGAT
NCBI AACAGCGACGCCTTCGCCCTGGTCTACGCCGTGGATGACGCCGAGTCCTTCGAGAGCGTCAAGAGCCTGCGGGAGGAGAT

Our32lCCTGGAGGTGAAGGAGGACAAGTTCCCTCCCATCGTGGTGGTGGGCAACAAGGCGGAGAGCGGCGGCGAGCGGCGGGTGC4O0
NCBI CCTGGAGGTGAAGGAGGACAAGTTCCCTCCCATCGTGGTGGTGGGCAACAAGGCGGAGAGCGGCGGCGAGCGGCGGGTGC

Our401CGGTGGAGGACGCGCTGTCGCTGGTGGAGCTGGACTGGAACAGCCGCTTCGTGGAGACCTCGGCCAAGGACAACGAGAAC480
NCBI CGGTGGAGGACGCGCTGTCGCTGGTGGAGCTGGACTGGAACAGCCGCTTCGTGGAGACCTCGGCCAAGGACAACGAGAAC

Our481GTGCTGGAGGTGTTCAGGGAGCTGCTGCAGCAGGCCAAGCTGCCCAGCAGGCTCAGCCCCGCGCTCTGCAAGAGGAGGGA560
NCBI GTGCTGGAGGTGTTCAGGGAGCTGCTGCAGCAGGCCAAGCTGCCCAGCAGGCTCAGCCCCGCGCTCTGCAAGAGGAGGGA

80

Our561GACGCTGCCCAAGGAGCAGGCGCTCAGGCCGCCCATGAACAAGACCAACAGCTGCTCCGTGTGCTGA627
NCBI GACGCTGCCCAAGGAGCAGGCGCTCAGGCCGCCCATGAACAAGACCAACAGCTGCTCCGTGTGCTGA

Figure 2-5 Examples of different annotations from the two pipelines. a. Part of ORFs of
gene DIO3 annotated by the two pipelines, which contains a stop codon labeled in red. b.
ORFs of gene LOC102109485 annotated by the two pipelines.
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2.4 Discussion

When assembling a genome, most of the existing genome assembly tools can only
achieve the contig-level assembly using the PacBio/Nanopore long reads and Illumina
short reads, such as Wtdbg2 [15], Canu [170], and FALCON [171]. To get the
chromosome-level assembly, more steps are needed based on the contigs, including
scaffolding the contigs using Hi-C short reads, filling the gaps introduced in the
scaffolding step using PacBio/Nanopore long reads and polishing the errors introduced in
the gap filling step using PacBio/Nanopore long reads and Illumina short reads. Thus, we
have proposed a genome assembly pipeline that could achieve the steps mentioned above
to get the high-quality chromosome-level assembly for vertebrates. Compared with the
existing genome assembly tools [15, 170, 171], our pipeline consists of several individual
tools proposed before including Wtdbg2 [15] for assembling contigs, SALSA [16, 17] for
scaffolding contigs, PBJelly [18] for gap filling, Racon [19] and NextPolish [20] for
polishing, and could achieve high-quality genome assembly at chromosome level for
vertebrates.

For the gene annotation process, most of the existing tools rely on either only de
novo prediction such as Augustus [172], GlimmerHMM [173], GenelD [174], Genscan
[175], SNAP [176] and GeneMark-ES [177], which often makes substantial errors that
could hamper the analysis of important biological process, or only RNA-seq data such as
Braker2 [179], which need a plenty of RNA-seq data and cannot identify pseudogenes, or
only homology-based prediction such as GeMoMa [178], which can only predict protein
coding genes based on the reference and cannot identify novel genes of the species.

Although NCBI and ENSEMBL have proposed their own gene annotation pipeline, they
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are not available to individual research groups and difficult to follow. Thus, we have
proposed a user-friendly gene annotation pipeline using a combination of homology-
based and RNA-seq data-based method. Compared with the existing gene annotation
tools and the pipelines proposed by NCBI and ENSEMBL, our pipeline is an open source
and easy to be followed by individual research lab. At the same time, our pipeline could
identify protein-coding genes accurately that are shared among the homolog and the
target species, pseudogenes that have open reading frame (ORF) shift or nonsense
mutation compared with the homolog and new genes that are not existing or annotated in
the homolog.

To run our genome assembly pipeline, [llumina paired-end short reads,
PacBio/Nanopore long reads and Hi-C paired-end reads with enough sequencing depth
are needed, so users without these raw data may not obtain a high-quality assembly. To
run our gene annotation pipeline, CDS isoforms of reference from a near species and
RNA-seq paired-end reads from as many as possible tissues with enough sequencing
depth of the target species or near species are required, so users need to collect these raw
data, otherwise they may not get the accurate gene annotation result.

2.5 Conclusion

High-quality genome assembly and accurate gene annotation provide good
foundation to study a species. In our previous study (CHAPTER 3), we used our pipeline
to assemble the genomes for four indigenous chicken individuals at chromosome-level
and annotate the protein-coding genes and pseudogenes for them based on their
assemblies. The result shows our pipeline could achieve high-quality assemblies at

chromosome-level and accurate gene annotations for vertebrate.
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CHAPTER 3 High-quality assemblies of four indigenous chicken genomes

3.1 Background

Evidence shows that red jungle fowl (RJF) (Gallus gallus) is the primary ancestor
of domestic chickens (Gallus gallus domesticus) all over the world [6]. Since the release
of the initial draft genome assembly (GRCgl) of an RJF individual [1], multiple
improved assemblies (GRCg2~6a) have been made [2, 3]. More recently, the Vertebrate
Genomes Project (VGP) also assembled pseudo-haplotype genomes (GRCg7b and
GRCg7w) of a hybrid individual from a broiler mother and a layer father using long
sequencing reads and multiple scaffolding data [4, 5]. Although these assemblies provide
a good foundation to understand various aspects of chicken biology and guidance to
poultry breeding, high-quality assemblies for indigenous chickens (traditionally
domesticated village chickens) are still lacking, hampering the understanding of chicken
domestication and evolution. Recently, Li, et al have assembled a pan-genome for
chicken using short, long and Hi-C reads [9]. However, with a contig N50 of 5.89~16.72
Mb and a complete BUSCO [10] value of 92.4%~95.3%, this assembly does not allow
the identification of the subtle differences in gene compositions of the chickens.
Although they identified 1,335 new genes, more than half of them are micro-open
reading frames (ORFs) with a coding DNA sequence (CDS) shorter than 300 bp. Thus,
the existing assemblies are limited for revealing details of chicken domestication and
evolution, and inconsistent conclusions have been drawn. For example, on one hand, it
was reported that chicken genome has undergone a large number of segmental deletions

[1], resulting in a large number of gene loss, thus chicken might have few genes than
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other tetrapods [11]. On the other hand, it was concluded that selection for loss-of-
function mutations had no prominent role in chicken domestication [12, 13].

To fill the gaps and clear contradictory conclusions, we assembled genomes of
four individual indigenous chickens of Daweishan, Hu, Piao and Wuding breeds from
Yunnan province in southwestern China, one of the major geographical places where the
domesticated chickens originated [6]. These chicken breeds are formed by less-intensive
traditional family-based artificial selection in villages in isolated mountainous areas in
the province since 2000-6000 BC [14]. Each breed possesses distinct morphological
traits: Daweishan chickens have a miniature body size (0.5~0.8kg for female and
0.8~1.2kg for male adults); Hu chickens have a large body size (3kg for female and 6kg
for male adults) with extraordinarily stout legs; Piao chickens have a short tail (a
rumpless phenotype); and Wuding chickens have a middle-sized body and are good at
running. Using a combination of short, long and Hi-C reads, we assembled each genome
at the chromosome-level with a contig N50 of 16.2~25.1 Mb and a complete BUSCO
value of 96.5%~96.7%. By annotating these high-quality indigenous chicken genome
assemblies, we identified numerous new protein-coding genes and non-processed
pseudogenes. Most of these new genes are also found in the earlier assembled RJF
(GRCg6a) and commercial chickens (GRCg7b/w) genomes. Counting these new genes,
chickens have a similar number of protein-coding genes as other tetrapods do. Our
analyses of the occurring patterns and evolutionary behaviors of the pseudogenes suggest
that loss-of-function mutations plays a critical role in domestication and evolution of
village chickens. These indigenous chicken genome assemblies will be valuable

resources for studying chicken domestication and evolution.
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3.2 Methods and materials
3.2.1 Chicken Populations

A total of 25 (nine males, 16 females) Daweishan chickens aged 10 months, 10
(five males, five females) Hu chickens aged seven months, 23 (11 males, 12 females)
Piao chickens aged 10 months and 23 (11 males, 12 females) Wuding chickens aged 10
months were collected from the Experimental Breeding Chicken Farm of the Yunnan
Agricultural University (Yunnan, China). One female individual chicken from each breed
was randomly selected for genome assembly, and subject to short-reads DNA
sequencing, PacBio or Oxford long-reads sequencing, and Hi-C sequencing. All other
individuals were subject to short-reads DNA sequencing. We downloaded the re-
sequencing short DNA reads of 35 RJFs, 60 broilers and 56 layers from the NCBI SRA

database with the accession number of PRJIEB15276, PRJEB30270 and PRJEB15189.

3.2.2 Short-reads DNA sequencing

Two milliliters of blood were drawn from the wing vein of each chicken in a
centrifuge tube containing anticoagulant (EDTA-2K) and stored at -80°C until use.
Genomic DNA (10pg) in each blood sample was extracted using a DNA extraction kit
(DP326, TTANGEN Biotech, Beijing, China) and fragmented using a Bioruptor Pico
System (Diagenode, Belgium). DNA fragments around 350 bp were selected using SPRI
beads (Beckman Coulter, IN, USA). DNA-sequencing libraries were prepared using
[lumina TruSeq® DNA Library Prep Kits (Illumina, CA, USA) following the vendor’s
instructions. The libraries were subject to 150 cycles paired-end sequencing on an

[llumina Novaseq 6000 platform (Illumina, CA, USA) at 100X coverage.
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3.2.3 PacBio long-reads sequencing

Two milliliters of blood were drawn from the wing vein of a female Hu chicken
(H3) in a centrifuge tube with anticoagulant (EDTA-2K) and stored at -80°C until use.
High molecular weight DNA was extracted from each blood sample using
NANOBIND® DNA Extraction Kits (PacBio, CA, USA) following the vendor’s
instructions. DNA fragments of about 25 kb were size-selected using a BluePippin
system (Sage Science, MA, USA). Sequencing libraries were prepared for the DNA
fragments using SMRTbell® prep kits (PacBio, CA, USA) following the vendor’s
instructions, and subsequently sequenced on a PacBio Sequel II platform (PacBio, CA,
USA) at 36X coverage.
3.2.4 Oxford long-reads sequencing

Two milliliters of blood were drawn from the wing vein of a female Daweishan
(F025), Piao (P17) or Wuding (W17) chicken in a centrifuge tube with anticoagulant
(EDTA-2K) and stored at -80°C until use. High molecular weight DNA from each blood
sample was prepared using Ultra-Long Sequencing Kits (Oxford Nanopore Technology
(ONT), Oxford, UK) following the vendor’s instructions. The integrity of DNA was
determined using pulsed field electrophoresis. DNA fragments of about 20 kb were size-
selected using a BluePippin system (Sage Science, MA, USA). Sequencing libraries were
prepared for the DNA fragments using ONT Template prep kit (SQK-LSK109) and NEB
Next FFPE DNA Repair Mix kit, following the vendors’ instructions. The libraries were
sequenced on a Nanopore PromethION P48 platform (ONT, Oxford, UK) at ~100X

coverage using ONT sequencing kits (EXP-FLP001.PRO.6).
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3.2.5 RNA-seq sequencing

One to two grams of various tissues were collected from the selected female
individual chicken of each breed in a centrifuge tube and immediately frozen in liquid
nitrogen, then stored at -80°C until use. Total RNA from each tissue sample were
extracted using TRIzol reagents (TTANGEN Biotech, Beijing China) according to the
manufacturer’s instructions. RNA-sequencing libraries for each tissue as well as for the
mixture of all the tissues collected from a chicken were prepared using Illumina TruSeq®
RNA Library Prep Kits (Illumina, San Diego) following the vendor’s instructions. The
libraries were subject to 150 cycles paired-end sequencing on an Illumina Novaseq 6000
platform at a sequencing depth of 80X. Additional individual chicken was randomly
selected from each breed population and the same types of tissues were collected. Total
RNA from each tissue sample were extracted in the same way as described above. Equal
weight of total RNA of each tissue was mixed for preparing an RNA-seq library as
described above.
3.2.6 Hi-C sequencing

Five milliliters of blood were drawn from the wing vein of the selected
Daweishan (F025), Piao (P17), Hu chicken (H3) or Wuding (W17) chickens in a Streck
Cell-free DNA BCT collecting vessel (Streck Corporate, USA), and stored at 4°C and
used in 24 hours. Hi-C libraries were constructed using Phase Genomics’ Animal Hi-C
kit following the vendor’s instructions and subsequently sequenced on an [llumina’s

Novaseq 6000 platform at a sequencing depth of ~100X.
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3.2.7 Real-time quantitative PCR (RT-qPCR) analysis

RT-gPCR was performed using the Bio-Rad CFX96 real-time PCR platform (Bio-
Rad Laboratories. Inc, America) and SYBR Green master mix (iQTM SYBRGreen ®
Supermix, Dalian TaKaRa Biotechnology Co. Ltd. Add). The primers of the 42 randomly
selected putative new genes are listed in Supplementary Note 3-1. The B-actin gene was
used as a reference. Primers were commercially synthesized (Shanghai Shenggong
Biochemistry Company P.R.C). Each PCR reaction was performed in 25 pl volumes
containing 12.5 ul of iQ™ SYBR Green Supermix, 0.5 pl (10 mM) of each primer, and 1
ul of cDNA. Amplification and detection of products was performed with the following
cycle profile: one cycle of 95 °C for 2 min, and 40 cycles of 95 °C for 15 s, annealing
temperature for 30 s, and 72 °C for 30 s, followed by a final cycle of 72 °C for 10 min.
The specificity of the amplification product was verified by electrophoresis on a 0.8%
agarose gel and DNA sequencing. The 272 method was used to analyze mRNA
abundance. All samples were analyzed with at least three replicates, and the mean of
these measurements was used to calculate mRNA expression.
3.2.8 Contig assembling and scaffolding

We filtered out PacBio/Nanopore long reads shorter than 5,000 bp in each library,
and assembled contigs using Wtdbg (2.5) [15] with the remaining reads for each chicken.
Then we bridged the contigs and obtained scaffolds using SALSA [16, 17] with the Hi-C
data. We filled the gaps in the scaffolds using PBJelly [18] with long reads. We made two
rounds of polishing on the resulting scaffolds, first by using Racon (1.4.21) [19] with the
long reads, and second by using NextPolish (1.4.0) [20] with the paired-end short reads

from the same individual chicken.
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3.2.9 Chromosome-level genome assembling

In order to get the chromosome-level assembly for the four chickens, we mapped
the scaffolds for each chicken to the GRCg7b assembly using blastn (2.11.0) [21]. We
consider a scaffold is mapped to a chromosome if the ratio of the mapped length of a
scaffold over minimum of (the length of the query scaffold, the length of the target
chromosome) is greater than 0.5. We ordered and orientated the scaffolds based on the
mappings using the GRCg7b chromosomes as templates. For the scaffolds mapped to the
same chromosome, we concatenated them by 500 Ns according to their mapping orders.
For the rest scaffolds that cannot be mapped to GRCg7b assembly, we consider them as
unplaced scaffolds. In this way, we sorted the assembled scaffolds of the four chickens
into 42 chromosomes (including two sexual chromosomes and one mitochondrial
chromosome).

During the mapping, we found that some contigs were incorrectly concatenated
into scaffolds by the scaffolding tool, we thus manually corrected the errors by splitting
them from the scaffolds and reassembled them to their corresponding target
chromosomes. In addition, there is no scaffold in Hu chicken’s primary assembly, which
can be mapped to the mitochondrial chromosome of GRCg7b. Thus, it appears that the
assembly tools didn’t assemble the mitochondrial chromosome for Hu chicken for
unknown reason. We therefore mapped the short reads of Hu chicken to the
mitochondrial chromosome of GRCg7b, and then assembled the mitochondrial

chromosome for Hu chicken using Abyss (2.2.5) [22] with using the mapped short reads.
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3.2.10 Correction of GRCgb6a assembly

Since chromosomes chr29 and chr34~chr39 of the most recent RJF genome
assembly (GRCgo6a) are still missing, to facilitate our comparative analysis, we
assembled these missing chromosomes by mapping all the assembled chromosomes and
contigs of GRCgb6a to the chromosomes of GRCg7b using blastn (2.11.0) [21]. If a
chromosome of GRCgo6a is exactly mapped to the corresponding chromosome of
GRCg7b, then we kept it intact. For the chromosome that is not consistent between the
two assemblies, we used GRCg7b as the template to resolve the inconsistence by
appropriate reorienting, splitting and concatenation. Specifically, we first located the
original contigs of inconsistent chromosomes of GRCgb6a, and then mapped them as well
as unplaced contigs of GRCgb6a to the chromosomes in GRCg7b to find the target
chromosomes. Finally, we concatenated the contigs of GRCgb6a mapped to the same

chromosome of GRCg7b by 500 Ns according to the mapping order.

3.2.11 Quality evaluation of assemblies

We masked the repeats of the four assemblies using WindowMasker (2.11.0) [23],
and estimated the heterozygosity of each assembly using Jellyfish (2.3.0) [24] and
GenomeScope [25]. To estimate the continuity of each assembly, we used QUAST
(5.0.2) [26] to calculate the contig N50, scaffold N50 and chromosome N50. To estimate
the structural accuracy, we used Asset [27] to calculate the reliable block N50 and used
BUSCO (5.1.3) [10] to calculate the false duplications in each assembly. To estimate the
base accuracy, we used Merqury (1.3) [28] to calculate the k~-mer QV and k-mer
completeness for the four assemblies, used BWA (0.7.17) [29] to map the short reads to

the four assemblies, and used and SAMtools (1.10) [30] to analyze the mapping results.
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To estimate the functional completeness, we used BUSCO (5.1.3) [10] to assess each
assemblies’ completeness against the avian gene set and used STAR (2.7.0) [31] to map
the mRNA short reads to each assembly and calculate the mRNA completeness value. To
plot the heatmap of the chromosomes of each assembly, we mapped the Hi-C paired-end
reads to the assembly using BWA (0.7.17) [29], used SAMtools (1.10) [30] and Pairtools
(0.3.0) [32] to analyze the mapping results, and used Higlass [33] to plot the heatmap for
each assembly.
3.2.12 Protein-coding gene annotation

To annotate the protein-coding genes in the assembled indigenous chicken
genomes, we masked the repeats in each genome using WindowMasker (2.11.0) [23], and
then we annotated the protein-coding genes using a combination of homology-based and
RNA-based methods. For homology-based annotation, we collected all the protein-
coding genes, pseudogenes and their corresponding CDS isoforms or exons in GRCgb6a,
GRCg7b and GRCg7w as the templates (Supplementary Table 3-1). The protein-coding
genes in these three assemblies were recently predicted by the NCBI eukaryotic genome
annotation pipeline that uses a combination of mRNA- and protein-based homology
methods and ab initio methods. We mapped all the CDS isoforms of protein-coding
genes and exons of pseudogenes in GRCg6a, GRCg7b and GRCg7w to each of the
assembled indigenous chicken genomes using Splign (2.0.0) [34]. For each template gene
whose CDSs could be mapped to an assembled genome, we concatenated all the mapped
CDSs, and checked whether the resulting sequence forms an intact ORF (the length is an
integer time of three and contain no stop codon in the middle). If yes, we called it an

intact gene. If the CDSs of a template gene can be mapped to multiple loci in an
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assembled genome, we consider the locus with the highest mapping identity. If a
concatenated sequence did not form an intact ORF, i.e., the length is not an integer time
of three (ORF shift) or it contains a stop codon in the middle (nonsense mutation), we
mapped the DNA short reads from the same individual to the CDSs of the gene using
bowtie (2.4.1) [35] with no gaps and mismatches permitted. If the sequence could be
completely covered by at least 10 short reads at each nucleotide position, we consider the
pseudogenization is fully supported by the short reads, and called the sequence a
pseudogene; otherwise, we consider the pseudogenization is not supported by the short
reads, and called it a partially supported gene, because the pseudogenization might be
artificially caused by errors of the long reads that could not be corrected by our assembly
pipeline. For a few selenoprotein template genes where the "opal" stop-codon UGA
encode selenocysteine, we manually checked the mapped loci in our assemblies, and
annotate them accordingly.

For RNA-based annotation, we first mapped all of the RNA-seq reads from
various tissues as well as the mixture of tissues of the four chicken breeds into the rRNA
database SILVA 138 [36] and filtered out the mapped reads. We then mapped the
unaligned reads to each of the four indigenous chicken genome assemblies using STAR
(2.7.0c) [31]. Based on the mapping results, we assembled transcripts in each chicken
using Trinity (2.8.5) [37] with its genome-guided option. Next, we mapped the assembled
transcripts in each chicken to its assembled genomes using Splign (2.0.0) [34], and
removed those that at least partially overlap non-coding RNA genes (see below), protein-
coding genes or pseudogenes predicted by the homology-based method. For the

remaining transcripts, if we could find a longest ORF with at least 300 pb, we called it a
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protein-coding gene. If multiple ORFs were found in a transcript, we selected the longest
one.

Additionally, to detect protein-coding genes that might be not included in our
assemblies but expression in the tissues, we de novo assembled transcripts using Trinity
(2.8.5) [37] with its de novo option using RNA-seq reads that could not be mapped to any

of our four assembled genomes.

3.2.13 RNA-coding gene annotation

We annotated tRNA, rRNA, miRNA, snoRNA, telomerase RNA and SRP RNA
using infernal (1.1.2) [38] with Rfam (v.14) database [39] as the reference. In addition,
we predicted an assembled transcript longer than 1,000 bp but lacking an ORF as a

IncRNA. The results are summarized in Supplementary Table 3-2.

3.2.14 Neighbor-joining tree construction

We mapped the 8,338 essential avian proteins from the BUSCO aves_odb10
database [10] to each of the seven chicken’s CDSs as well as the coturnix japonica’s
CDSs using blastx (2.11.0) [21]. We selected the 6,744 genes with greater than 70%
sequence identity with the essential avian proteins in each of the eight genomes to
construct a neighbor-joining tree. Since it is hard to make multiple alignments for very
long sequences, we evenly divided the genes in each bird into 68 groups (each contains
about 100 genes) and concatenated CDSs in each group with fixed order. We then
aligned the concatenated sequences of the same group in the eight birds using Clustal
Omega (1.2.4) [40]. We finally concatenated the 68 multiple alignments and constructed
a consensus neighbor-joining trees with 1,000 rounds of bootstrapping using Phylip

(3.697) [41].
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3.2.15 Prediction of miRNA binding sites

For each pair of pseudogene and its reference gene, we scanned their CDSs and
1,000 bp downstream sequences as putative 3’-UTRs for miRNA binding sites using
RNAhybrid (2.1.2) [42]. The miRNAs predicted in the genome harboring the pseudogene
are used as the database for the scanning. We consider the putative binding sites with a p-

value<0.05.

3.2.16 Single nucleotide variants calling

To calculate the fixation rates of the pseudogenes in a chicken breed, we called
SNVs in the pseudogenes using short DNA reads from the breed population (n= 25, 10,
23, 23, 35, 60 and 56 for Daweishan, Hu, Piao, Wuding, RJF, broiler and layer,

respectively) using GATK (4.1.6) [43].

3.3 Results

3.3.1 High quality assemblies of four indigenous chicken genomes

Using a combination of Illumina short reads (89~143X) and PacBio (36X) or
Nanopore (101~110X) long reads (Supplementary Table 3-3), we assembled the genomes
of a female individual of the Daweishan, Hu, Piao and Wuding chicken in 462~1,364
contigs (Supplementary Table 3-4) with a contig N50 of 23.0, 16.2, 25.1 and 21.5 Mb,
respectively. Hu chickens’ smaller contig N50 (16.2 Mb) might be due to the shorter
PacBio reads (50 bp~90.8 kbp) and a shallower sequencing depth (36X) than those of
Nanopore reads (Supplementary Table 3-3). The contig N50 values of the four
assemblies are larger than those of the GRCg6a, GRCg7b and GRCg7w assemblies
(17.7~18.8 Mb) (Supplementary Table 3-5), except for Hu chicken. The total length of

the contigs (>1 Gb) for each chicken is comparable with those of GRCg6a, GRCg7b and
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GRCg7w assemblies (Supplementary Table 3-5). We scaffolded the contigs using Hi-C
reads (102~112X) for each chicken (Supplementary Table 3-3), resulting in 308~1,088
scaffolds, with a scaffold N50 of 74.3, 28.9, 62.8 and 71.1 Mb for the Daweishan, Hu,
Piao and Wuding chickens, respectively (Supplementary Table 3-5). Using the GRCg7b
assembly as the template, we ordered and oriented the scaffolds into 39 autosomal
chromosomes, two sex chromosomes W and Z and one mitochondrial genome for each
chicken (Supplementary Table 3-4), with a chromosome N50 of 90.5, 90.7, 90.5 and 90.9
Mb for the Daweishan, Hu, Piao and Wuding chickens, respectively (Supplementary
Table 3-5).
3.3.2 Evaluation of the quality of the four indigenous chicken genomes

Recently, the VGP consortium proposed six categories of criteria for evaluating
the quality of a chromosome-level assembly, including genome (degree of heterozygosity
and repeats), continuity, structural accuracy, base accuracy, functional completeness, and
chromosomal assignment status [4]. We thus further evaluated the quality of each of our
assembled genomes using these criteria (Supplementary Table 3-5). For the genome
evaluation, we found that Piao chicken had the highest heterozygosity of 0.9%, Hu
chicken the lowest heterozygosity of 0.7%, and both Daweishan and Wuding chicken a
middle heterozygosity of 0.8%. Repeats consist of from 19.9 to 20.4% of all the four
assembled genomes, which are similar to those of GRCgo6a (20.4%), GRCg7b (20.5%)
and GRCg7w (20.2%). For the continuity evaluation, both the contig N50 (16.2~25.1
Mb) and chromosome N50 (90.5~90.9 Mb) of our assemblies are comparable with those
of GRCgo6a (17.7 and 91.3 Mb), GRCg7b (18.8 and 90.9 Mb) and GRCg7w (17.7 and

90.6 Mb). There are 375, 484, 483 and 297 gaps in the Daweishan, Hu, Piao and Wuding
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assemblies, respectively, which are substantially fewer than those in GRCgo6a (500,945)
and are comparable with those in GRCg7b (463) and GRCg7w (409). For the structural
accuracy evaluation, we identified reliable blocks and false duplications of the
assemblies. As shown in Supplementary Table 3-5, we achieved a reliable block N50 >
13.5 Mb except for Hu chicken (2.9 Mb), and a false duplication rate of 0.3~0.4%. The
values of both parameters are comparable to those of the recent VGP assemblies of 16
species of six major vertebrate lineages [4].

For the base accuracy evaluation, we first computed the k-mer QVs of our
assemblies, which is the log-scaled probability of consensus errors in the assembly [28].
We found that the k-mer QVs of the Daweishan, Piao and Wuding chicken assemblies
were greater than 41.5 and the value of the Hu chicken assembly was 38.4, suggesting
that the consensus base accuracy is greater than 99.99% and 99.90% for the former three
assemblies and the Hu chicken assembly [28], respectively, which is comparable to those
obtained by the VGP assemblies [4]. We next calculated k-mer completeness, which is
defined as the fraction of reliable k-mers in highly accurate short reads data that are also
found in the assembly [28]. As shown in Supplementary Table 3-5, the k-mer
completeness for all the four assemblies is greater than 92.8%, also comparable to those
of the recent VGP assemblies [4]. Since our assemblies are the mosaics of the paternal
and maternal homologous chromosomes that differ in heterozygous sites, to further
evaluate the completeness of the assemblies, we mapped short reads from each individual
chicken to its assembled genome, and found that the mapping rates were greater than
99.2% for all the assemblies. These results indicate that all our four assemblies have

achieved high base accuracy.
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For the functional completeness evaluation, all of the four assemblies have >
96.5% BUSCO completeness [10], which are comparable to those of GRCgb6a (96.6%),
GRCg7b (96.6%) and GRCg7w (96.8%). We next mapped the RNA-seq reads from
multiple tissues of each chicken to its assembled genome and found that the mapping
rates were at least 95.0% for all the four assembled genomes except for Hu chicken
(91.3%). These results indicate that the assemblies are of high completeness. For the
chromosomal assignment status evaluation, although there are still some unplaced contigs
in each of our assemblies, the total length (non-N bp) of the contigs assigned to
chromosomes are greater than 98% for all of the four assemblies, which are similar to
those of GRCg6a and GRCg7b/w. Thus, most of our contigs are assigned to
chromosomes. Additionally, we plotted the Hi-C interaction heatmaps of the autosomes
and sex chromosomes (W and Z) of each of the four assemblies. As shown in Figure 3-1,
for all the four genomes, most assembled chromosomes including the micro-
chromosomes (chr11~39) form a squared box along the main diagonal of the heatmap
matrix, with the exception of a few very small chromosomes such as chr31 and chr35.
Moreover, the assembled chromosomes in each of the four assembled genomes display
high collinearity with those of the GRCg7b (Figure 3-2), indicating that the structures of
the assembled genomes are consistent. Our assembled mitochondrial genomes of
Daweishan, Hu, Piao and Wuding chickens have a length of 16.0, 16.5, 16.3 and 16.8
kbp, respectively, which are similar to those of GRCg6a (16.8 kbp), GRCg7b (16.8 kbp)
and GRCg7w (16.8 kbp). Taken together, these results indicate that we have achieved

chromosome-level assembly for all of the four chickens’ genomes.
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3.3.3 Assembly of missing micro-chromosomes in GRCg6a

The current RJF’s reference genome (GRCg6a) lacks assemblies of micro-
chromosomes chr29 and chr34~chr39. We found that contigs of these chromosomes were
either mistakenly assembled into chr31, chr32 and chr33 or were unplaced. We
assembled these missing chromosomes and corrected the mis-assembled chr31, chr32 and
chr33 of GRCgo6a based on the GRCg7b assembly. Supplementary Table 3-6 summarizes
the contig compositions and lengths of these assembled RJF micro-chromosomes in
comparison with those of the GRCg7b assembly. Interestingly, except for chr35, chr36
and chr39, these assembled RJF micro-chromosomes are much longer than their
corresponding ones in GRCg7b, suggesting that they might be more complete. Chrl to
chr28, chr30, the two sexual chromosomes and the mitochondrial chromosome in
GRCgba were consistent with those of GRCg7b, and thus were kept intact. The
assembled GRCg6a chromosomes also display high collinearity with those of the
GRCg7b (Figure 3-2), indicating that the structures of the two assembled genomes are
consistent.
3.3.4 Varying lengths and high G/C contents of micro-chromosomes

We compared the lengths of the assembled chromosomes of the four indigenous
chickens with those of RJF. As shown in Figure 3-3a, the four indigenous chickens and
RJF have similar lengths of all the assembled chromosomes, except for micro-
chromosomes chr16 and chr29~chr39 that show highly varying lengths. These results
indicate that the lengths of all the assembled macro-chromosomes (chr1~10), most micro-
chromosomes (chrl11~15, chr17~26) and sex chromosome (chrW and chrZ) of the five

chickens are consistent, and thus are sufficiently assembled. The lengths of the assembled



35

chr16 in all the four indigenous chickens are much shorter than that of RJF, suggesting
that our assembled chr16 might be incomplete. This might be due to the fact that chr16
contains highly repetitive major histocompatibility complex (MHC) regions, relatively
more duplicated genes [44] and higher G/C contents (Figure 3-3b). Our assemblies of
chr33, chr35, chr36, chr38 and chr39 are much longer than those of RJF, but our
assemblies of chr27, chr29, chr31, chr32, chr34 and chr37 are shorter than those of RJF,
suggesting that more efforts are needed in the future to more completely assemble these
micro-chromosomes. The difficulty to better assemble these micro-chromosomes might

be at least partially due to their higher G/C contents (Figure 3-3b).
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Figure 3-1 Interaction heatmaps of the chromosomes of the four chickens. First column:
heatmaps of all the 41 chromosomes of Daweishan, Hu, Piao and Wuding chicken.
Second column: a zooming-in view of the heatmaps of chr16~chr28 and sex chromosome
W of Daweishan, Hu, Piao and Wuding chicken. Third column: a zooming-in view of the
heatmaps of chr29~chr39 of Daweishan, Hu, Piao and Wuding chicken.
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Figure 3-2 Collinearity of chromosomes of the seven chickens
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Figure 3-3 Comparison of each chromosome of the five chickens. a. Ratio of the length
of each chromosome (excluding Ns) of the four indigenous chickens over that of the
same chromosome (excluding Ns) of RJF. b. G/C contents of each chromosome of the
five chickens.



37

3.3.5 New protein-coding genes are found in the four indigenous chickens

We predicted 17,497~17,718 protein-coding genes in each of the four indigenous
chicken genomes (Table 3-1), which is similar to that annotated in GRCg6a (17,485), but
fewer than those annotated in GRCg7b (18,024) and GRCg7w (18,016). Specifically, we
predicted 16,917~17,141 genes in each genome based on homology to known genes, of
which 16,270~16,668 have an intact ORF (intact genes) (Table 3-1), and 473~647
containing either a nonsense or an ORF shift mutation that cannot be fully supported by
short DNA reads from the chicken. It is highly likely that such “mutations” might be due
to errors in the long reads that cannot be corrected by the short DNA reads, we therefore
refer these genes as partially supported genes (Table 3-1). Of the intact and partially
supported genes, 16,077~16,455 (98.7%~98.8%) and 463~642 (97.9%~99.2%),
respectively, are transcribed in at least one of the tissues examined using RNA-seq
(Supplementary Tables 3-7~3-10). Interestingly, we predicted 6~7 genes in each
indigenous chicken genome based on homology to pseudogenes in GRCg6a and/or
GRCg7b/w (Table 3-1). These genes have an intact ORF that is fully supported by short
DNA reads, and 4~7 are transcribed in at least one of the tissues examined
(Supplementary Tables 3-7~3-10), thus, they are likely to be functional. For example, the
RJF pseudogene LOC107049240 at locus chr33:1757489~1758423 with a point deletion
is mapped to chr33:2240289~2241224 of Piao chicken, encoding an intact ORF that is
supported by 805 short DNA reads as well as large numbers of RNA-seq reads in
multiple tissues (Figure 3-4a, Supplementary Table 3-9).

Based on RNA-seq data that can be mapped to the assembled genomes, we

identified 12,543~13,930 putative genes in each assembled indigenous chicken genome



38

(Supplementary Table 3-11). Of these genes, 9,561~10,596 at least partially overlap the
homology-supported genes (Supplementary Table 3-11), thus, we do not consider them
further. Of the remaining 2,982~3,334 putative genes that do not overlap homology-
supported genes, 571~627 contain at least an ORF, and we consider them as RNA-
supported new genes for further analysis (Table 3-1). Since some of these RNA-
supported new genes in the four assembled genomes are highly similar (identity > 98.5%)
to one another, we removed the redundancy and ended up with a total of 1,420 unique
new genes in the four genomes, which are not seen in the earlier annotations (GRCg6ba,
GRCg7b and GRCg7w) (Supplementary Table 3-12). Interestingly, about 24~35 of the
new genes found in an indigenous chicken are pseudogenized in the others
(Supplementary Table 3-12). Of these 1,420 new genes, 1,277 (511~572 in each
assembled genome) are homologous to genes in the NT database, so we refer them to as
NT-supported new genes. The remaining 143 (54~63 in each assembled genome) new
genes do not have a known homolog, and thus, might be novel genes (Table 3-1 and
Supplementary Table 3-12). Most of the NT-supported new genes are mapped to genes in

other breeds of Gallus gallus or in other avian species (Supplementary Table 3-13).
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Figure 3-4 Examples of transcribed new genes and pseudogenes. a. A protein-coding
gene in Piao chicken is predicted based on a pseudogene LOC107049240 in RJF that

harbors a point deletion of ‘T at position 784, leading to an ORF shift. b. A new gene
predicted in Wuding chicken was also encoded in RJF. ¢. A new gene predicted in Hu
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chicken is pseudogenized in RJF, due to an insertion of ‘A’ at position 296, leading to an
OREF shift. d. A pseudogene in Daweishan chicken with a substitution of ‘C’ in RJF with

‘T’ at position 298 leading to a nonsense mutation in Daweishan chicken is predicted
based on the TNFRSF10B gene in RJF. In all the examples, the first row shows the

coverage of RNA-seq reads along the CDSs of the genes in our assemblies; the second
row is the comparison of the CDSs of the genes in RJF and their orthologous loci in our

indicated assembly; the third row is a zoom-in view of the boxed region in the second
row, which shows the mutation at the single nucleotide level; the last row displays the
number and a part of DNA short reads that support the mutations in our indicated
assembly.
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3.3.6 New genes tend to be located at the sub-telomere regions

Although the 1,420 new genes distribute on almost all the assembled
chromosomes (Figure 3-5a), they tend to concentrate on micro-chromosomes and
unplaced contigs (Figure 3-5b). The new genes also tend to be located at the sub-telomere
regions of the chromosomes where G/C contents tend to be high (Figure 3-5¢), consistent
with a recent report [9]. Moreover, the higher G/C contents of a genome region, the more
likely new genes are found in it (Pearson correlation coefficient y=0.49, Figure 3-5d).
Consistent with these facts and the high G/C contents in micro-chromosomes (Figure 3-
3b), the new genes tend to have higher G/C contents than the existing genes (p<4e-4, K-S
test) (Figure 3-5¢). This might at least partially explain why the new genes were missed
by the earlier annotations, since genome regions, particularly, those in micro-
chromosomes with high G/C contents were difficult to be sequenced.
3.3.7 New genes show strong tissue-specific expression patterns

Importantly, both the NT-supported new genes and novel genes show strong
tissue-specific expression patterns in all the four chickens (Figure 3-6), suggesting that
they are likely authentic genes. To further validate these 1,420 new genes, we randomly
selected 42 of them (Figure 3-6) and quantifying their transcription levels in various
tissues of the four chicken breeds using RT-qPCR. As shown in Supplementary Tables 3-
14~3-17,21, 17, 10 and 15 of the 42 putative new genes are encoded in Daweishan, Hu,
Piao and Wuding chickens, of which 18 (85.71%), 14 (82.35%), 8 (80%) and 15 (100%)
were expressed in multiple tissues of the four breeds, respectively (Figure 3-6). Counting
on results from all the four breeds, 39 (92.86%) of the 42 selected genes were expressed

in multiple tissues of at least one chicken breed. Therefore, most of the predicted new
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genes are likely authentic. However, the expression patterns in different tissues of the 39
new genes measured by RT-qPCR are not very similar to those quantified by RNA-seq
reads (Figure 3-6).
3.3.8 Our new genes have limited overlaps with these identified previously

Moreover, we compared our 1,420 new genes with the 1,335 new genes recently
found in 20 chicken genomes [9]. Our new genes with a mean length of 7,008 bp are
much longer than the 1,335 new genes with a mean length of only 1,413 bp (p=2e-171,
Wilcoxon rank-sum test) (Figure 3-5f). One of the reason for the discrepancy is that 756
(56.6%) of the 1,335 new genes are mini-ORFs [45] with a CDS length of 100~300 bp,
while all of our 1,420 new genes have a CDS length longer than 300 bp, indicating that
more than half of the earlier predicted new genes are not bona fide protein-coding genes.
A total of 660 (49.4%) of the 1,335 new genes can be mapped to at least one of our
indigenous chicken genomes with an identity greater than 98.5%, thus we have
assembled their loci in at least one of the four genomes. Of these 660 genes, 246 (37.3%)
overlap our predicted genes, while 246 (59.4%) of the remaining 414 genes are mini-

ORFs.
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Figure 3-5 Properties of new genes found in the four chickens. a. Number of new genes
found on each chromosome and unplaced contigs. b. Number of new genes per million
bp found on each chromosome and unplaced contigs. ¢. Average number of new genes
per million bp and average G/C contents along evenly divided 100 segments of the 41
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Figure 3-6 Expression levels of RNA-supported new genes in the four chickens.
Expression levels of RNA-supported new genes in different tissues of the Daweishan
chicken. b. Expression levels of RNA-supported new genes in different tissues of the Hu
chicken. ¢. Expression levels of RNA-supported new genes in different tissues of the Piao
chicken. d. Expression levels of RNA-supported new genes in different tissues of the
Wuding chicken. The first column is heatmaps of normalized expression levels of NT-
supported new genes in the four chickens. The second column is heatmaps of normalized
expression levels of novel genes in the four chickens. The third column is heatmaps of
expression levels of the 39 verified new genes measured by RNA-seq reads in the four
chickens. The fourth column is heatmaps of expression levels of the 39 verified new
genes measured by RT-qPCR in the four chickens. “d/s” represents duodenum/small

intestine.
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3.3.9 The new protein-coding genes are involved in house-keeping functions

Interestingly, most (1,291 or 90.92%) of our 1,420 new genes found in the
indigenous chicken genomes can be mapped to GRCgb6a (1,258), GRCg7b (1,254) and
GRCg7w (1,247) assemblies (Supplementary Table 3-12). Of these mapped genes,
962~978 have intact ORFs, thus, we consider them as new genes in each of the three
earlier assemblies. We thereby increase the number of annotated genes in GRCg6a
(18,463), GRCg7b (19,002) and GRCg7w (18,978) by 5.6% (978), 5.4% (978) and 5.3%
(962), respectively (Table 3-1). Therefore, GRCg6a and GRCg7b/w encode a comparable
number of protein-coding genes to other tetrapods (18,000~25,000) [4, 5] such as humans
[46], supporting the previous conclusion inferred for birds in general [47]. Interestingly,
the remaining 276~285 new genes mapped to GRCg6a (280), GRCg7b (276) and
GRCg7w (285) assemblies are pseudogenes (Supplementary Table 3-12), i.e., they
contain at least one nonsense or ORF shift mutations of normal genes. For examples, a
new gene of Wuding chicken at chr11:17138466~17139339 is mapped to RJF
chr11:17570676~17571083 that encodes an intact ORF (Figure 3-4b); while a new gene
of Hu chicken at locus chr2:128256077~128257512 is mapped to RJF locus
chr2:129144681~129145071 with an insertion of ‘A’ supported by 189 short reads,
leading to an ORF shift (Figure 3-4c). We thereby also substantially increase the number
of pseudogenes in GRCgoba (542), GRCg7b (474) and GRCg7w (435) by 106.9% (280),
139.4% (276) and 190.0% (285), respectively (Table 3-1).

The four indigenous chickens and GRCg6a, GRCg7b and GRCg7w display two
distinct occurring patterns of the 1,420 new genes in their genomes (Figure 3-7a).

Specifically, two thirds (962~978) of the new genes appear in GRCg6a, GRCg7b and
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GRCg7w, while the remaining one third (422~458) are either absent or pseudogenized in
these three genomes. In contrast, only 40.2~44.2% (571~627) of the new genes occur in
each of the four indigenous chickens, while the remaining 55.8~59.8% (793~849) are
either absent or pseudogenized in them (Figure 3-7a, Supplementary Table 3-12).
Moreover, the new genes are clustered in multiple distinct groups (Figure 3-7a).
Although most of the new genes do not have gene ontology (GO) [48] term assignments,
they are involved in a total of 40 GO biological pathways (Supplementary Table 3-18),
many of which correspond to gene clusters shown in Figure 3-7a. These GO biological
pathways are involved in house-keeping functions, including transcription regulation,
signal transactions, immunity, cell growth, metabolism and apoptosis, to name a few
(Supplementary Table 3-18).

Notably, the commercial chicken (GRCg7b/w) and the RJF (GRCg6a) encode
~1,500 and ~1,000 more protein-coding genes, respectively, than the four indigenous
chickens (Table 3-1). Moreover, the four indigenous chickens share more genes with
each other and with GRCg7b and GRCg7w than with GRCg6a, while GRCg7b and
GRCg7w share more genes with each other than with GRCgb6a and with the four
indigenous chickens (Figures 3-7b), suggesting that the indigenous chickens are
evolutionarily closer to one another than to GRCgb6a, GRCg7b and GRCg7w, and that
GRCg7b and GRCg7w are more evolutionarily closer to each other than to GRCg6a and
the four indigenous chickens. This result is largely consistent with the phylogenetic tree
of the seven chickens plus Coturnix japonica as the root (Aves class) (Figure 3-7c¢),
constructed using 6,744 essential protein-coding genes shared by the eight Aves

(Supplementary Table 3-19) from the BUSCO aves_odb10 database [10]. In the
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phylogenetic tree (Figure 3-7c), the four indigenous chickens form a clade, and GRCg7b
and GRCg7w from a clade. Furthermore, there are a varying number of genes unique to
Daweishan (60), Hu (39), Piao (55), Wuding (51), GRCgé6a (992), GRCg7b (415) and
GRCg7w (678) compared among the seven chickens (Table 3-1, Supplementary Table 3-
20). The unique genes in each chicken are involved in GO biological pathways that might
be good candidates for experimental studies for their roles in forming the chicken’s
unique traits (Supplementary Table 3-21). For example, FGF (Fibroblast growth factors)
signaling , EGF (epidermal growth factor) receptor signaling and PDGF (platelet-derived
growth factor) signaling pathways that are involved in stem cell proliferation and growth
are found in the genome of Hu chicken with a very large body weight (~6kg); multiple
pS3-related pathways are found in GRCg7b (broiler) with fast growth rate;
Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 pathway is found in GRCg7w
(layer) that needs high calcium storage for the formation of egg shells. GRCg6a (RJF)
has the largest number (992) of unique genes that are involved in pathways that might
favor their wildlife.
3.3.10 “Missing” protein-coding genes are found in chicken genomes

To see whether we have assembled and annotated any of the 274 genes that were
widely encoded in reptiles and mammals but were reported missing in avian species in
general and another 174 genes that were believed missing in chicken (based on the
galGal4 assembly) in particular [11], we mapped their human CDSs to each of the
indigenous chicken genomes. We found that 51 and 36 of them, respectively, are among
our predicted genes (Supplementary Table 3-22). However, we noted that eight (ITPKC,

TEP1, BRSK 1, PLXNB3, MAPK3, HIGD1C, KMT5C and PACS1) of the 274 missing
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genes in avian species in general and seven (PPP1R12C, CCDC120, ATF6B, ASPDH,
DDIT3, ADCKS5, GPAAT1) of the 174 missing genes in chicken in particular, are
annotated in GRCg6a, GRCg7b or GRCg7w, but none of them appear in any of the four
indigenous genomes (Supplementary Table 3-22). It has been shown that RNA-seq data
from multiple tissues can be used to recover presumed missing genes in birds [49-51]. To
see whether more missing genes could be recovered by RNA-seq data collected in
various tissues of the chickens, we de novo assembled transcripts using RNA-seq reads
that could not be mapped to any of the four chicken genomes. Of 34 such predicted
CDSs/genes (Supplementary Table 3-23) in the four chickens, three can be mapped to
missing genes MAPK3, SLC25423 and HSPB6 (Supplementary Table 3-22A). Notably,
MAPK3 is annotated in GRCg7b/w but missing in GRCg6a. Thus, we might be unable to
assembly the MAPK3, SLC25423 and HSPB6 loci due probably to their refractory to the
sequencing technologies we used to assemble the genomes, and thus these genes are

missed by our annotation pipeline.
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Figure 3-7 Occurring patterns of the 1,420 new genes. a. Heatmap of two-way
hierarchical clustering of the new genes based on their appearance (1, brown), absence (0,
white) and pseudogenization (-1, blue) patterns in the seven chicken genomes. b.
Heatmap of two-way hierarchical clustering of seven chickens based on the percentage of
the genes that each chicken (rows) share with the others (columns). ¢. Consensus
neighbor-joining tree, constructed using 6,744 essential protein-coding genes of the seven
chickens and coturnix japonica.

3.3.11 Chicken genomes harbor a large number of non-processed pseudogenes

As indicated earlier, we have substantially increased the number of pseudogenes
in GRCgoba (542), GRCg7b (474) and GRCg7w (435). To our surprise, we found an even
larger number (606~747) of pseudogenes in each of the indigenous chicken genomes
(Table 3-1). The pseudogenes in each indigenous chicken are located in almost all the
chromosomes. However, the micro-chromosomes (chrl1~chr39) and unplaced contigs
have higher densities, harboring about half (52.7~54.0%) of the pseudogenes (Figures 3-
8a and 3-8b) while they only comprise 27.3~27.9% of the genomes. Likewise, the ratio of
the number of pseudogenes/the number of genes tends to be higher on the micro-
chromosomes and unplaced contigs (Figure 3-8c). Most (521~653, 86.0%~87.8%) of

pseudogenes in each indigenous chicken genome were predicted based on homology to
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annotated genes in GRCgo6a (322~395), GRCg7b (313~385), GRCg7w (311~398) and
our 1,420 new genes (24~35) (Table 3-1, Supplementary Tables 3-24~3-27). The
remaining 83~94 (12.2%~14.0%) pseudogenes in each indigenous chicken genome were
predicted based on homology to earlier annotated pseudogenes in GRCg6a (49~57),
GRCg7b (55~64) and GRCg7w (51~58) (Table 3-1, Supplementary Tables 3-24~3-27).
Most pseudogenes (576~713, 94.9~96.0%) in each indigenous chicken genome are
transcribed in multiple tissues (Supplementary Tables 3-7~3-10), suggesting that their
regulatory systems might be still at least partially functional. For example, the RJF gene
TNFRSF10B at locus chr22:1415452~1421965 is mapped to locus
chr22:1296090~1301696 of Daweishan chicken with a nonsense mutation that is
supported by 33 short DNA reads, and the locus is transcribed in multiple tissues (Figure
3-4d, Supplementary Table 3-7). We found a total of 1,577 pseudogenes in the four
indigenous chicken genomes (Supplementary Table 3-28), each harboring 606~747 of
them (Table 3-1). Most (91.6%~92.8%, 556~684) of the pseudogenes in each indigenous
chicken genome are non-processed, i.e., they arose due to direct pseudogenization
mutations, while only the remaining 7.2~8.4% (48~63) are processed, i.e., they arose due
to retrotransposition followed by pseudogenization mutations. Similar conclusions can be
drawn for the pseudogenes found in the GRCg6a and CRCg7b/w assemblies, although
the latter two commercial chickens (CRCg7b/w) harbor much fewer (474~435)
pseudogenes (Table 3-1).
3.3.12 Pseudogenization mutations are strongly biased to the two ends of CDSs

To see whether the occurrence of pseudogenization mutations in the indigenous

chickens is under natural/artificial selection, we plotted the distribution of their first
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pseudogenization mutation sites along the CDSs of reference genes. If the
pseudogenization mutations are selectively neutral or a result of random genetic drift,
they should largely uniformly distribute along the CDSs. As shown in Figure 3-9a, the
rate of synonymous mutations in true genes is largely uniformly distributed along the
CDSs as expected for neutral mutations, except at the two ends, where the rate decreases,
consistent with an earlier report in chickens [52]. The reduced synonymous mutation rate
suggests that the two ends of CDSs are under purifying selection, and might harbor
functional elements not related to their coding functions, such as transcriptional and post-
transcriptional regulatory elements [53].

Interestingly, the first pseudogenization mutations are strongly biased to the two
ends of reference CDSs (Figure 3-9a), consistent with earlier reports in chickens [52] and
humans [54]. Specifically, 40.2%, 35.5% and 24.3% of first pseudogenization mutations
occur at the first 25%, the middle 50% and the last 25% lengths of the CDSs. Almost all
the pseudogenes have their first (Figure 3-9b) and last (Figure 3-9¢) coding nucleotides
aligned with those of reference CDSs, indicating that the biased pseudogenization
mutations to the 5°- and 3’-ends are not due to incorrect predictions of the two ends of the
pseudogenes. By contrast, the rate of synonymous mutations in the pseudogenes is also
largely uniformly distributed along the CDSs including the two ends, indicating that
purifying selection on the two ends of pseudogenes (Figure 3-9a) is relaxed.

3.3.13 Biased pseudogenizations might facilitate loss-of-function mutations

To see whether the first pseudogenizations along the CDSs result in loss of

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

pseudogenes using their ratio of the number of non-synonymous mutations over the
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number of synonymous mutations (dN/dS). As shown in Figure 3-9d, the pseudogenes
have significantly higher dN/dS values than the true genes (p<6.13e-295). This is also
true when the pseudogenes with the first pseudogenization occurring in the first 25%
(p<8.23e-94), the middle 50% (p< 4.67e-148) or the last 25% (p<9.58e-67) of CDSs are
compared with the true genes (Wilcoxon rank-sum test). These results suggest that at
least most pseudogenes are no longer under purifying selection, and thus might lose gene
functions. Moreover, the pseudogenes with the first pseudogenization occurring in the
first 25% of CDSs and occurring in the last 25% of CDSs have similar dN/dS values
(p=0.49), and both have significantly lower dN/dS values (p<9.19e-5 and p<4.51e-4,
respectively) (Wilcoxon rank-sum test) than the pseudogenes with the first
pseudogenization occurring in the middle 50% of CDSs. The underlying cause is not
clear to us, but might be due to purifying selection on the two ends of CDS before
pseudogenization.

Clearly, the closer a pseudogenization mutation to the 5’-end of a CDS, the more
likely the loss-of-function to occur. Loss of function of a gene could also occur when
critical amino acids or regulatory DNA elements at the 3’-end of the CDS are disrupted
by a pseudogenization event. For the former possibility, we noted that the identity of
amino acids at the 3’-ends of CDSs elevated in proteins (Figure 3-9a), indicating that the
3’-ends of CDSs may harbor critical amino acids. For the later possibility, as the 3’-UTRs
of genes often harbor miRNA binding sites for post-transcriptional regulation [55], we
hypothesize that 3’-ends of CDSs may also contain miRNA binding sites, and disruption
of such sites in either 3’-ends of CDSs or 3’-UTRs may have functional consequence. To

test this, we scanned the pseudogenes’ and corresponding reference genes’ CDSs and
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their 1,000 bp downstream sequences as putative 3’-UTRs for potential miRNA binding
sites. As shown in Figure 3-9e, putative 3’-UTRs of both reference genes and
pseudogenes have higher density of putative miRNA binding sites than their upstream
coding regions, consistent with previously reports [55]; and indeed, the 3’-ends of CDSs
of both reference genes and pseudogenes contain putative miRNA binding sites, and their
densities decrease toward the 5’-ends of CDSs. Interestingly, pseudogenes have a fewer
number of miRNA binding sites in their 3’-ends and 3’-UTRs than do reference genes
(Figure 3-9¢). We found that this is because pseudogenization mutations could disrupt the
miRNA binding sites in the 3’-end of CDSs. However, of the 24.3% (657) first
pseudogenization mutations occurring in the last 25% of CDSs, only three (0.5%) disrupt
a putative miRNA binding site. Thus, this mechanism only explains a few cases of loss-
of-function pseudogenization mutations at the 3’-end of CDSs. Figure 3-10 shows the

three cases.
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Figure 3-9 Pseudogenization mutations tend to occur at the two ends of CDSs. a.
Probability of first pseudogenization mutations (red line) in 100 evenly divided CDS
segments from the 5’-ends to the 3’-ends of the reference genes of the pseudogenes in the
four chickens, mean rates of synonymous mutations in 100 evenly divided CDS segments
from the 5’-ends to the 3’-ends of the true genes (blue line) and pseudogenes (purple) in
the four chickens, and mean identity of the true genes in 100 evenly divided CDS
segments from the 5’-ends to the 3’-ends of the genes (green line). b. Start position of
the “CDS” of the pseudogenes in the four chickens with respect to the nucleotide
positions of their reference genes starting with 0 with the downstream positions being
positive integers. ¢. End positions of the “CDS” of the pseudogenes in the four chickens
with respect to the nucleotide positions of their reference genes ending with 0 with the
upstream positions being negative integers. d. Violin plots of the dN/dS values of all true
genes, all pseudogenes, pseudogenes with the first pseudogenization occurring in the first
25%, the middle 50% and the last 25% of the CDSs in the four indigenous chickens. e.
Number of predicted miRNA binding sites per 100 bp along the CDSs and 3° UTRs of
the true genes (red line) and pseudogenes (green line). In the figure, ‘0’ represents the
end positions of the CDSs, the positive numbers represent the relative positions of 1,000
bp sequences downstream of the end of CDSs, and the negative numbers represent the
relative positions of the CDSs with respect to the ends of CDSs.
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Figure 3-10 Examples of disruptions of miRNA binding sites in pseudogenes. a. A
putative mir-335 (family: RF00766) binding site at the 3’-end of the CDS (753 bp) of
gene LOC112531802 in RJF, Piao and Wuding chickens is disrupted by a 5-bp ORF shift
deletion in the pseudogenes of Daweishan and Hu chickens. b. A putative mir-1281
(family: RF03493) binding site at the 3’-end of the CDS (762 bp) of gene
LOC124417726 in GRCg7b is disrupted by a 1-bp ORF shift deletion in the pseudogenes
of Daweishan and Hu chickens. ¢. A putative mir-1249 (family: RF01918) binding site at
the 3’-end of the CDS (945 bp) of gene LOC124417207 in GRCg7b is disrupted by a 1-
bp OREF shift deletion in the pseudogenes of Daweishan, Hu and Wuding chickens.

3.3.14 Functions of parental genes of most pseudogenes were lost in chickens

To see whether alternative isoforms of the pseudogenes in the four chickens could
skip the exons harboring the pseudogenization mutations, we assembled transcripts of all
the transcribed pseudogenes. We found that most transcribed pseudogenes had only one
type of transcript containing the pseudogenization mutations, while for those that had
more than one isoform, very few of them had transcripts that skipped the
pseudogenization mutations (Supplementary Tables 3-29~3-32). For example, in
Daweishan chicken, there are 684 non-processed pseudogenes (Table 3-1), of which only
139 (20.32%) have alternative splicing transcripts and only one of these 139 genes has
transcripts that skip the pseudogenization mutation (Supplementary Table 3-29). In Hu
chicken, there are 556 non-processed pseudogenes (Table 3-1), of which only 137
(24.64%) have alternative splicing transcripts and none of them has transcripts that skip
the pseudogenization mutations (Supplementary Table 3-30). In Piao chicken, there are

627 non-processed pseudogenes (Table 3-1), of which 131 (20.89%) have alternative
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splicing transcripts and only two of them have transcripts that skip the pseudogenization
mutations (Supplementary Table 3-31). In Wuding chicken, there are 619 non-processed
pseudogenes (Table 3-1), of which only 139 (22.46%) have alternative splicing
transcripts and none of them has transcripts that skip the pseudogenization mutations
(Supplementary Table 3-32). All these results suggest that almost all the pseudogenes in
the four chickens did not skip the exons harboring the pseudogenization mutations. Thus,
the functions of parental genes cannot be rescued by alternative isoforms of the
pseudogenes. Loss-of-function mutations often occur after a duplication event to
eliminate a redundant copy [56]. However, we failed to find an intact paralog for most
(88.2%~90.3%) of the non-processed pseudogenes in the same genomes (Supplementary
Tables 3-24~3-27), suggesting that the functions of the parental genes were lost in the

chickens.

3.3.15 Most pseudogenes arose recently and are fixed in respective populations

The vast majority of the pseudogenes in each of the seven genomes share more
than 95% of sequence identity with their functional reference genes (Figure 3-11),
indicating that they arose quite recently, and only few with less than 80% of sequence
identity with their functional reference genes arose a relatively long time ago. To see
whether the first pseudogenization mutation along a pseudogene in the seven chicken
genomes are fixed or not in their respective populations, we computed the frequencies of
the mutated alleles in the population of the seven breeds based on DNA short reads
(sequencing depth: ~20X) from populations of 25, 10, 23, 23, 35, 60 and 56 Daweishan,
Hu, Piao, Wuding, RJF, broilers and layers, respectively (Materials and methods). As

shown in Figure 3-12, most (~75%) of mutations in the pseudogenes in each chicken
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genome are fixed or nearly fixed (allele frequency > 80%) in their respective populations.
The high probability of fixation of the pseudogenes suggests that they might be under
artificial and/or natural selection. A few examples of fixed or nearly fixed pseudogenes
with no functional copies in an indigenous chicken population are shown in Figure 3-13.
Specifically, the O4Z2 gene (CDS length = 573 bp) that is functional in GRCgoba,
CRCg7b and CRCg7w, is pseudogenized and fixed in all the four indigenous chicken
populations, due to an insertion of a “T” after position 96, resulting an ORF shift (Figure
3-13a). OAZ2 coding for an ornithine decarboxylase antizyme plays a role in cell growth
and proliferation in animals by regulating intracellular polyamine levels [57, 58]. The
PDCL3 gene (CDS length = 723 bp) that is functional in GRCg6a, CRCg7b and
CRCg7w, is pseudogenized and fixed in the four indigegnous chickens, due to the
deletion of an “A” at the first position of the CDS, resulting an ORF shift (Figure 3-13b).
PDCL3 encoding a phosducin-like protein is involved in G protein signaling and
chaperone-assisted protein folding [59]. The PRDM16 gene (CDS = 3,828 bp), which is
functional in the six other chickens, is pseudogenized and fixed in the Hu chicken
population, due to a “C to T" substitution at position 10 of the CDS, resulting a stop-gain
(Figure 3-13c). PRDM16 coding for a transcription factor controls the differentiation

of brown adipocytes. Knockout of PRDM16 in mice results in a loss of brown fat and
promotes muscle differentiation [60]. The ZNF408 gene (CDS=603 bp) is pseudogenized
and almost fixed (allele frequency = 0.88) in the Daweishan chicken population, due to a
“G to A" substitution at position 56 of the CDS, resulting a stop-gain (Figure 3-13d), but
it is functional in the three other indigenous chickens and GRCg6a but missing in

GRCg7b and GRCg7w. ZNF408 encoding a ten tandem zinc finger transcriptiona factor
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plays a role in the development of vasculature [61]. Morpholino-induced knockdown

of ZNF408 in zebrafish causes defects in developing retinal and trunk vasculature [62].

However, the effects of loss of function of these genes on chicken phenotypes during the

course of domestication and evolution remain to be elucidated.
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Figure 3-13 Examples of fixed or nearly fixed pseudogenes in chicken populations. a.
The OAZ2 gene (CDS length=573bp), which is functional in GRCg6a, CRCg7b and
CRCg7w, is pseudogenized and fixed in the four indigenous chickens, due to an
insertsion of a “T” after position 96 of the CDS, resulting an ORF shift. b. The PDCL3
gene (CDS length=723bp), which is functional in GRCg6a, CRCg7b and CRCg7w, is
pseudogenized and fixed in the four indigenous chickens, due to deletion of an “A” at the
first position of the CDS, resulting an ORF shift. ¢. The PRDM16 gene (CDS=3,828bp),
which is functional in the six other chickens, is pseudogenized and fixed in the Hu
chicken population, due to a “C to T” substitution at position 10 of the CDS, resulting a
stop-gain. d. The ZNF408 gene (CDS=603bp), which is functional in the three other
indigenous chickens and GRCgo6a but missing in GRCg7b and GRCg7w, is
pseudogenized and almost fixed (allele frequency=0.88) in the Daweishan chicken
population, due to a “G to A” substitution at position 56 of the CDS, resulting a stop-
gain.

3.3.16 Loss-of-function mutations affect many important biological pathways

In total, we find 2,293 pseudogenes that appear in at least one of the seven
chicken genomes, and 1,365 of which only appear in the four indigenous chickens
(Supplementary Table 3-28). These pseudogenes form multiple distinct clusters
according to their occurring patterns in the seven chicken genomes. Pseudogenes in the
clusters affect critical biological pathways based on GO term assignments to their
functional reference genes in RJF or human (Figure 3-14). For instance, some of the 156
pseudogenes that are only shared by the four indigenous chickens affect the hypoxia
response via HIF-1 (hypoxia-inducible factor-1) activation pathway; some of the 123
pseudogenes that are only shared by GRCg6a, GRCg7b or GRCg7w affect inotropic
glutamate receptor pathway; some of the 247 pseudogenes that are largely unique to

Wuding chicken affect the p53 pathway by glucose deprivation; some of the 232
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pseudogenes that are largely unique to Piao chicken affect the gonadotropin releasing
hormone receptor pathway; some of the 175 pseudogenes that are unique to Daweishan
chicken affect the Wnt signaling pathway; and some of the 168 pseudogenes that are
unique to Hu chicken affect the insulin/IGF (insulin-like growth factor) pathway-protein
kinase B signaling cascade pathway. The pathways affected by the pseudogenes in each
chicken are summarized in Supplementary Table 3-33. Among the affected pathways of
the indigenous chickens, four are shared by the four chickens, and 3~11 are unique to
each of them (Figure 3-14, Supplementary Table 3-33). Additionally, as shown in Figure
3-14c, all the affected pathways in RJF (GRCg6a), the broiler (GRCg7b) and the layer
(GRCg7w) are a subset of the union of the affected pathways in the four indigenous
chickens, except for the “5-Hydroxytryptamine degradation” pathway in RJF. These
pathways might be good candidates for experimental investigation for their roles in the

domestication process of the chickens through loss-of-function mutations.

3.3.17 Pseudogenization occurring patterns reflect chicken evolutionary history
Interestingly, most pseudogenes in GRCgb6a, GRCg7b and GRCg7w have neither
an intact nor pseudogenized copies in the four indigenous chickens (Figure 3-14a), i.e.,
they are complete lost in the indigenous chickens. In contrast, most pseudogenes in the
four indigenous chickens have either an intact or pseudogenized copies in GRCgba,
GRCg7b and GRCg7w (Figure 3-14a). Moreover, the four indigenous chickens share
more pseudogenes with each other than with GRCg6a, GRCg7b or GRCg7w, and vice
versa (Figures 3-14d and Supplementary Table 3-28). These results suggest again that the
indigenous chickens are evolutionarily closer to one another than to GRCg6a, GRCg7b

and GRCg7w. To further infer the evolutionary patterns of pseudogenes in the seven
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chicken genomes, we constructed a neighbor-joining phylogenetic tree, using the
occurring patterns (yes or no) of the pseudogenes. As shown in Figure 3-14e, GRCg7b
and GRCg7w form a clade, and the four indigenous chickens form another clade,
consistent with the tree constructed using 6,744 essential protein-coding genes in the
seven chicken genomes (Figure 3-7c). Therefore, the occurring patterns of pseudogenes
in the chickens largely reflect their evolutionary relationships. This result is in contrast to
earlier reports that null mutations failed to segregate between wild and domestic chickens
or between broilers and layers, and thus selection for loss-of-function mutations had a
little role in chicken domestication [12, 13].

Of the 2,293 pseudogenes, 1,919 (83.7%) have a functional copy in at least one of
the seven chicken genomes, suggesting that they might lose their functions in a chicken
after the divergence from their common ancestor (Supplementary Table 3-28). Of the
remaining 374 (16.3%) pseudogene lacking a functional copy in any of the seven
chickens, 21 are pseudogenized in all the seven chickens (Supplementary Table 3-28).
Interestingly, six of these 21 pseudogenes are caused by the same mutation at the same
position of the parent genes in the seven chickens (examples are shown in Figure 3-15),
suggesting that they might lose their functions before the divergence from their common
ancestor. The remaining 15 are caused by the same or different types of mutations at
different positions of the CDSs in the seven chickens (examples are shown in Figure 3-
15), suggesting that they might be pseudogenized by convergent evolution. Moreover, we
failed to detect either intact or pseudogenized forms of 1,791 (78.1%) of the 2,293
pseudogenes in at least one of the seven chickens (Supplementary Table 3-28),

suggesting that they might be completely lost in the relevant chickens. Taken together,
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these results suggest that loss-of-function mutations reflect the evolutionary history of the

chickens. Thus, pseudogenization might play a critical role in chicken domestication and

evolution.
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Figure 3-14 Loss-of-functions accompany chicken domestication and evolution. a.
Heatmap of two-way hierarchical clustering of the pseudogenes based on their
appearance as an intact form (1, brown), absence (0, white) and as a pseudogenized form
(-1, blue) in the seven chicken genomes. b. Venn diagram of the pathways affected by
pseudogenes of the four indigenous chickens. ¢. Venn diagram of pathways affected by
pseudogenes of the GRCgba, GRCg7b and GRCg7w genomes compared with the union
of the pathways affected by pseudogenes of the four indigenous chickens. d. Heatmap of
two-way hierarchical clustering of the seven chickens based on the percentage of the
pseudogenes that each chicken (rows) share with the others (column). e. Neighbor-
joining phylogenetic tree, constructed using the occurring patterns of the pseudogenes in

the seven chicken genomes.
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Figure 3-15 Examples of pseudogenes that appear in all the seven chickens. Pseudogenes

LOC112531613 (a) and LOC112531630 (b) have the same mutation in the seven chicken
genomes, while pseudogenes AMY 1AP (c) and CYP2J24P (d) show at least two different
mutations in the seven chicken genomes.

3.4 Discussion

Although multiple versions of the RJF genome (GRCgl~6a) [1-3] and
commercial chicken genomes (GRCg7b/w) [5] have been released, no high-quality
indigenous chicken genome has been assembled. Using a combination of short, long and
Hi-C reads, we assembled all the chromosomes of four indigenous chickens with high-
quality comparable to the GRCg7b/w assemblies. These assemblies allow us to uncover a
large number of new genes (1,420) using RNA-seq reads collected from various tissues
of the four indigenous chicken breeds. Most (39 or 92.86%) of the 42 randomly selected
putative new genes can be verified by RT-qPCR experiments in multiple tissues of at
least one breed, suggesting that they are likely authentic. Interestingly, 1,142 (80.4%) of
the 1,420 new genes also are encoded in GRCg6a, GRCg7b or GRCg7w assemblies
(Supplementary Table 3-12). The ubiquitous presences of these new genes and their

affected GO pathways (Supplementary Table 3-18) indicate that they might play crucial
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roles in house-keeping functions of chickens. Only 246 (18.4%) of the 1,335 new genes
recently reported by Li et al [9] overlap our predicted new genes. The discrepancy might
be due to different numbers of chickens/breeds used and different definitions of a gene
adopted. Moreover, we identified 48 of the 274 missing genes in birds in general and 36
of another 174 missing genes in chicken in particular in at least one of the four assembled
indigenous genomes (Supplementary Table 3-22). We also uncovered three of the 274
missing genes in birds (Supplementary Table 3-22A) by mining unmapped RNA-seq
reads. Our ability to uncover these new genes and missing genes indicates that the
approach that we used to sequence, assemble and annotate the indigenous chicken
genomes have largely overcome the limitations of the earlier methods. However, our
assembled chr16 and some other micro-chromosomes are still not complete enough, and
none of our 1,420 new genes recall any of the 274 missing genes in birds in general and
additional 174 missing genes in chickens in particular. Therefore, if the remaining
presumed missing genes are encoded in the chicken genomes, accurate-enough ultra-
long-reads (>100 kbp) from new sequencing technologies that allows the recent telomere
to telomere assembly of a hypoploid human genome [63] might be needed to completely
assemble the chicken genomes, thereby recovering the still missing genes.

By counting the 1,420 new genes and recovered missing genes, we annotate
17,497~17,718 protein-coding genes in the four indigenous chicken genomes, and
increase the numbers of protein-coding genes in GRCg6a, GRCg7b and GRCg7w to
18,463, 19,002, 18,978, respectively. Considering many gene-rich micro-chromosomes
are still not fully assembled, the number of annotated genes may increase further once all

the micro-chromosomes are fully assembled. Thus, the chicken genomes might encode
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similar number of protein-coding genes as other tetrapods (18,000~25,000) [4, 5] such as
humans [46], as previously suggested for birds in general [47]. The much larger number
of protein-coding genes in the two commercial chickens than in RJF and indigenous
chickens might be the results of the breeding programs used to produce the fast-growth
and high egg-laying terminal commercial lines for production by taking advantage of
hybrid vigor through a series of gene introgression from multiple purebred populations
generated by intensive artificial selection [64-67].

Unexpectedly, we found 606~747 pseudogenes in each of the four indigenous
chicken genomes. Meanwhile, based on our predicted 1,420 new genes, we also
substantially increased the number (435~542) of pseudogenes in the three (GRCgb6a and
GRCg7b/w) earlier assembled chicken genomes. Only 50~80 of the pseudogenes found
in each genome are processed, while most (385~684) of them are not. The small numbers
of processed pseudogenes found in the chicken genomes are consistent with the previous
results [68, 69], presumably because the chicken’s LINEI like CR1 (L1) elements lack
retro transposase activity [68, 69]. However, the large number of non-processed
pseudogenes that we found in each chicken genome is in stark contrast to the earlier
findings that only a few dozen non-processed pseudogenes were found in human
population [70, 71], not to mentioning in a human individual. In a more recent study [72],
165 and 303 non-processed pseudogenes were found in mouse and human populations,
respectively. However, these numbers are still much smaller than those we found in the
chicken genomes. Thus, we observed a large scale of non-processed pseudogenization in
chickens, particularly in the four indigenous chickens, which has not been reported in any

tetrapods, to the best of our knowledge.
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We provide two pieces of evidence that the pseudogenes are no longer functional
as a protein coding gene. Firstly, pseudogenes have elevated dN/dS ratios compared with
true genes, no matter where the first pseudogenizations occur along the CDSs, indicating
that purifying selection is relaxed on the pseudogenes. Secondly, while synonymous
mutation rates are largely uniformly distributed along the CDSs of true genes, they
decrease at the two-ends of the CDSs, suggesting that both ends are under stronger
purifying selection than the middle parts of the CDSs. However, this is not seen in the
two ends of pseudogenes, indicating again that the purifying selection is relaxed on the
pseudogenes.

We provide three pieces of evidence that loss of function of genes through
pseudogenization is a result of natural/artificial selection. Firstly, unlike synonymous
mutations along the true genes and pseudogenes, both of which are largely uniformly
distributed along the CDSs as expected for neutral mutations, the first pseudogenization
mutations in pseudogenes are strongly biased to the two ends of CDSs. Such biases
facilitate eliminating the functions of genes. It is well-known that a promoter can extend
into the 5’-end of the CDS, thus mutations in the region may disrupt the promoter of the
gene [73]. Moreover, the closer a pseudogenization mutation is toward the 5’-end of the
CDS, the greater impact of the mutation could have on the gene function and the more
likely the gene would lose its function. Although pseudogenizations at the 3’-ends of
CDSs can potentially produce at least partially functional proteins, this is unlikely for at
least most of the pseudogenes that we found in the indigenous chicken genomes, since
dN/dS ratios for pseudogenes with the first pseudogenization sites occurring in the last

25% and in the first 25% of the CDSs are not significantly different, and both are
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significantly higher than those for true genes. In other words, pseudogenizations in the
3’-ends of CDSs can be as efficient as pseudogenizations in the other parts of the CDSs
to eliminate the functions of genes. We found that 3’-ends of CDSs might harbor miRNA
binding sites, and pseudogenization could disrupt such binding sites, which might change
post-transcriptional regulation, and thus, the functions of genes. However, this
mechanism can explain a few (0.5%) cases of possible loss-of-function due to
pseudogenization at the 3’-ends of CDSs. Thus, missing or disruption of critical amino
acids at the 3’-end of CDSs might be the major mechanism of loss-of-function due to
pseudogenization at the 3’-ends of CDSs. Secondly, most pseudogenization mutations are
fixed in the indigenous chicken, RJF, broiler and layer populations (Figure 3-12), likely
due to natural/artificial selection. Most of the pseudogenes might arise after the
divergence of the chickens, while only few might lose their functions before the
divergence of the chickens from their common ancestor (Figure 3-11). Moreover, most of
the pseudogenes are completely lost in at least one of the seven chickens, i.e., fixation of
null alleles (Supplementary Table 3-28), suggesting that these genes are not essential for
chickens. Thirdly, the patterns of pseudogenization segregate the four indigenous
chickens from the two commercial ones and RJF (Figure 3-14¢), which is in line with the
phylogenetic tree of more 6,000 essential protein-coding genes of the chickens (Figure 3-
7¢). Taken together, these results suggest that loss-of-function mutations accompany the
formation of the chicken breeds, and thus might play critical roles in chicken
domestication and evolution. This conclusion is in contrast to an earlier report that loss-

of-function mutations played a little role in chicken domestication [12].
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Although it has been shown that deleterious mutations might play a role in plants
[74, 75] and animals [76, 77] domestication, lost-of-function mutations are not
necessarily deleterious. In fact, it has been well documented that loss of certain genes
might be the results of adaptation of birds for flight [78-81], of beef cattle for artificial
selection [82] and of humans for new abilities [70]. It has been proposed that loss-of-
function mutations may be an important factor in rapid evolution as occurred during
domestication—the “less is more” hypothesis [83]. The earlier conclusion that fixation of
null alleles is not a common mechanism for phenotypic evolution in chicken
domestication[12, 13] might be incorrectly drawn because of the low quality of earlier
chicken genome assemblies, leading to the failure to detect inactivating mutations such as
pseudogenization [84].

Interestingly, there are more pseudogenes in the four indigenous chickens
(556~684) than in the two commercial chickens GRCg7b (415) and GRCg7w (385),
mainly because many genes that are functional in the commercial chickens are either
pseudogenized or completely lost in the indigenous chickens (Supplementary Tables 3-
24~3-27). The discrepancy might be due to the domestication processes of the indigenous
chickens in their unique ecological niches and artificial environments as well as to the
special ways that the terminal commercial chicken lines for production are produced [64-
67]. Specifically, large scale pseudogenization might favor the domestication of the
indigenous chickens in their unique ecological niches and artificial environments, while
the purebred parental lines of commercial chickens, which are produced by intensive
artificial selection for fast growth and high egg-laying traits of their offspring through

hybrid vapor, might harbor fewer pseudogenes. Although the pseudogenes in the four
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indigenous chickens are not essential in their unique ecological niches and artificial
environments, it is highly likely that many of their functional versions in the commercial
breeds might be crucial for their high productive capabilities in industrialized artificial

environments.

3.5 Conclusion

By combining short, long and Hi-C reads, we assembled the genomes of four
indigenous chickens with the highest continuity for chicken genome assembly so far. We
also assembled the missing chromosomes (chr29 and chr34~chr39) and corrected mis-
assembled chromosomes (chr31~chr33) for the RJF genome (GRCg6a). We identified a
total of 1,420 new genes in the four indigenous chicken genomes. Most of these new
genes also are encoded in the earlier assembled RJF (GRCg6a) and commercial chicken
genomes (GRCg7b/w), and might be involved in important biological processes.
Counting these new genes, chicken genomes encode similar numbers of protein-coding
genes as other tetrapods. Moreover, we identified a total of 2,293 pseudogenes in the
seven chicken genomes, affecting many important biological processes. The occurring
patterns of these pseudogenes in the genomes suggest that loss-of-function mutations

might play critical roles in chicken evolution and domestication.
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CHAPTER 4 Artificial selection footprints in domestic chicken genomes

4.1 Background

Chicken (Gallus gallus) has been domesticated by human for about 8,000 years
[7], and multiple lines of evidence show that red jungle fowl (RJF) is the major ancestor
of domestic chicken all over the world [6, 7, 85]. Artificial selection has resulted in
numerous chicken breeds with distinct traits in different parts of the world for various
purposes, including meat and egg production as well as recreation and ornament.
Particularly, intensive systematic artificial selections carried out in a few companies in
the last decays have led to highly production-efficient commercial broiler and layer lines
used all over the world. Understanding the genetic basis of distinct traits of traditionally
bred indigenous chicken as well as of commercialized broilers and layers is crucial to
guide breeding programs to further improve the commercial lines and chicken welfare
[86]. Besides commercial lines, indigenous chicken breeds are also excellent model
systems to study the relationships between genotypes and phenotypes [87]. Indeed, many
studies have been done to reveal artificial selection signatures on commercial broilers and
layers [8, 12, 65, 88-91] as well as on indigenous chickens [92-98]. These studies have
identified genes or quantitative trait loci (QTLs) related to specific traits such as body
size [93, 94, 99-104], meat quality [105-107], egg production [108], feathering [109-
116], plumage color [117-120], skin color [121], behaviors [122, 123], immunity [124],
crest shapes [125], bone traits [126-128], rumpless trait [129-132], and polydactyly [133,
134]. However, genetic bases of many artificially selected traits, in particular, of
indigenous chickens, are far from being fully understood. Yunnan, a southwest province

of China, is one of the major centers where domestic chickens arise [6], and numerous
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chicken breeds have been raised in mountainous areas there. Among these indigenous
chicken breeds are Daweishan, Hu, Piao, Wuding and Nine-claw chicken, each with
distinct traits. Specifically, Daweishan chickens have a miniature body size (0.5~0.8kg
for female and 0.8~1.2kg for male adults); Hu chickens have a large body size (3kg for
female and 6kg for male adults) with extraordinarily stout legs; Piao chickens have a
short tail (a rumpless phenotype); Wuding chickens have a relatively large body size with
colorful feathers and thick fat; and Nine-claw chickens have nine claws with a middle-
sized body.

To understand the domestication and genetic basis of the distinct traits of these
indigenous chickens, we have re-sequenced 25 Daweishan chickens, 10 Hu chickens, 23
Piao chickens, 23 Wuding chickens and four Nine-claw chickens. By comparing the
single nucleotide polymorphisms (SNPs) of these indigenous chicken populations with
those of 35 RJF individuals as well as of 60 broiler individuals and 56 layer individuals,
we were able to find more artificial selection signatures on the indigenous chickens,
broilers and layers using a rigorous statistic model [135] than previously reported [8, 12,
65]. By comparing the selection signatures between the indigenous chicken breeds, RJF,
broilers and layers, we have found numerous genomic regions and genes related to the
breed-specific traits.

4.2 Methods and materials
4.2.1 Re-sequencing short reads from NCBI SRA

We downloaded genomic short reads for two broiler lines from NCBI Sequence

Read Archive (SRA): “Broiler A” (n=40, access number PRJEB15276) and “Broiler B”

(n=20, access number PRJEB30270). Broiler A was originally from France, and Broiler
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B was from the company Indian River International. We downloaded DNA short reads
for three layer lines from NCBI SRA: “Layer A” (n=25, access number PRIEB15189)
were white egg layers, “Layer B” (n=25, access number PRIEB30270) were brown egg
layers, and “Layer C” (n=6, access number PRJEB30270) were crossbred layers. We
downloaded genomic short reads for two RJF populations from NCBI SRA: “RJF A”
(n=25, access number PRJEB3027) were from northern Thailand, and “RJF B” (n=10,

access number PRJEB3027) were from India.

4.2.2 Re-sequencing of indigenous chicken samples

We re-sequenced 85 indigenous chicken individuals from the Experimental
Breeding Chicken Farm of the Yunnan Agricultural University (Yunnan, China),
including 25 Daweishan chickens aged 10 months (nine males, 16 females), 10 Hu
chickens aged seven months (five males, five females), 23 Piao chickens aged 10 months
(11 males, 12 females), 23 Wuding chickens aged 10 months (11 males, 12 females) and

four Nine-claw chickens aged 10 months (two males, two females).

4.2.3 Short-reads DNA sequencing

Two milliliters of blood were drawn from the wing vein of each chicken in a
centrifuge tube containing anticoagulant (EDTA-2K) and stored at -80°C until use.
Genomic DNA (10pg) in each blood sample was extracted using a DNA extraction kit
(DP326, TTANGEN Biotech, Beijing, China) and fragmented using a Bioruptor Pico
System (Diagenode, Belgium). DNA fragments around 350 bp were selected using SPRI
beads (Beckman Coulter, IN, USA). DNA-sequencing libraries were prepared using

[llumina TruSeq® DNA Library Prep Kits (Illumina, CA, USA) following the vendor’s
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instructions. The libraries were subject to 150 cycles paired-end sequencing on an
[llumina Novaseq 6000 platform (Illumina, CA, USA) at ~30 coverage.
4.2.4 Real-time quantitative PCR (RT-qPCR) analysis

RT-qPCR was performed using the Bio-Rad CFX96 real-time PCR platform (Bio-
Rad Laboratories. Inc, America) and SYBR Green master mix (1QTM SYBRGreen ®
Supermix, Dalian TaKaRa Biotechnology Co. Ltd. Add). The primers of the eight genes
are listed in Supplementary Note 4-1. The B-actin gene was used as a reference. Primers
were commercially synthesized (Shanghai Shenggong Biochemistry Company P.R.C).
Each PCR reaction was performed in 25 pl volumes containing 12.5 pl of iQ™ SYBR
Green Supermix, 0.5 pl (10 mM) of each primer, and 1 pl of cDNA. Amplification and
detection of products was performed with the following cycle profile: one cycle of 95 °C
for 2 min, and 40 cycles of 95 °C for 15 s, annealing temperature for 30 s, and 72 °C for
30 s, followed by a final cycle of 72 °C for 10 min. The specificity of the amplification
product was verified by electrophoresis on a 0.8% agarose gel and DNA sequencing. The
272 method was used to analyze mRNA abundance. All samples were analyzed with at
least three replicates, and the mean of these measurements was used to calculate mRNA
expression.
4.2.5 Variant calling

We mapped the short reads of each individual chicken to the reference genome
(GRCg7b) using BWA (0.7.17) [29] and SAMtools (1.9) [30] with the default settings
and called variants for each individual using GATK-HaplotypeCaller (4.1.6) [43] with
the default settings. After generating the GVCF files for each individual, we computed

allele frequencies in the same chicken breed using the GATK-CombineGVCFs (4.1.6)
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tool [43]. For each chicken breed, we removed variants with Quality by depth (QD) <2,
Fisher strand (FS) > 60, Root mean square mapping quality (MQ) < 40, Strand odd ratio
(SOR) > 3, Rank Sum Test for mapping qualities (MQRankSum) < -12.5 and Rank Sum
Test for site position within reads (ReadPosRankSum) < -8 for SNPs and QD <2, FS >
200, SOR > 10, Likelihood-based test for the consanguinity among samples
(InbreedingCoeff) < -0.8 and ReadPosRankSum < -20 for indels.
4.2.6 Functional annotation of variants

We used the package ANNOVAR [136] to annotate the variants according to their
locations on the reference genome into seven categories including 1) intergenic regions,
2) intronic regions, 3) coding regions (synonymous, nonsynonymous, stop gain and stop
loss), 4) up/downstream of a gene, 5) splicing sites, 6) 5’ untranslated regions (5’UTRs)
and 3’ UTRs, and 7) non-coding RNA regions. We used the tool Ensembl Variant Effect
Predictor (VEP) [137] to predict the impact of amino acid-altering SNPs.
4.2.7 Detection of selective sweeps

The selective sweeps were detected using two methods including genetic
differentiation (Fsr) [138] and nucleotide diversity (). We estimated Fg for each
comparison of two chicken populations using VCFtools (0.1.16) [139] with a sliding
window size 40 kb and a step size 20 kb. We estimated m for each group using VCFtools
(0.1.16) [139] with a sliding window size 40 kb and a step size 20 kb, and calculated the
absolute value of the difference in nucleotide diversity (|4m|) in each window for each
comparison of two populations. For both Fg and |4m|, we only used the bi-allelic SNPs
on autosomes and sex chromosomes for the analysis. To evaluate the statistic significance

of the Fgr and m values for a comparison, we generate a Null model by shuffling the
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allele frequency data for 100 times while keeping the SNP positions fixed [135]. We then
computed Fg; and |Arr| for the permuted windows as well as their means (y(FST Nu”) and

(| Am| yyyr)) and standard deviations (o(Fsr,,,;) and o(| 47| yy;;)). We computed the Z

value for each Fgr and |Am| values for a comparison by using the following formulas:
ZFgr (i) = (Fsr (i) — ﬂ(FSTNu”)/O'(FSTNuu) and

Z|An(@)| = (14w (D) — (|47 | ) / o1 AT | junr)-

We consider a window with either ZFg (i) > 6 or Z|Az| > 3.09 (P-value < 0.001) to be a
putative selective sweep. Since adjacent putative selective sweep windows may overlap
with each other, we merged adjacent windows if they overlapped by at least one

nucleotide to obtain the discrete selective sweeps (DSSs) for each comparison.

4.2.8 Selective sweeps analysis

To reveal selective sweeps in the domestic chicken populations, we conducted a
total of 19 comparisons, including 1) Daweishan chickens VS. RJF, 2) Hu chickens VS.
RJF, 3) Piao chickens VS. RJF, 4) Wuding chickens VS. RJF, 5) Nine-claw chickens VS.
RJF, 6) Broilers VS. RJF, 7) Layers VS. RJF, 8) Indigenous chickens (Daweishan
chickens + Hu chickens + Piao chickens + Wuding chickens + Nine-claw chickens) VS.
RJF, 9) Commercial chickens (layers + broilers) VS. RJF, 10) Indigenous chickens VS.
Commercial chickens, 11) Daweishan chickens VS. the other six domestic chicken
breeds, 12) Hu chickens VS. the other six domestic chicken breeds, 13) Piao chickens
VS. the other six domestic chicken breeds, 14) Wuding chickens VS. the other six
domestic chicken breeds, 15) Nine-claw chickens VS. the other six domestic chicken

breeds, 16) Broilers VS. the other six domestic chicken breeds, 17) Layers VS. the other
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six domestic chicken breeds, 18) Daweishan chickens VS. chickens with relatively large

body size (Hu chickens, Wuding chickens and Broilers), 19) Broilers VS. Layers.
4.3 Results

4.3.1 Indigenous chicken breeds have higher nucleotide diversity

By using the re-sequencing short reads of 25 Daweishan chickens, 10 Hu
chickens, 23 Piao chickens, 23 Wuding chickens, four Nine-claw chickens, 60 broilers,
56 layers and 35 RJFs, we detected 20, 16, 22, 19, 13, 17, 14 and 22 million single
nucleotide variants (SNVs) and small indels in the eight chicken groups (Table 4-1),
respectively, using the GRCg7b assembly as the template. After the redundant variants in
the different groups were removed, there are 33 million variants totally. There are 17, 13,
19, 16, 11, 14, 12 and 19 million bi-allelic SNPs on autosomes and sex chromosomes in
the groups of Daweishan, Hu, Piao, Wuding, Nine-claw chickens, broilers, layers and
RJFs, respectively (Table 4-1). After removing the redundant ones in the different
groups, we ended up with 26 million bi-allelic SNPs on autosomes and sex
chromosomes, and our subsequent analyses will be focused on these bi-allelic SNPs in
each chicken group (Table 4-1).

When analyzing the mean nucleotide diversity () of each chicken group, we
found the values of the broilers and the layers are smaller than those of the five
indigenous chickens and RJFs (Table 4-1), indicating that the commercial lines are
genetically more uniform than the indigenous lines and RJFs, as expected. The relatively
low m values of commercial lines might be due to their close mating and linked selection
[65]. At the same time, we detected 30 and 19 million SNPs on autosomes and sex

chromosomes within the indigenous chicken group (85 individuals totally) and the
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commercial chicken group (116 individuals totally), respectively, of which, 23 and 16
million were bi-allelic SNPs for the two chicken groups, respectively (Table 4-1).
Consistent with the aforementioned results, the mean  values of the indigenous group
and the RJFs group are higher than that of the commercial group (Table 4-1), suggesting
that artificial selection in commercial lines is more intensive than in indigenous chickens.
Unexpectedly, the mean  value of the indigenous group is higher than that of the RJFs
group with two different origins (India and Thailand, Materials and methods, Table 4-1),
which might be due to some level of inbreeding on farms of the RJFs since their
ancestors’ captures.

Table 4-1 Summary of genetic variants in the chicken groups

Daweishan Hu Piao Wuding  Nine-claw Broiler Layer RIJF Indigenous Commercial
# Individuals 25 10 23 23 4 60 56 35 85 116
# Variants 20,387,469 15,708,834 21,993,907 19,468,846 12,946,552 16,747,786 14,390,952 22,295,197 29,749,839 18,738,449
# Bi-allelic SNPs
on autosomes and 17,267,774 13,446,705 18,646,530 16,484,447 11,225,485 14,162,751 12,096,556 19,053,911 23,405,295 15,692,214
sex chromosomes
Mean Pi 4.20E-03  3.90E-03  4.40E-03  3.80E-03  4.20E-03  3.40E-03  2.30E-03  3.80E-03  4.30E-03  3.10E-03

4.3.2 Variants are enriched in non-coding regions

Based on the location of the bi-allelic SNPs, we classified them into seven
categories, including intergenic (variants in intergenic regions), intronic (variants in
introns), up/downstream (variants within a 1kb region up/downstream of transcription
start/end sites), splicing (variants within 2 bp of a splicing junction), UTR 3°/UTR 5’
(variants in 3°/5’ untranslated regions), ncRNA (variants in non-coding RNA genes) and
coding (variants in coding sequences). The relative abundances of the bi-allelic SNPs in
each chicken group are shown in Table 4-2. Specifically, of the bi-allelic SNPs in each
chicken group, 29.71%~30.46% fall within intergenic regions, 50.44%~51.57% are
located in intronic regions, 2.86%~2.97% fall within up/downstream regions,

4.08%~4.24% are located in 3> UTR/5’ UTR regions, 0.01% fall within splicing regions,
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10.09~10.18% are located in ncRNA regions, and 1.53%~1.80% fall within coding
regions (Table 4-2). Therefore, only a small portion (1.53%~1.80%) of the bi-allelic
SNPs fall within coding regions, while the vast majority (98.20%~98.47%) are located in
non-coding regions. As non-coding regions comprise 96.92% of the reference chicken
genome (GRCg7b assembly), the SNPs are enriched in non-coding regions relative to in
coding regions.

Among the bi-allelic SNPs in coding regions of each chicken group,
33.33%~38.33% (Daweishan = 35.71%, Hu = 34.55%, Piao = 36.47%, Wuding =
35.71%, Nine-claw = 33.33%, broiler = 34.97%, layer = 35.22%, RJF = 35.80%,
indigenous = 38.33%, commercial = 36.36%) are amino acid-altering (AA-altering, i.e.,
nonsynonymous and stop-gain/loss) SNPs (Table 4-2). Among the nonsynonymous SNPs
in each chicken group, most (Daweishan = 86.44%, Hu = 87.50%, Piao = 85.24%,
Wuding = 86.44%, Nine-claw = 88.00%, broiler = 87.50%, layer = 87.27%, RJF =
85.96%, indigenous = 63.24%, commercial = 69.49%) are tolerant SNPs and only a small
proportion (Daweishan = 13.56%, Hu = 12.50%, Piao = 14.76%, Wuding = 13.56%,
Nine-claw = 12.00%, broiler = 12.50%, layer = 12.73%, RJF = 14.04%, indigenous =
36.76%, commercial = 30.51%) are intolerant, which might be harmful variants and thus
under purifying selection in the chicken group (Table 4-2).

Table 4-2 Functional annotation of genetic variants in each chicken group

Daweishan Hu Piao Wuding Nine-claw Broiler Layer RIF Indigenous Commercial
# SNPs in intergenic region (%) 5,192,013 (30.07) 3,995,687 (29.71) 5,636,381 (30.23) 4,963,186 (30.11) 3,353,149 (29.87) 4,237,766 (29.92) 3,628,162 (29.99) 5,803,793 (30.46) 7,107,445 (30.37) _4713,113 (30.03)
# SNPs in Intronic region (%) 8,802,652 (50.98) 6,901,461 (51.32) 9,465,663 (50.76) 8,398,955 (50.95) 5,788,439 (51.57) 7,258,352 (51.25) 6,201,733 (51.27) 9,670,335 (50.75) 11,805,669 (50.44) 8,014,790 (51.07)
# SNPs in up/downstream (%) 513,016 (2.97)  398,721(2.97) 552,450 (2.96) 489,473 (2.97) 320,904 (2.86) 419,495 (2.96) 355,747 (2.94) 548,631 (2.88) 694,514 (2.97) 464,953 (2.96)
# SNPs in UTR 3'/UTR 5’ (%) 719,457 (4.17) 559,799 (4.16) 778,556 (4.18) 683,119 (4.14) 458,168 (4.08) 587,352 (4.15) 495,415 (4.10) 786,835 (4.13) 992,584 (4.24) 652,061 (4.16)
# SNPs in splicing region (%) 1,166 (0.01) 859 (0.01) 1,258 (0.01) 1,150 (0.01) 662 (0.01) 1,055 (0.01) 866 (0.01) 1,276 (0.01) 1,791 (0.01) 1,265 (0.01)
# SNPs in ncRNA (%) 1,748,603 (10.13) 1,368,611 (10.18) 1,894,392 (10.16) 1,672,022 (10.14) 1,132,747 (10.09) 1,428,434 (10.09) 1,222,251 (10.10) 1,935,153 (10.16) 2,382,196 (10.18) 1,587,018 (10.11)
# SNPs in coding region (%) 290,867 (1.68) 221,567 (1.65) 317,830 (1.70) 276,542 (1.68) 171,416 (1.53) 230,297 (1.63) 192,382 (1.59) 307,888 (1.62) 421,096 (1.80) 259,014 (1.65)
# Nonsynonymous-INTOL SNPs (%) 14,069 (0.08) 9337(0.07)  16330(0.09) 13,415 (0.08) 6,452(0.06) 10,527 (0.07) 8594(0.07) 14,803 (0.08) 57,713 (0.25) 28,147 (0.18)
#Nonsynonymous-TOLSNPs (%)~ 88,831(0.51) 66,095 (0.49)  97,721(0.52) 84,157 (0.51) 49,459 (0.44) 69,943 (0.49) 58,099 (0.48)  93,118(0.49) 100,729 (0.43) 64,301 (0.41)
#Synonymous SNPs (%) 185,466 (1.07)  144,341(1.07) 201,060 (108)  176,605(107)  114,265(102) 147,808 (1.04) 123,989 (1.02) 197,449 (1.04) 258938 (1.11) 164,231 (105)
# Stop-gain/loss (%) 1,220 (0.01) 862 (0.01) 1,334 (0.01) 1,145 (0.01) 581 (0.01) 962 (0.01) 831(0.01) 1,290 (0.01) 1,927 (0.01) 1,169 (0.01)

# No prediction (%) 1,281 (0.01) 932 (0.01) 1,385 (0.01) 1,220 (0.01) 659 (0.01) 1,057 (0.01) 869 (0.01) 1,228 (0.01) 1,789 (0.01) 1,166 (0.01)
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4.3.3 Indigenous chickens have a high portion of rare nonsynonymous SNPs

We compared the allele frequencies of the SNPs in coding regions in the groups
of RJFs, indigenous and commercial populations. As shown in Figure 4-1a, all the three
groups have higher portion of rare nonsynonymous SNPs than rare synonymous SNPs,
indicating that rare nonsynonymous SNPs tend to be deleterious and thus under purifying
selection. The same conclusion has been drawn in an earlier study for commercial
chickens [65]. Interestingly, the indigenous chickens have the highest rare allele
frequency densities for both nonsynonymous and synonymous SNPs, followed by RJFs
and the commercial chickens. The earlier study also noted that RJFs had higher rare allele
frequency densities than commercial chickens [65]. Intensive industrial selective
breeding of commercial chickens can lead to the loss of rare alleles which might be
slightly deleterious, thus the density of rare allele frequency of commercial chickens is
the lowest among the three chicken groups. Consistent with our earlier results (Table 4-
1), the indigenous chickens had higher rare allele frequency densities than RJFs. On the
other hand, the indigenous chickens consist of five chicken breeds with distinct traits
from different regions in Yunnan Province, China, thus they have higher nucleotide
diversity (Table 4-1) compared with commercial chickens and RJFs, due to harboring
more rare alleles (Figure 4-1a). Among the five different indigenous chicken breeds and
two commercial chicken breeds, the density of the rare allele frequency of Piao chickens
is the highest, and the value of layers is the lowest (Figure 4-2), consistent with their

highest and lowest 7 values, respectively (Table 4-1).
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4.3.4 Only a small portion of breed-specific SNPs are fixed

We analyzed the group-specific SNPs in each chicken group, and found that RJFs
have the highest number of unique SNPs (2.9 million) among the eight chicken groups
(Table 4-3), which is consistent with the finding in the previous study [65], suggesting a
loss of ancestral alleles during chicken domestication. Except for Hu chicken and Nine-
claw chicken with a small population size (Table 4-1), layers have the lowest number of
unique SNPs (455k) and broilers have the second lowest number of unique SNPs (520k)
among the eight chicken breeds (Table 4-3), while Daweishan, Piao and Wuding
chickens have 1.1, 1.3 and 0.7 million unique SNPs, respectively, indicating once again
that genetic diversity of indigenous chickens is higher than those of the layers and the
broilers. From 0.83% (RJFs) to 1.39% (Wuding chicken) of the group-specific SNPs are
missense mutations (Table 4-3). Most of the group-specific SNPs have allele frequencies
lower than 0.5, and only a very small portion (0.05%~0.59%) are close to being fixed
(allele frequency > 0.9) in all the eight groups of chickens (Table 4-3). The same is true
for the missense SNPs (0.04%~0.48%) (Table 4-3). More details of the group-specific
missense SNPs and affected genes are listed in Supplementary Tables 4-1~4-8.

We also compared allele frequency spectrums of the group-specific SNPs in the
eight chicken groups (Figure 4-1b). Group-specific alleles of the layers tend to have
higher frequencies than those in other groups (except for Hu chicken and Nine-claw
chicken with a small population size), consistent with the finding in the earlier study [65].
This might be a result of artificial selection which increase the frequency of favorable

alleles in layers.
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Table 4-3 Frequencies of group-specific SNPs in the eight groups of chickens

Daweishan Hu Piao Wuding Nine-claw Broiler Layer RIF
Allele #SNPs__# Mi # SNPs_# Mi #SNPs__# Mi # SNPs_# Mi # SNPs_# Mi # SNPs_# Mi #SNPs_# Mi #SNPs__# Mi
0~0.1 960,081 11,415 333,183 4,415 |1224071 14,808 |591,131 8364 ] ] 437,138 6,113 329,256 4,896 |2,361,887 20,261
0.170.2 114622 1,294 | 84008 1,063 | 78505 989 [83703 1,051 |106514 1,270 |47,251 554 [59,783 666 | 417,060 3,172
0.270.3 33,290 39 [32380 399 6,863 133 |16014 201 |49960 487 | 16,192 175 |20795 237 119,324 790
0304 10,522 128 | 12,865 171 2,534 45 5,418 68 14,077 163 | 10,124 78 13,923 101 24,587 159
0.470.5 4,485 46 7,046 68 2,045 33 2,781 22 6,900 76 5,522 44 11,792 % 5,641 44
0570.6 1,478 17 2,212 19 405 12 1,706 12 0 0 1,339 13 11,469 69 1,184 12
0.670.7 926 9 1,79 13 435 6 537 7 2,881 10 725 5 2,549 22 748 11
0.7-0.8 732 12 1,344 12 430 6 410 2 2,136 11 518 4 1,783 9 466 3
0.8~0.9 363 6 991 9 223 5 327 3 1,631 5 336 2 1,165 1 293 2
09~1.0 1,173 13 2,827 30 1,001 10 1,199 12 3,783 31 891 4 2,659 16 1,362 10
Sum 1,127,672 13336 (478,652 6,199 |1,316512 16,047 |703,226 9,742 (187,882 2,053 [520,036 6992 |455174 6,113 2,932,552 24,464

4.3.5 Indigenous chickens are more closely related to one another

To reveal the genetic relationships of the individual chickens, we performed a
principal component analysis (PCA) based on occurring patterns of the ~26 million bi-
allelic SNPs. As shown in Figure 4-1c, the five indigenous breeds from Yunnan Province,
China, are clustered together with RJFs from northern Thailand (RJF A) that is
geographically close to Yunnan Province, China, while RJFs from India (RJF B) form a
separate cluster nearby. This result suggests that the five indigenous breeds are closed
related to one another, and they are also more closely related to RJFs from northern
Thailand (RJF A) than to those from India (RJF B). On the other hand, brown egg layers
(Layer B) and broilers from Indian River International (Broiler B) form two tight clusters
close to the cluster of indigenous chickens and RJF A, while white egg layers (Layer A),
crossbred layers (Layer C) and broilers from France (Broiler A) form clusters far away
from the cluster of indigenous chickens and RJF A. These results suggest that broilers
and layers with different origins have quite different genetic structures although they

might have similar productivities.
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4.3.6 A rigorous Null model facilitates sensitive detection of selective sweeps

To detect selection signatures of each chicken breed, we identified selective
sweeps [140] along the chromosomes based on the frequencies of the bi-allelic SNPs. We
used both genetic differentiation (Fsr) and nucleotide diversity (1) to determine the
selective sweeps of each chicken breeds. A sliding window of 40 kb with 20 kb step size
was used to compute both Fgr and . To identify selective sweeps more sensitively,
unlike previous studies [65] that used the sample mean and standard deviation to compute
Z-values, we computed ZFs and Z|Ar| values for each comparison based on the mean
and standard deviation of Null models generated by permutating allele frequencies of the
samples [135] (Materials and methods). We consider a window with ZFg; > 6 or Z|Am| >
3.09 (P-value < 0.001) as a selective sweep. Since adjacent windows can overlap with
each other, we merged the overlapping selective sweep windows to form a discrete
selective sweep (DSS) (Materials and methods). To find selection signatures of the
chicken groups, we conducted a total of 19 different comparisons (Table 4-4 and
Supplementary Table 4-9). The selective sweep windows identified by either of the two
methods are distributed along all the chromosomes with varying densities (Figures 4-3, 4-
4, 4-5 and 4-6). We generally detected more DSSs using ZFg (806~2,125 DSSs) than
using Z|Am| (110~818 DSSs) for all the 19 comparisons (Table 4-4 and Supplementary
Table 4-9) even using a higher ZFg; cutoff, suggesting that ZFgr is more sensitive than
Z|Am| to identify selective sweeps. However, less than 60% (9.16%~58.23%) of the
DSSs identified by Z|Am| overlap with those identified by ZFs (Supplementary Tables
4-10~4-28) in the 19 comparisons, indicating that the results of the two methods are

largely complementary with each other. We thus take their union as the final prediction
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of DSSs (Supplementary Tables 4-10~4-28). We finally identified 1,073~2,745 DSSs
consisting of 1,998~7,284 windows containing 528~2,147 genes in each of the 19
comparisons (Table 4-4 and Supplementary Table 4-9). Therefore, we find much more
selective sweeps than the previous study using a mixture model (~60 selective sweep
windows of 40 kb size) [65]. The DSSs in the 19 comparisons have a varying length
ranging from 40 kbp to 2,240 kbp with a median length of 60 kbp, and 91.71% of them
are shorter than 140 kbp (Figure 4-7a). The total length of the DSSs in each comparison
consist of 5.85% (Nine Claw VS RJF) ~ 18.88% (Broiler VS Layer) of the reference
genome (GRCg7b assembly) (Figure 4-7b). In general, comparisons with broilers alone
as one of the two compared groups tend to have a high portion of genome under selection
(Figure 4-7b), suggesting that broilers have gone through most extensive selection.

Table 4-4 Summary of putative selective sweeps and DSSs

Breeds # Analyzed windows # Windows passed critical cut-off | # Discrete selective sweeps (# genes) | # Final putative selective sweep
ZFst Z| AP| ZFst> 6 Z| AP >3.09 ZFsT> 6 Z| APi| >3.09 indows (# DSSs, # genes in DSSs)
Daweishan VS. RJF 51,857 51,789 4,157 595 1,268 (978) 263 (790) 4,619 (1,550, 1706)
Hu VS. RJF 51,822 51,719 3,407 1,601 1,054 (783) 645 (802) 4,415 (1,811, 1,425)
Piao VS. RIF 51,860 51,789 4,057 383 1,313 (845) 152 (647) 4,381 (1,483, 1,455)
Wuding VS. RJF 51,853 51,782 3,752 1,554 1,255 (811) 764 (892) 4,962 (2,077, 1,617)
Nine-claw VS. RIF 51,769 51,615 1,640 497 806 (398) 262 (176) 1,998 (1,073, 528)
Broiler VS. RJF 51,643 51,756 6,366 2,150 1,784 (1,477) 818 (646) 7,012 (2,745, 1,661)
Layer VS. RJF 51,808 51,725 3,808 791 1,521 (896) 407 (404) 4,192 (1,926, 1,139)
di VS. RIF 51,886 51,793 4,294 301 1,183 (817) 130 (528) 4,572 (1,319, 1,333)
Commercial VS. RIF 51,658 51,767 5,063 1,146 1,787 (1,191) 544 (584) 5,540 (2,382, 1,544)
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Figure 4-3 Manhattan plots of ZFgr values for the indicated comparisons. The blue
horizontal line indicates the ZFgr cutoff = 6. Examples of genes in significant selective
sweep windows are shown in different color. Genes that have been previously reported in
selective sweep windows are shown in red, genes in our predicted selective sweep
windows potentially related to the specific traits of each chicken breed are shown in blue,
and genes in novel selective sweep windows with extremely high ZFs values are shown
in black. Asterisk represents selective sweep windows lacking annotated genes.
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Figure 4-4 Manhattan plots of Z|Arm| values for the indicated comparisons. The blue
horizontal line indicates the Z|Arm| cutoff = 3.09. Examples of genes in significant
selective sweep windows are shown in different color. Genes that have been previously
reported in selective sweep windows are shown in red, genes in our predicted selective
sweep windows potentially related to the specific traits of each chicken breed are shown
in blue, and genes in novel selective sweep windows with extremely high Z|Ar| values
are shown in black. Asterisk represents selective sweep windows lacking annotated
genes.
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Figure 4-5 Manhattan plots of ZFgr values for the indicated comparisons. The blue
horizontal line indicates the ZFgr cutoff = 6. Examples of genes in significant selective
sweep windows are shown in different color. Genes that have been previously reported in
selective sweep windows are shown in red, genes in our predicted selective sweep
windows potentially related to the specific traits of each chicken breed are shown in blue,
and genes in novel selective sweep windows with extremely high ZFs values are shown
in black. Asterisk represents selective sweep windows lacking annotated genes.
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Figure 4-6 Manhattan plots of Z|Arm| values for the indicated comparisons. The blue
horizontal line indicates the Z|Am| cutoff = 3.09. Examples of genes in significant
selective sweep windows are shown in different color. Genes that have been previously
reported in selective sweep windows are shown in red, genes in our predicted selective
sweep windows potentially related to the specific traits of each chicken breed are shown
in blue, and genes in novel selective sweep windows with extremely high Z|Arm| values
are shown in black. Asterisk represents selective sweep windows lacking annotated
genes.



90

a b20% -
0.4
15%
30.3
2 10%
80.2
5% -
0.1
0% L
00 u.&u.m&u.u.u.u.Emcnmmmmmmn:
: 2 g 0000003
0 50 100 150 200 $4444L00g 288944975
DSSs length (X10k bp) w5009m502>"’g30955>m
2T L2z Zggg sz =z 2
- o

Figure 4-7 Summary of the DSSs lengths. a. Distribution of the lengths of the DSSs
pooled from the 19 comparisons. b. Ratio of the DSSs lengths in each comparison with
respect to the length of the reference genome (GRCg7b assembly). Abbreviations: DWS
for Daweishan, WD for Wuding, N-C for Nine-claw, BR for Broiler, LR for Layer, IND
for indigenous, COM for commercial, OB for Other Breeds and HWB for
Hu+Wuding+Broiler.

4.3.7 The 19 comparisons reveal selection signatures of the chicken groups

Firstly, to find the genetic differences between artificial selection and natural
selection, we compared each chicken breed (including indigenous chicken group and
commercial chicken group) with the RJFs. As summarized in Table 4-4 and
Supplementary Tables 4-10~4-18, we identified varying numbers of selective sweeps
(1,998~7,012) and DSSs (1,073~2,745) involving 528~1,706 genes for the eight
comparisons, suggesting that these chicken breeds might have gone through different
levels of artificial selection. For example, the Broiler VS. RJF comparison yields the
highest numbers of selective sweeps (7,012) and DSSs (2,745), suggesting again that
broilers might have gone through the most intensive artificial selection. Among the five
indigenous breeds, Wuding chickens might have gone through the most intensive
artificial selection with the highest numbers of selective sweeps (4,962) and DSSs
(2,077). In addition, we identified more selective sweeps (5,540) and DSSs (2,382) for
the Commercial VS. RJF comparison than those (4,572 selective sweeps and 1,319

DSSs) in Indigenous VS. RJF comparison (Table 4-4), suggesting that the commercial
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chickens have gone through more intensive artificial selections than indigenous chickens
as generally understood.

Secondly, to reveal the genetic differences between traditional selection and
industrial selection, we compared the indigenous chicken group with the commercial
chicken group and identified a large number of selective sweeps (6,735) and DSSs
(2,532) involving 2,147 genes (Supplementary Tables 4-9 and 4-19). This result suggests
that indigenous chickens and the commercial chickens have gone through quite different
artificial selection routes as commonly understood.

Thirdly, to reveal uniquely selective sweeps of each chicken breed, we compared
each domestic chicken breed with the rest domestic chicken breeds and found that
broilers and layers have much higher number of uniquely selective sweeps (7,239 and
6,401, respectively) and DSSs (2,514 and 2,479, respectively) than the indigenous breeds
(2,801~4,555 and 1,363~1,890, respectively) (Supplementary Tables 4-9 and 4-20~4-26).

Fourthly, to reveal possible selective sweeps underlying the miniature body size
of Daweishan chicken, we compared Daweishan chicken with the group of Hu chicken,
Wuding chicken and Broiler (HWB), with a relatively large body size, and identified
6,359 selective sweeps and 2,263 DSSs including 1,911 genes (Supplementary Tables 4-9
and 4-27).

Finally, to find the selection difference between broilers and layers, we compared
the two groups and identified 7,284 selective sweeps and 2,630 DSSs including 1,802
genes (Supplementary Tables 4-9 and 4-28). For the similar comparison in a previous
study [65], only 41 selective sweeps (40 kb) were identified. Therefore, we identified

substantially more selective sweeps. This might be because we use a more rigorous Null
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model for normalizing Fsr and Arm, while the previous study employed a mixture model
[65].
4.3.8 Amino-acid altering SNPs are enriched in the selective sweeps

To identify selective sweeps that might be responsible for the formation of a
chicken breed, we took the union of DSSs found in comparisons with breed alone as one
of the compared group, e.g, for Daweishan chicken, we took the union of DSSs in
comparisons Daweishan VS. RJF, Daweishan VS. Other Breeds and Daweishan VS.
HWB; and for Hu chicken, we took the union of DSSs in comparisons Hu VS. RJF and
Hu VS. Other Breeds; and so on. We identified from 1.22 million (Nine-claw chicken) to
4.06 million (broilers) SNPs in the union of DSSs in each domestic chicken breed (Table
4-5). Among these SNPs, only 1.28% (Nine-claw chicken) ~2.02% (Hu chicken) are
located in coding regions, while the remaining vast majority (97.98%~98.72%) fall in
non-coding regions (Table 4-5). As non-coding regions comprise 96.92% of the
reference chicken genome (GRCg7b assembly), as in the case of all the bi-allelic SNPs
(Table 4-2), the SNPs in the DSSs are also enriched in non-coding regions relative to in
coding regions. Among the SNPs in coding regions, 36.30%~45.23% are amino-acid
altering, which are higher than the corresponding values of all the bi-allelic SNPs
(33.33%~38.33%) (Table 4-2), suggesting that amino-acid altering SNPs are enriched in
the selective sweeps relative to all the bi-allelic SNPs (p = 0.005, K-S test).

Table 4-5 Functional annotation of SNPs in DSSs of each domestic chicken breed

D i Hu Piao Wuding Nine-claw Broiler Layer
# Total bi-allelic SNPs 3,657,983 1,919,925 2,997,593 3,020,337 1,219,065 4,058,599 2,862,137
#SNPs inii ic region (%) 1,237,910 (33.84) 662,275 (34.49) 1,026,302 (34.24) 982,969 (32.55) 424,878 (34.85) 1,279,806 (31.53) 890,623 (31.12)
# SNPs in Intronic region (%) 1,753,832 (47.95) 914,031 (47.61) 1,420,985 (47.40) 1,491,637 (49.39) 587,664 (48.21) 2,030,548 (50.03) 1,455,882 (50.87)
# SNPs in up/ (%) 115,633 (3.16) 66,121 (3.44) 98,454 (3.28) 99,913 (3.31) 32,073 (2.63) 108,623 (2.68) 75,384 (2.63)
# SNPs in UTR 3'/UTR 5’ (%) 137,075 (3.75) 68,060 (3.54) 106,584 (3.56) 112,934 (3.74) 40,400 (3.31) 151,470 (3.73) 101,979 (3.56)
# SNPs in splicing region (%) 323 (0.01) 163 (0.01) 248 (0.01) 270 (0.01) 86 (0.01) 312 (0.01) 196 (0.01)
# SNPs in ncRNA (%) 347,114 (9.49) 170,583 (8.88) 285,264 (9.52) 276,744 (9.16) 118,388 (9.71) 431,263 (10.63) 299,387 (10.46)
# SNPs in coding region (%) 66,096 (1.81) 38,692 (2.02) 59,756 (1.99) 55,870 (1.85) 15,576 (1.28) 56,577 (1.39) 38,686 (1.35)
# Nonsynonymous-INTOL SNPs (%) 2,966 (0.08) 1,620 (0.08) 2,898 (0.10) 2,445 (0.08) 586 (0.05) 2,247 (0.06) 1,530 (0.05)
# Nonsynonymous-TOL SNPs (%) 25,045 (0.68) 15,125 (0.79) 23,725 (0.79) 21,523 (0.71) 5,561 (0.46) 18,136 (0.45) 12,407 (0.43)
# Synonymous SNPs (%) 37,058 (1.01) 21,352 (1.11) 32,281 (1.08) 31,094 (1.03) 9,332 (0.77) 35,823 (0.88) 24,429 (0.85)
# Stop-gain/loss (%) 427 (0.01) 252 (0.01) 409 (0.01) 371(0.01) 73 (0.01) 252 (0.01) 204 (0.01)
(

# No prediction (%) 600 (0.02) 343 (0.02) 443 (0.01) 437 (0.01) 24 (0.00) 119 (0.00) 116 (0.00)
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4.3.9 Our predicted selective sweeps are supported by experimental data

To evaluate our detected selective sweeps, we first compared them
(Supplementary Tables 4-10~4-28) with the 15,439 QTLs in the chicken QTL database
[141]. We find that 90.5%~98.3% putative DSSs in each of our comparisons overlap one
or more QTLs in the chicken QTLdb (Table 4-6 and Supplementary Table 4-29),
suggesting that our approach of finding selective sweeps achieves high precision (or
positive prediction values). On the other hand, we find that 23.9%~41.6% QTLs in
chicken QTLdb overlap one or more our predicted DSSs in each of our comparisons
(Table 4-6 and Supplementary Table 4-29), and 11,449 (74.2%) QTLs in the chicken
QTLdb overlap one or more of our predicted DSSs in different comparisons, suggesting
that our approach of finding selective sweeps is quite sensitive.

As an additional validation of our detected selective sweeps, we next compared
the genes in our predicted DSSs with those that have been reported to be under selection
during chicken domestication process, and we describe a few examples here. It has been
shown that the BCO?2 locus is involved in the yellow skin trait in domestic chickens
[142], and we confirmed this results in several of our comparisons, including Daweishan
VS. RJF (Fg support, ZFgr = 11.27), Daweishan VS. HWB (Fg support, ZFgr = 14.79),
Hu VS. RJF (Two methods support, ZFs = 18.26, Z|Arr| = 4.86), Hu VS. Other Breeds
(Fgr support, ZFsr = 6.27), Piao VS. Other Breeds (Fgy support, ZFgr =29.36), Wuding
VS. Other Breeds (Fgy support, ZFsgr = 22.18), Broiler VS. RJF (Ar support, Z|Ar| =
5.08), Broiler VS. Layer (Fsr support, ZFgr = 9.90), Layer VS. RJF (Two methods
support, ZFgr = 15.66, Z|Ar| = 3.17), Layer VS. Other Breeds (Fsr support, ZFgp =

8.70), Indigenous VS. Commercial (Two methods support, ZFs = 26.75, Z|Arr| = 3.67)
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and Commercial VS. RJF (Two methods support, ZFg; = 27.16, Z|Ar| = 4.44) (Figures
4-3, 4-4, 4-5 and 4-6). The TSHR locus is known to be involved in regulation of
reproduction and metabolic functions in commercial chickens [12], and we found that the
locus was in selective sweeps in comparisons Hu VS. Other Breeds (Fg support, ZFgp =
11.75) and Indigenous VS. RJF (Fgy support, ZFsr = 13.43) (Figures 4-3 and 4-5). It has
been reported that the HNF4G and IGF I loci are involved in growth regulation in
chicken [12, 88], we found that the two loci were in selective sweeps in comparisons
Broiler VS. RJF (For HNF4G, Fsr support, ZFgr = 24.27; For IGF 1, Fgr support, ZFgp =
32.54), Commercial VS. RJF (For HNF4G, Fg support, ZFsr =26.25; For IGF 1, Fgr
support, ZFgr = 15.51) and Indigenous VS. Commercial (For HNF4G, Fgp support, ZFgr
=24.51; For IGF1, Fsr support, ZFgr = 17.86) (Figures 4-3 and 4-5). It has been reported
that the PMCH locus is related to regulation of appetite and metabolic functions [12,
143], and we found that the locus was in the selective sweeps in several of our
comparisons including Daweishan VS. RJF (4r support, Z|Ar| = 3.25), Daweishan VS.
HWRB (4 support, Z|Ar| = 6.04), Wuding VS. RJF (Ar support, Z|Arn| = 4.82), Wuding
VS. Other Breeds (4m support, Z|Ar| = 4.07), Broiler VS. RJF (Two methods support,
ZFgr =32.54, Z|Arr| = 6.05), Broiler VS. Other Breeds (Two methods support, ZFsr =
19.59, Z|Arr| = 6.34), Broiler VS. Layer (Fsr support, ZFgr = 27.21), Commercial VS.
RIJF (Fgy support, ZFgr = 15.51) and Indigenous VS. Commercial (Fgy support, ZFsr =
17.86) (Figures 4-3, 4-4, 4-5 and 4-6). It has been shown that the /NSR locus is related to
the growth of chicken by encoding a critical component in insulin signaling [12], and we
found that the locus was in the selective sweeps in comparisons Daweishan VS. HWB

(Two methods support, ZFgr = 7.37, Z|Ar| = 4.46), Broiler VS. RJF (Two methods
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support, ZFgr = 15.30, Z|Ar| = 5.23), Broiler VS. Other Breeds (Two methods support,
ZFsr =11.61, Z|Arr| = 4.86) and Broiler VS. Layer (Fsr support, ZFgr = 9.78) (Figures 4-
3, 4-4, 4-5 and 4-6). It has been shown that the NELLI locus is related to the skeletal
integrity in broiler [88], and we found that the locus was in the selective sweeps of the
Broiler VS. Other Breeds comparison (Fg support, ZFgr = 22.06) (Figure 4-5). It has
been reported that the /RX4 locus is related to the rumpless trait of Piao chicken [129],
and we found that the locus was in the selective sweeps in comparisons Piao VS. RJF
(Fgr support, ZFgr = 13.79) and Piao VS. Other Breeds (Fgr support, ZFgr = 12.12)
(Figures 4-3 and 4-5). The other selective sweep loci found in the previous studies are
also confirmed by our results, such as ALX1, KITLG, EGFR, DLK1, JPT2 (annotated as
HNIL in GRCg7b), CRAMPI and GLI3 loci, which are related to the general
domestication process of chicken [65], the SKIV2L2 locus that is related to pigmentation
[65], and the LEPR, MEGF10 and SPEF?2 loci, which are related to production-oriented
selection [65] (Figures 4-3, 4-4, 4-5 and 4-6). Taken together, all these results suggest
that our approach is highly reliable to find selective sweeps in domestic chickens.

Table 4-6 Summary of putative DSSs overlapped with chicken QTLs

Breeds # Putative DSSs # Putative DSSs overlap QTLs in chicken QTLdb (%) # QTLs in chicken QTLdb overlap our putative DSSs (%)
Daweishan VS. RIF 1,550 1,472 (95.0%) 5,526 (35.8%)
Hu VS. RJF 1,811 1,702 (94.0%) 5,247 (34.0%)
Piao VS. RJF 1,483 1,342 (90.5%) 4,801 (31.1%)
Wuding VS. RIF 2,077 1,979 (95.3%) 5,381 (34.9%)
Nine-claw VS. RJF 1,073 990 (92.3%) 3,686 (23.9%)
Broiler VS. RJF 2,745 2,601 (94.8%) 5,463 (35.4%)
Layer VS. RIF 1,926 1,837 (95.4%) 5,334 (34.5%)
Indi VS. RIF 1,319 1,266 (96.0%) 5,010 (32.5%)
Commercial VS. RJF 2,382 2,237 (93.9%) 5,086 (32.9%)

4.3.10 Novel selective sweeps are found in the chicken breeds
In addition to confirming many previously identified selective sweeps containing
genes related to chicken domestication as described above, we also find numerous novel

selective sweeps containing genes (Supplementary Tables 4-10~4-28) or in gene deserts.
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We now highlight a few of them with extremely high ZFg; and/or Z|Ar| values in each
comparison (Figures 4-3, 4-4, 4-5 and 4-6). Gene ARHGAP39 on chromosome 2 is in the
selective sweeps with extremely high ZFg; and/or Z|Arr| value in comparisons
Daweishan VS. RJF, Piao VS. RJF, Nine-claw VS. RJF, Indigenous VS. RJF, Nine-claw
VS. Other Breeds and Broiler VS. RJF. ARHGAP39 plays important roles in cell
cytoskeletal organization, growth, differentiation, neuronal development and synaptic
functions [144]. Gene TIGD5 on chromosome 2 is in the selective sweeps with extremely
high Z|Ar| value in comparisons Daweishan VS. RJF, Piao VS. RJF, Daweishan VS.
Other Breeds, Hu VS. Other Breeds, Piao VS. Other Breeds, Wuding VS. Other Breeds,
Daweishan VS. HWB and Indigenous VS. Commercial. 7/GD35 encodes the tigger
transposable element-derived protein 5 and is important for nucleic acid binding [145].
Gene KCNK16 on chromosome 3 is in the selective sweeps with extremely high ZFgr
value in comparisons Layer VS. Other Breeds and Broiler VS. Layer. KCNK6 encodes a
rapidly activating and non-inactivating outward rectifier K™ channel [146]. Gene CD8A
on chromosome 4 is in the selective sweeps with extremely high Z|Ar| value in
comparisons Wuding VS. RJF, Layer VS. RJF, Commercial VS. RJF, Daweishan VS.
Other Breeds, Piao VS. Other Breeds, Wuding VS. Other Breeds, Nine-claw VS. Other
Breeds, Broiler VS. Other Breeds, Layer VS. Other Breeds, Indigenous VS. Commercial
and Daweishan VS. HWB. CD84 encodes the T-cell surface glycoprotein CD8 alpha
chain precursor and plays essential roles in immune response [147]. Gene COL6A2 on
chromosome 7 is in the selective sweeps with extremely high ZFg; value in comparisons
Daweishan VS. Other Breeds, Daweishan VS. HWB and Piao VS. Other Breeds. The

gene encodes the collagen alpha-2(VI) chain precursor which act as a cell-binding protein
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[148]. Besides the genes mentioned above, we also indicate in Figures 4-3, 4-4, 4-5 and
4-6 many other genes located in novel selective sweeps with extremely high ZF and/or
Z|Am| values in multiple comparisons such as: ANXA 10 on chromosome 3, gene
LOC107053954 on chromosome 8, gene SLC16A49 on chromosome 6, gene ENS-1 on
chromosome W and gene HSD17B4 on chromosome Z. It is interesting to experimentally
investigate the roles of these genes in the domestication and breeding of each chicken
breed.

In Figures 4-3, 4-4, 4-5 and 4-6, we also label a few examples of selective sweeps
in gene desserts, with extremely high ZFg; and/or Z|Amr| values in multiple comparisons.
It is highly likely that these selective sweeps might harbor non-coding functional

sequences such as cis-regulatory modules of distal genes.

4.3.11 Selective sweeps related to each chicken breed

In addition to finding numerous novel selective sweeps containing genes in each
comparison (Supplementary Tables 4-10~4-28), we also identify numerous unique
selective sweeps/DSSs that are only seen in comparisons with a breed alone as one of the
two compared groups or selective sweeps/DSSs containing genes with interesting
functions. These selective sweeps/DSSs might contain genes (Supplementary Tables 4-
30~4-36) whose functions are related to the specific traits of the chicken breed.
Specifically, for Daweishan chicken, we identified 44 putative genes in the selective
sweeps that might be related to its unique traits including the small body size
(Supplementary Table 4-30). For example, the GHR (growth hormone receptor) gene is
located in a selective sweep window on chromosome Z, which overlaps body weight

QTLs and shank length QTLs. The gene is in the selective sweep windows identified in
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comparisons with Daweishan chicken alone as one of the two compared groups
(Daweishan VS. RJF, ZFsr = 17.71; Daweishan VS. Other Breeds, ZFg; = 17.69;
Daweishan VS. HWB, ZFs = 19.51) (Figures 4-3 and 4-5). It has been reported that loss-
of-function mutations in GHR was related to sex-linked dwarfism in chicken [149]. We
analyzed the SNPs in the GHR gene body for each chicken breeds using the GRCg7b
assembly as the template and found 79 unique SNPs in the gene of Daweishan chicken,
which were not present in the other chicken breeds (Hu, Piao, Wuding, Nine-claw,
Broiler, Layer and RJF). Among these 79 unique SNPs, 68 are in intronic regions, 10 are
in UTRs and one is nonsynonymous SNP that leads to a CGG to TGG (R to W) mutation,
which is tolerant. The substitution allele has a frequency of 0.76, thus it is only nearly
fixed. As no fixed potential amino acid-altering mutation could be found in the GHR
coding regions, we hypothesize that GHR gene might be related to the small body size of
Daweishan chicken through changes in its regulatory sequences in the window, resulting
in a decrease in its expression. To test this hypothesis, we measured the GHR expression
levels in the liver, kidney, leg muscle and breast muscle of Daweishan chickens and
broilers with large body size. To our surprise, Daweishan chickens had significantly
higher GHR expression levels in all the four tissues than the broilers (Figure 4-8). It
remains to be elucidated how the higher GHR expression level is related to the small
body size of Daweishan chickens.

For Hu chicken, we identified 14 putative genes in selective sweeps
(Supplementary Table 4-31) that might be related to its unique traits including the very
stout legs. Specifically, gene TRIM13 in a selective sweep on chromosome 1 (Hu VS.

RIF, ZFgr =7.49 and Z|Ar| = 7.19; Hu VS. Other Breeds, ZFsr = 10.01 and Z |Ar| =
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4.58) (Figures 4-3, 4-4, 4-5 and 4-6) overlaps shank circumference QTLs, and there are
two nonsynonymous SNPs in the gene body which are fixed (allele frequency = 1). Thus,
it is interesting to experimentally investigate the role of TRIM13 in the development of
the very stout legs of Hu chicken.

For Piao chicken, we identified six putative genes in selective sweeps
(Supplementary Table 4-32) that might be related its unique traits including the rumpless
trait. Of these six genes, /RX4 in a selective sweep on chromosome 2 was reported to be
related to the rumpless trait of Piao chicken in a previous study [129], and we also found
that the selective sweeps were only identified by the comparisons Piao VS. RIJF (ZFg =
13.79) and Piao VS. Other Breeds (ZFgy = 12.12) (Figures 4-3 and 4-5, Supplementary
Tables 4-12 and 4-23). Thus, it is highly likely that /RX4 is related to the rumpless trait of
Piao chicken. At the same time, the previous study also identified genes /L18, HSPB2,
and CRYAB to be related to the rumpless trait of Piao chicken. Although we also found
these three genes in the selective sweeps for the comparison Piao VS. Other Breeds
(Supplementary Table 4-23 and Figure 4-5), these three genes were also present in the
selective sweeps for comparisons with a breed having normal tails alone as one of the
two compared groups, such as Daweishan VS. RJF (Supplementary Table 4-10, Figures
4-3 and 4-5), Hu VS. RJF (Supplementary Table 4-11, Figures 4-3 and 4-5), Nine-claw
VS. RJF (Supplementary Table 4-14, Figures 4-3 and 4-5), Broiler VS. RJF
(Supplementary Table 4-15, Figures 4-3 and 4-5), Layer VS. RJF (Supplementary Table
4-16, Figure 4-3) and Daweishan VS. HWB (Supplementary Table 4-21, Figure 4-3).

Therefore, these three genes might not be related to the rumpless trait of Piao chicken.
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For Wuding chicken, we identified 18 putative genes in selective sweeps
(Supplementary Table 4-33) that might be related to its unique traits including colorful
feathers and thick fat. Specifically, gene SSTR)S in a selective sweep on chromosome 14
(Wuding VS. RJF, ZFsr =7.38 and Z|Ar| = 5.16; Wuding VS. Other Breeds, Z|Ar| =
3.33) (Figures 4-3, 4-4 and 4-6) overlaps body weight QTLs, however, there are no
nonsynonymous SNPs in its gene body. Gene LOC101748311 in a selective sweep on
chromosome 1 (Wuding VS. Other Breeds comparison, ZFg; = 9.70 and Z |Arr| = 3.59)
(Figures 4-5 and 4-6) overlaps the feather density QTLs and comb length QTLs and there
are two nonsynonymous SNPs in its gene body, but their allele frequencies are very low
(<0.2). It is likely that both genes might be related to Wuding chicken’s traits by changes
in regulatory regions, which warrants further experimental studies.

For Nine-claw chicken, we identified seven putative genes in selective sweeps
(Supplementary Table 4-34) that might be related to its unique traits. Specifically, gene
ATG4B on chromosome 9 (Nine-claw VS. RJF, ZFsr = 7.00 and Z|Ar| = 3.60; Nine-claw
VS. Other Breeds, ZFg = 7.56) (Figures 4-3, 4-4 and 4-5) overlaps egg production rate
QTLs, but there are no nonsynonymous SNPs in its gene body.

For Broilers, we have identified 151 putative genes in selective sweeps
(Supplementary Table 4-35) that might be related to its unique traits including the fast
growth rate. Of these genes, GHRHR on chromosome 2 (Growth hormone-releasing
hormone receptor) (Broiler VS. Other Breeds, ZFs = 10.36; Broiler VS. Layer, ZFsr =
7.09) (Figure 4-5) is well-known for its role in determining growth rate and body size via
regulating the growth hormone (GH) level in blood [150], however, there are no

nonsynonymous SNPs in its gene body; /GF2BP1 on chromosome 27 (insulin-like
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growth factor 2 mRNA-binding protein 1) (Broiler VS. RIF, ZFsr = 7.69 and Z|Ar| =
3.98) (Figures 4-3 and 4-4) may affect growth rate via regulating insulin-like growth
factor 2 level [151], but there are no nonsynonymous SNPs in its gene body. The
IGF2BPI locus also overlaps the claw percentage QTLs, shank length QTLs, claw
weight QTLs, drumstick and thigh weight QTLs, breastbone crest length QTLs, body
weight QTLs, body slope length QTLs and femur bending strength QTLs. The result is
consistent with a recent report that mutations in the promoter region of the /IGF2BP1
gene can affect chicken body size [99]. In addition, the following genes are also
interesting as they overlap white striping QTLs, abdominal fat percentage QTLs, wooden
breast QTLs and body weight QTLs, and thus might be related to the large body and fast
growth rate of broilers, including OVALX on chromosome 2 (Broiler VS. RJF, ZFg; =
9.41 and Z|Ar| = 5.78; Broiler VS. Other Breeds, ZFgr = 8.45 and Z|Ar| = 4.18)
(Figures 4-3, 4-4, 4-5 and 4-6), RRAS on chromosome 5 (Broiler VS. RJF, ZFsr = 14.87
and Z|Amr| = 7.53; Broiler VS. Other Breeds, ZFg; = 11.73 and Z|Ar| = 6.00) (Figures 4-
3, 4-4, 4-5 and 4-6), SYTS on chromosome 5 (Broiler VS. RJF, ZF¢r = 6.90 and Z |Ar| =
5.87; Broiler VS. Other Breeds, ZFg; = 6.89 and Z|Arr| = 3.85) (Figures 4-3, 4-4, 4-5 and
4-6), TNNI2 on chromosome 5 (Broiler VS. RJF, ZFg; = 6.90 and Z|Arr| = 5.87; Broiler
VS. Other Breeds, ZFgr = 6.89 and Z|Arr| = 3.85) (Figures 4-3, 4-4, 4-5 and 4-6) and
FBXO028 on chromosome 3 (Broiler VS. RJF, ZFg = 10.25 and Z|Ar| = 5.30; Broiler
VS. Other Breeds, ZFg; = 8.38 and Z|Arr| = 4.90) (Figures 4-3, 4-4, 4-5 and 4-6). All
these genes either has no nonsynonymous SNPs or the allele frequencies of the
nonsynonymous SNPs are very low. Thus, it is highly likely that they might be related to

the broilers’ traits through changes in their regulatory regions. To test this hypothesis, we
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measured the expression levels of GHRHR, IGF2BP1 and OVALX in the liver, kidney,
leg muscle and breast muscle of Daweishan chickens with small body size and broilers.
As shown in Figure 4-8, GHRHR had higher expression levels in liver of broilers than in
the same tissue of Daweishan chickens; /GF2BP1 had higher expression levels in liver,
kidney and breast muscle of broilers than in the respective same tissues of Daweishan
chickens; and OVALX had higher expression levels in liver and kidney of broilers than in
the same tissues of Daweishan chickens. On the other hand, Daweishan chickens had a
higher expression level of IGF2BPI in leg muscles and a higher expression level of
OVALX in breast muscles (Figure 4-8). The high expression levels of the three genes in
the liver and kidney might be related to the high metabolic and growth rates of broilers.

For layers, we identified 36 genes in selective windows (Supplementary Table 4-
36) that might be related to its unique traits including larger number of egg-production.
Specifically, gene NOCT (Nocturnin), ELF2 (ETS-related transcription factor Elf-2) and
MGARP (mitochondria localized glutamic acid rich protein) are all located in the same
selective sweep on chromosome 4 (Layer VS. RJF, ZFsr = 9.84 and Z|Ar| = 4.61; Layer
VS. Other Breeds, ZFgr = 10.80 and Z|Amr| = 5.24; Broiler VS. Layer, ZFg; = 9.23 and
Z|Ar| = 5.20) (Figures 4-3, 4-4, 4-5 and 4-6). NOCT is expressed in retina and many
other tissues, and its expression shows circadian rhythm [152, 153]. NOCT is known to
be involved in adipogenesis, osteogenesis, and obesity in mice [154]. It has been shown
that MGARP is involved in the synthesis of estrogen in ovary, and its expression is under
the control of the hypothalamic-pituitary-gonadal (HPG) axis [155]. It has been reported
that ELF?2 plays a role in cell proliferation [156]. Moreover, gene SLC25415 on

chromosome 1 (mitochondrial ornithine transporter 1) (Layer VS. RJF, ZFg; = 7.23 and
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Z|Arr| = 3.96; Layer VS. Other Breeds, ZFg; = 9.68 and Z|Ar| = 3.82; Broiler VS. Layer,
ZFsr =10.52 and Z|Arr| = 3.21) (Figures 4-3, 4-4, 4-5 and 4-6) overlaps the oviduct
length QTLs, thus might be related to the egg-production rate of layers. Thus, these four
genes might be related to the layers’ unique traits. However, the four genes either have no
nonsynonymous SNPs or the allele frequencies of nonsynonymous SNPs are very low.
Thus, it is highly likely that they might be related to the high egg-production of layer
through changes in their regulatory regions. To test this hypothesis, we measured the
expression levels of ELF2, MGARP, NOCT and SLC25A415 in 10 tissues of layers and
Wuding chickens with low-egg production rate (Figure 4-9). Interestingly, the expression
levels of the four genes in layers is higher than those in Wuding chickens in all the 10
tissues, except MGARP in liver and NOCT in pituitary (Figure 4-9). Moreover, as the
expression of NOCT shows circadian rthythm [69, 70], we measured its expression level
in 10 tissues of layers and Wuding chickens in 24 hours with 4 hours interval. As shown
in Figure 4-10, in almost all the 10 tissues, the expression level of NOCT was lower after
16:00, and it started to increase at 4:00, was peaked at 8:00, and then decreased. In most
tissues, layers had significantly higher expression levels than Wuding chickens. The
higher expression level of these four genes in relevant tissues in layers might be related to
their high egg-production trait. It is interesting to experimentally investigate roles of
variations in the regulatory regions of these genes in the high egg-production related
traits of layers, such as the lack of brooding behaviors, egg-laying circadian rhythm and

high demand for light.
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Figure 4-10 Expression level of gene NOCT in different time. *p<0.05, **p<0.01, two-
tailed t-test.

4.4 Discussion

Next generation sequencing technology makes it possible to re-sequence a large
number of individuals for a species for genome-wide studies. In 2021, NCBI released
more complete domestic chicken (Gallus gallus) genome assemblies (GRCg7b and
GRCg7w), providing good reference genomes for this economically, medically and
evolutionally important bird. Using the GRCg7b assembly as the template, we have
called the variants in populations of eight chicken breeds including 25 Daweishan
chickens, 10 Hu chickens, 23 Piao chickens, 23 Wuding chickens, four Nine-claw
chickens, 60 broilers, 56 layers and 35 RJFs. By comparing the putative selective sweeps
of Daweishan, Hu, Piao, Wuding, Nine-claw chicken, broilers and layers with respect to
others and RJFs (19 comparisons, Table 4-4 and Supplementary Table 4-9), we identified
putative selective sweeps and genes that might be related to the specific-traits of each
chicken breed or groups (Supplementary Tables 4-30~4-36). Remarkably, the vast
majority (90.5%~98.3%) of our identified DSSs in each of our 19 comparisons overlap
QTLs in the chicken QTLdb (Table 4-6 and Supplementary Table 4-29), while 74.2%
QTLs in the chicken QTLdb overlap our identified DSSs in different comparisons.

Moreover, we also confirm many previously identified genes under artificial selection.
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Thus, we have achieved very high prediction precision (or positive prediction values) and
sensitivity.

More importantly, our analyses also result in many new findings. Firstly, we
identify a much larger number of selective sweeps/DSSs and genes related to the specific
traits of broilers and layers than the previous study [65]. We attribute the difference to the
different statistic models used in the two studies. More specifically, we use a more
rigorous Null model by generating 100-sets of windows with the allele frequencies
randomly permutated [135]. Using the mean and standard deviation of the Null model,
we compute ZFgr and Z|A7z| for each window in each comparison. In contrast, the
previous study [65] used the mean and standard deviation of the Fg; and | A7] values of
the windows to compute the ZFg and Z|Az|, which is not a rigorous Null model. Thus,
the previous study might underestimate the number of selective sweeps. Consequently,
we identify ~2,500 putative DSSs containing ~1,800 genes for the broilers and ~2,000
putative DSSs containing ~1,000 genes for the layers (Table 4-4 and Supplementary
Table 4-9), which included almost all the only 90 and 66 putative selective sweep
windows (40 kb) found in broilers and layers, respectively, in the previous study [65].

Secondly, we negate several genes found in a previous study [129] to be related to
the rumpless trait of Piao chicken based on our results from multiple comparisons with or
without Piao chicken. More specifically, in addition to /RX4, the previous study also
claimed that /L18, HSPB2, and CRYAB [129] might be related to the rumpless trait of
Piao chicken. Although we also find that gene /RX4 presents in putative selective sweeps
only in the Piao VS. RJF and Piao VS. Other Breeds comparisons (Supplementary Tables

4-12 and 4-23), thus it might be related to the rumpless trait of Piao chicken. However,
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genes IL18, HSPB2, and CRYAB present in selective sweeps in not only the comparison
related to Piao chicken (Piao VS. Other Breeds, Supplementary Table 4-23), but also in
comparisons with chickens having a normal tail alone as a group, such as Daweishan,
Wuding, Nine-claw chicken, broilers and layers (Supplementary Tables 4-10, 4-11, 4-14,
4-15, 4-16 and 4-21). Thus, these three genes might not be related to the rumpless trait of
Piao chicken.

Thirdly, our analyses provide many novel selective sweeps containing genes that
might be related to artificial selection of unique traits of each chicken breed
(Supplementary Tables 4-30~4-36), and some are quite interesting, thus warranting
further experimental investigations. For example, it is interesting to test the roles of the
genes NOCT and MGARP in the high egg-production of layers.

Finally, we find that although SNPs in selective sweeps are more likely to alter
amino acids than expected, many genes in selective sweeps often lack fixed amino acid-
altering mutations. These genes might affect the traits of chicken breeds by changing
their expression levels through changes in their cis-regulatory regions. Consistently, we
found that all the eight genes that we examined were significantly differentially expressed
in tissues of chicken breeds where these genes were in putative selective sweeps from
those of chicken breeds. Due to the lack of a more complete map of cis-regulatory
modules and their constituent transcription factor binding sites in the chicken reference
genome, it is difficult to further pin down the sites that affect the expression of these
genes and related organism traits. Therefore, it is pressing to map out the cis-regulatory
elements in the chicken reference genome as has been done for C. elegans[157, 158], D.

melanogaster [157, 159], mice [160, 161] and humans[161, 162].
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4.5 Conclusion

In this study, we analyzed re-sequencing data from 85 individuals of five
indigenous chicken breeds and 116 individuals of commercial chickens (broilers and
layers) and 35 individuals of red jungle fowl. We find 33 million genetic variants in the
populations, and identify more selective sweeps and affected genes for each chicken
breed using a rigorous statistic model than previously reported. The identified variants
are more likely located in non-coding regions while those in coding regions are largely
tolerant, suggesting that most of the variants might affect cis-regulatory sequences. In
agreement, 98.3% of our identified selective sweeps overlap known chicken QTLs,
suggesting that our results are highly reliable. Meanwhile, 74.2% known QTLs overlap
our predicted selective sweeps, indicating that our approach is very powerful for
predicting selective sweeps. Our predicted selective sweeps and affected genes include
most of previously identified ones. We also identify candidate selective sweeps and genes

that might be related to the unique traits of each breed.
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CHAPTER 5 High quality genome assembly of a white eared pheasant individual

5.1 Background

Crossoptilon, belonging to the Phasianidae family in the Galliformes order, is a
rare but important genus endemic in China [186]. There are four species in the
Crossoptilon genus, including Tibetan eared pheasant (TB) (C. harmani), white eared
pheasant (WT) (C. crossoptilon), blue eared pheasant (BL) (C. auritum) and brown eared
pheasant (BR) (C. mantchuricum) [187, 188]. These species are found in coniferous
forests, mixed broadleaf-conifer forests and alpine scrubs in various parts of China with
very different altitudes [189]. TB and WT are believed to be conspecifics and
sympatrically inhabit in muntane forest with a high altitude of 3,000~5,000 m. TB is
distributed in southeastern Tibet and adjacent northern India (3,000~5,000 m) [190],
while WT is found in Qinghai, Sichuan, Yunnan and Tibet (3,000~4,300 m) [187]. BL
and BR are closely related, but allopatrically inhabit. BL is only encountered in the
mountains of Qinghai, Gansu, Sichuan and Ningxia, with an intermediate altitude of
1,500~3,000 m [187], while BR is mainly distributed in mountains in Shanxi and Hebei
and near Beijing, with a low altitude of 20~1,000 m [187]. Since these species inhibit
from low to intermediate and high attitudes, they are excellent models to study the
genetic bases for similar species to adapt to different altitude levels.

Moreover, all the four species are in varying degree of danger of extinction due to
human hunting and erosion of their habitants as a result of deforestation and urbanization.
They all are registered as national key protection animals in China. Particularly, BR is
listed by the International Union for Conservation of Nature (IUCN) as vulnerable. Thus,

these species also provide good models to reveal footprints on the genome of a species
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due to rapid decline of its population size. Indeed, Wang, et al. [191] recently assembled
a BR genome and used it as the reference to compare nucleotide variations in the
genomes of three fragmental BR populations that are in danger of extinction with those in
the genomes of a BL population that are of less concern of extinction. However, this
assembly cannot provide a high-quality reference genome for the crossoptilon species
due to its small contig N50 (0.11 Mb).

To further understand the biology of these eared pheasants, particular, genetic
basis of their adaptation to different levels of altitude, we re-sequenced 10 WT
individuals and assembled the genome for one of them at chromosome-level with much
higher quality than the earlier assembled BR genome [191] (contig N50 19.6 Mb VS.
0.11 Mb). We annotated and compared the genes and pseudogenes in the WT and BR
genomes, and found that former contained more genes (16,315 VS. 15,003), while the
latter harbored more pseudogenes (1,519 VS. 1,976). The unique genes in WT often
become unique pseudogenes in BR and vice versa. Moreover, we compared the selective
sweeps in the genomes of WT, BR and BL using re-sequencing data of 10 WT, 41 BR
and 12 BL individuals, respectively. We found that the unique genes and pseudogenes in
WT and BR are mainly involved in and affect, respectively, the same pathways that
include genes in selective sweeps in each of the three species. These pathways are mainly
related to cardiovascular, energy metabolic, neuronal, and immune functions. Therefore,
it appears that the three species might adapt to different altitudes by altering the functions
of the same pathways related to the four functional categories. Our assembled WT
genome and re-sequencing data can also be valuable resources for studying the biology,

evolution and developing conservation strategies of these endangered species.
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5.2 Methods and materials
5.2.1 Bird populations

For the WT populations, blood samples of a total of 11 WT individuals (five
males and six females) aged 10 months were collected from Diqing Tibet Autonomous
prefecture, Yannan, China. A female individual was collected from the same area for
whole genome assembly and its relevant tissues were subject to Illumina paired-end DNA
short reads sequencing, PacBio long reads sequencing, Hi-C paired-end short reads
sequencing, and paired-end RNA-seq of 20 tissues (Heart, Liver, Spleen, Lung, Kidney,
Pancreas, Gizzard, Glandular, Crops, Ovary, Abdominal fat, Rectum, Duodenum,
Cecum, Skin, Small intestine, Brain, Cerebellum, Chest muscle, Leg muscle) and mixed
tissues for gene annotation. All other 10 individuals were subject to [llumina paired-end
DNA short reads sequencing.

For the BR populations, re-sequencing data of 41 BR individuals were
downloaded from the China National Genomics Data Center (CNGDC) (accession
number: PRICA003284) [191]. The assembled genome of a BR individual and RNA-seq
data from the individual’s blood, developing primaries and developing tail feathers
tissues were downloaded from CNGDC (accession number: PRJCA003284) [191]. For
the BL populations, re-sequencing data of 11 BL individuals were downloaded from
CNGDC (accession number: PRICA003284) [191]. A blood sample was collected from a
captured BL individual in a zoom and was subject to I[llumina paired-end DNA short

reads sequencing.
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5.2.2 Short reads DNA sequencing

Two milliliters of blood were drawn from the wing vein of each bird in a
centrifuge tube containing anticoagulant (EDTA-2K) and stored at -80°C until use.
Genomic DNA (10pg) in each blood sample was extracted using a DNA extraction kit
(DP326, TTANGEN Biotech, Beijing, China) and fragmented using a Bioruptor Pico
System (Diagenode, Belgium). DNA fragments around 350 bp were selected using SPRI
beads (Beckman Coulter, IN, USA). DNA-sequencing libraries were prepared using
[lumina TruSeq® DNA Library Prep Kits (Illumina, CA, USA) following the vendor’s
instructions. The libraries were subject to 150 cycles paired-end sequencing on an

[llumina Novaseq 6000 platform (Illumina, CA, USA) at 102X coverage.

5.2.3 PacBio long reads DNA sequencing

High molecular weight DNA was extracted from each blood sample using
NANOBIND® DNA Extraction Kits (PacBio, CA, USA) following the vendor’s
instructions. DNA fragments of about 25 kb were size-selected using a BluePippin
system (Sage Science, MA, USA). Sequencing libraries were prepared for the DNA
fragments using SMRTbell® prep kits (PacBio, CA, USA) following the vendor’s
instructions, and subsequently sequenced on a PacBio Sequel II platform (PacBio, CA,
USA) at 91X coverage.
5.2.4 RNA-seq reads sequencing

One to two grams of various tissues and mixed tissues were collected from the
selected female WT individual in a centrifuge tube and immediately frozen in liquid
nitrogen, then stored at -80°C until use. Total RNA from each tissue sample were

extracted from each tissue or mixed tissues using TRIzol reagents (TTANGEN Biotech,
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Beijing China) according to the manufacturer’s instructions. RNA-sequencing libraries
for each tissue collected from the individual were prepared using Illumina TruSeq® RNA
Library Prep Kits (Illumina, San Diego) following the vendor’s instructions. The libraries
were subject to 150 cycles paired-end sequencing on an [llumina Novaseq 6000 platform
at a sequencing depth of 281X.
5.2.5 Hi-C reads sequencing

Five milliliters of blood were drawn from the wing vein of the selected WT
individual in a Streck Cell-free DNA BCT collecting vessel (Streck Corporate, USA),
and stored at 4°C and used in 24 hours. Hi-C libraries were constructed using Phase
Genomics’ Animal Hi-C kit following the vendor’s instructions and subsequently
sequenced on an Illumina’s Novaseq 6000 platform at a sequencing depth of 81X.
5.2.6 Real-time quantitative PCR (RT-qPCR) analysis

RT-gPCR was performed using the Bio-Rad CFX96 real-time PCR platform (Bio-
Rad Laboratories. Inc, America) and SYBR Green master mix (iQTM SYBRGreen ®
Supermix, Dalian TaKaRa Biotechnology Co. Ltd. Add). The primers of the 17 randomly
selected putative new genes are listed in Supplementary Note 5-1. The B-actin gene was
used as a reference. Primers were commercially synthesized (Shanghai Shenggong
Biochemistry Company P.R.C). Each PCR reaction was performed in 25 pl volumes
containing 12.5 pl of iIQ™ SYBR Green Supermix, 0.5 pl (10 mM) of each primer, and 1
ul of cDNA. Amplification and detection of products was performed with the following
cycle profile: one cycle of 95 °C for 2 min, and 40 cycles of 95 °C for 15 s, annealing
temperature for 30 s, and 72 °C for 30 s, followed by a final cycle of 72 °C for 10 min.

The specificity of the amplification product was verified by electrophoresis on a 0.8%
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agarose gel and DNA sequencing. The 2—ACt method was used to analyze mRNA
abundance. All samples were analyzed with at least three replicates, and the mean of

these measurements was used to calculate mRNA expression.

5.2.7 Contig assembling and scaffolding

We used the PacBio long reads longer than 5,000 bp to assemble the contigs using
Wtdbg (2.5) [57], and polished the contigs using Wtdbg (2.5) [57] with I[llumina DNA
short reads for the white eared pheasant. Then we used SALSA [58, 59] to bridge the
contigs and obtain the scaffolds with Hi-C short reads. We filled the gaps in the scaffolds
using PBJelly [60] with the PacBio long reads, and then made two rounds of polish by
firstly using Racon (1.4.21) [61] with PacBio long reads and secondly using NextPolish
(1.4.0) [62] with Illumina DNA short reads from the selected white eared pheasant
individual.
5.2.8 Quality evaluation of assemblies

We masked the repeats for the assembly of the white eared pheasant using
WindowMasker (2.11.0) [63] to get the repeat rate, and estimated the heterozygosity of
the assembly using Jellyfish (2.3.0) [64] and GenomeScope [65]. To estimate the
continuity of the assembly, we used QUAST (5.0.2) [66] to calculate the contig N50 and
scaffold N50. To estimate the structural accuracy, we used Asset [8] to calculate the
reliable block N50 and used BUSCO (5.1.3) [9] to calculate the false duplication rate for
the assembly. To estimate the base accuracy, we used Merqury (1.3) [10] to calculate the
k-mer QV and k-mer completeness for the assembly, used BWA (0.7.17) [67] to map the
short reads of the selected white eared pheasant individual to the assembly, and used

SAMtools (1.10) [68] to analyze the mapping results. To estimate the functional
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completeness, we used BUSCO (5.1.3) [9] to assess the completeness of the assembly
against the avian gene set. To plot the heatmap of the scaffolds of the assembly, we
mapped the Hi-C paired-end short reads to the assembly using BWA (0.7.17) [67], used
SAMtools (1.10) [68] and Pairtools (0.3.0) [69] to analyze the mapping results, and used
Higlass [70] to plot the heatmap for the assembly.
5.2.9 Protein-coding gene annotation

To annotate the protein-coding genes and pseudogenes in the assembled genomes,
we used a combination of reference-based and RNA-based method. For the reference-
based method, we used the CDSs of 53 well-represented Aves in NCBI (Supplementary
Table 5-1) as the templates. We mapped all the CDSs isoforms of genes in the 53 Aves to
the WT and BR assemblies using Splign (2.0.0) [71]. For each template gene whose
CDSs can be mapped to an assembly, we concatenated all the mapped parts on the
assembly and checked whether the resulting sequence forms an intact ORF (the length is
an integer time of three and contain no stop codon in the middle). If yes, we called it an
intact gene. If the CDSs of the template gene can be mapped to multiple loci on the
assemblies, we choose the locus with the highest mapping identity. If the target sequence
did not form an intact ORF (the length is not an integer time of three or/and contain one
or more stop codons in the middle), we mapped the Illumina DNA short reads from the
same individual to the assembly allowing no mismatch and gaps using bowtie (2.4.1)
[72]. If the sequence can be supported by at least 10 short reads at each nucleotide
position, we consider the sequence as a pseudogene; otherwise, we called it a partially
supported gene since the pseudogenization might be caused by the sequencing errors in

long reads that cannot be corrected by DNA short reads.
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For the RNA-based method, we first mapped all the RNA-seq reads from multiple
tissues of WT and BR into the rRNA database SILVA 138 [73] and filtered out the
mapped reads. We then mapped the unaligned reads of each pheasant to their
corresponding assemblies using STAR (2.7.0c) [74]. Based on the mapping results, we
assembled the mapped reads for each pheasant into transcripts using Trinity (2.8.5)
genome-guided method [75]. Then we mapped the transcripts of each pheasant to their
corresponding assemblies using Splign (2.0.0) [71] and removed those that partially
overlapped the genes, pseudogenes predicted by the reference-based method or the non-
coding RNA genes (see below). For the remaining transcripts, if we could find a longest
OREF with at least 300 bp, we called it a protein-coding gene. If multiple ORFs are found
in a transcript, we select the longest one.

For the non-coding RNA genes, we annotated the tRNA, miRNA, rRNA,
snoRNA, telomerase RNA and SRP RNA using infernal (1.1.2) [76] with Rfam (v.14)

database [77] as the reference for each of the two pheasants.

5.2.10 Single nucleotide variants calling

To calculate the fixation rate of the pseudogenes in the population of each of the
two pheasants, we called the SNPs in the pseudogenes of each of the two pheasants using
the DNA short reads from the species population (n=10 for WT and n=40 for BR) using
GATK (4.1.6) [78].

To call the variants for the populations of BL, BR and WT, we first mapped the
short reads of each individual to the WT genome using BWA (0.7.17) [67] and SAMtools
(1.9) [68] with the default settings, and then we called the variants for each individual

using GATK-HaplotypeCaller (4.1.6) [78] and merged the variants of each individual
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from the same species using GATK-CombineGVCFs (4.1.6) [78] with the default
settings. We removed the SNPs with Quality by depth (QD) < 2, Fisher strand (FS) > 60,
Root mean square mapping quality (MQ) < 40, Strand odd ratio (SOR) > 3, Rank Sum
Test for mapping qualities (MQRankSum) <-12.5 and Rank Sum Test for site position
within reads (ReadPosRankSum) < -8 and indels with QD < 2, FS > 200, SOR > 10,
Likelihood-based test for the consanguinity among samples (InbreedingCoeft) <-0.8 and
ReadPosRankSum < -20.
5.2.11 Population structure and PCA

Principal component analysis was performed using plink (1.90) [79] using the 16
million SNPs in the three species. The same SNPs were used to infer the population

structure using ADMIXTURE (1.3.0) [24].

5.2.12 Population diversity estimation

The genetic diversity was measured by the number of heterozygous SNPs per
base pair in each species. The pairwise nucleotide diversity was computed on
synonymous and nonsynonymous sites in each species. The Tajima’s D was estimated

using ANGSD (0.921) [80].

5.2.13 Selective sweeps detection

Selective sweeps were detected using two methods including genetic
differentiation (Fsr) [138] and difference in nucleotide diversity (4mr). We estimated Fgp
for each comparison using VCFtools (0.1.16) [139] with a sliding window of 40 kb and
the step size of 20 kb. We estimated m for each species using VCFtools (0.1.16) [139]
with a sliding window of 40 kb and the step size of 20 kb and calculated the difference in

nucleotide diversity (A4m) in each window for each comparison. For Fg method, we
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defined windows with top 10% Fg; score as the putative selective sweeps, and for A
method, we defined windows with bottom 5% or top 5% Am score as the putative
selective sweeps. We consider windows supported by both of the two methods as the
final selective sweeps. For the selective sweeps in each comparison, we used the value of
Am to help identify the selective sweeps of each species. Windows with Ar score in the
bottom 5% represent selective sweeps of the minuend species, and windows with A

score in the top 5% represent selective sweeps of the subtrahend species.
5.3 Results

5.3.1 High-quality genome assembly of a WT individual

We generated [llumina paired-end short reads (102X), PacBio long reads (91X)
and Hi-C paired-end short reads (81X) for a female WT individual (Supplementary Table
5-2). Using the short and long sequencing reads, we assembled the genome into 805
contigs with a contig N50 of 19.63 Mb. The total length of the contigs is 1.02 Gb,
comparable to those of the chicken (Gallus gallus) genome assemblies GRCg6a and
GRCg7b/w as well as of the previously assembled BR genome [191] (1.01Gb) (Table 5-
1). Using the Hi-C paired-end short reads (Supplementary Table 5-2), we further
assembled the contigs into 643 scaffolds with a scaffold N50 of 29.59 Mb (Table 5-1).
We assessed the quality of the assembly using the criteria proposed by the VGP
consortium [4], and compared it with chicken assemblies GRCg6a and GRCg7b/w, the
best-studied bird genomes. These criteria include genome features (heterozygosity and
repeat rates), continuity (assembly size, N50 and gaps), structure accuracy (reliable block
N50 and false duplication rate), base accuracy (k-mer QV, k-mer completeness and short

reads mapping rate) and functional completeness (BUSCO completeness) (Table 5-1).
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The heterozygosity rate of the WT is 0.54%, and its repeat rate is 20.6%, both are
comparable to those of the GRCg6a and GRCg7b/w assemblies (Table 5-1). For the
continuity, the contig N50 (19.6 Mb) of the assembly is slightly larger than those of the
GRCgo6a and GRCg7b/w assemblies. The scaffold N50 (29.6 Mb) of the assembly is
slightly larger than that of the GRCgb6a assembly, but smaller than those of the
GRCg7b/w assemblies (Table 5-1). For the number of gaps, there are only six gaps in our
assembly, which is much fewer than those of the GRCg6a and GRCg7b/w assemblies
(Table 5-1), indicating that our assembly is almost gapless. For the structural accuracy,
the reliable block N50 [27] of our assembly (14.6 Mb) is comparable to those of Avian
genomes assembled by the recent VGP consortium [4]. The false duplication rate [10] of
our assembly (0.3%) is slightly smaller than those of the GRCg6a and GRCg7b/w
assemblies (Table 5-1), indicating that the structural accuracy of our assembly is very
high. For the base accuracy, the k-mer QV of our assembly is 42.0, suggesting that the
consensus base accuracy is greater than 99.99% [28] (Table 5-1). The k-mer
completeness (defined as the fraction of reliable k-mers in highly accurate short reads
data that are also found in the assembly [28]) of our assembly is 95.3% (Table 5-1),
which is comparable to those of the recent VGP assemblies [4]. To further evaluate the
base accuracy, we mapped the [llumina short reads of the WT individual to the assembly
and found that 99.3% short reads can be mapped to the assembly (Table 5-1), suggesting
that our assembly is of high base accuracy. For the functional completeness, we achieved
a larger BUSCO completeness [10] value (97.2%) than those of the GRCgb6a and
GRCg7b/w assemblies (Table 5-1), suggesting that our assembly is of high functional

completeness. To further check whether our assembly is at chromosome-level, we plotted
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the Hi-C interaction heatmap of the scaffolds. As shown in Figure 5-1a, almost all the
scaffolds form a square at the diagonal of the heatmap, indicating that our assembly is at

chromosome-level, although we lack genetic marks to sort them into specific

chromosomes.
Table 5-1 Evaluation of the genome assemblies
Genome Continui Structural Acc. Base Acc. Func. Comp
Breed Het Rep Size  # Contigs (Contig # Scaffolds # Gaps Reliable block False k-mer k-mer Short reads | BUSCO Comp.
(%) (%) (Gb) N50) (Mb) (Scaffold N50) (Mb) N50 (Mb) duplications (%) Qv Comp. (%) Comp. (%) (%)

wT 0.54  20.6 | 1.023 805 (19.6) 643 (29.6) 6 14.6 03 420 T 953 T 993 97.2
GRCg6a - 206 | 1.056 1,402 (17.7) 464 (20.8) 7500,945 - 0.4 - - - 96.6
GRCg7b - 206 | 1.050 677 (18.8) 214 (90.9) ¥ 463 - 0.4 - - - 96.6
GRCg7w - 202 | 1.046 685 (17.7) 276 (90.6) " 409 - 0.4 - - - 96.8

5.3.2 Annotation of genes in the WT and BR genomes

Using the coding DNA sequences (CDSs) of 53 well-represented Aves
(Supplementary Table 5-1) as the templates and the RNA-seq data from various tissues of
the WT and BR individuals, we annotated 16,315 and 15,003 protein-coding genes and
1,519 and 1,976 pseudogenes in the WT and BR genomes, respectively (Table 5-2). The
vast majority (15,565 and 14,727) of the genes and all the pseudogenes in the WT and
BR genomes were predicted based on the CDSs in the reference genomes, while a small
portion (750 and 276) were predicted based on their respective 20 and three available
RNA-seq datasets (RNA-based genes) (Table 5-2). The smaller number of RNA-based
genes (276) predicted in BR might be due to the small number of RNA-seq datasets used.
Of the 750 RNA-based genes predicted in WT, 743 can be mapped to the BR genome.
Most of the reference-based putative genes (14,815 and 14,518) in both species have an
intact open reading frame (ORF) (intact genes) while the remaining small numbers (750
and 209) contain stop-gain or ORF-shift mutations that are not supported by the
corresponding short DNA reads, thus, we called them partially supported genes, as the

observed stop-gains and ORF-shifts might be caused by sequencing errors, particularly,
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in long reads. The vast majority of the intact genes (99.01%), partially supported genes
(97.73%) and pseudogenes (95.13%) in WT were transcribed in at least one of the 20
tissues we examined (Supplementary Table 5-3). These percentages (96.54%, 93.78%
and 90.84%) are smaller in BR (Supplementary Table 5-4) as RNA-seq data from only
three tissues are available [191]. The RNA-based putative genes were not seen in the 53
reference avian genomes, thus, they are likely new genes. Most (694 and 259) of these
putative new genes in both species can be mapped to the NT database (NT-supported new
genes), and the remaining small numbers (56 and 17) cannot be mapped to the NT
database, thus they are likely novel genes (Table 5-2).

Table 5-2 Gene annotation of the two species

Breeds Reference-based RNA-based # Total # Total
# Intact # Partial | # Pseudogenes | # NT-supported # Novel genes pseudogenes

WT 14,815 750 1,519 694 56 16,315 1,519

BR 14,518 209 1,976 259 17 15,003 1,976

Common 14,057 1,040 121 0 14,178 1,040

5.3.3 New genes found in both WT and BR are likely functional

Interestingly, 121 genes are shared by the 750 and 276 new genes we found in the
WT and BR assemblies, respectively (Table 5-2). Thus, these shared genes are likely
authentic as the same transcriptional noise are unlikely to occur in two different species.
Moreover, as all the new genes do not have GO term assignment, to further validate these
new genes in both species, we analyzed their expression levels in the 20 and three
different tissues from WT (Supplementary Table 5-3) and BR (Supplementary Table 5-
4), respectively. We found that the expression levels of the new genes in both species
were highly tissue-specific (Figures 5-1b, 5-1c, 5-1d and 5-1¢), indicating that they might
be authentic and functional. In addition, we randomly selected 17 new genes out of the

750 new genes in WT and measured their expression levels in 16 tissues using RT-qPCR.
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We found that 15 (88.24%) of them were transcribed in at least one of the tissues
examined (Supplementary Table 5-5, Figure 5-1f), further suggesting that most of the
new genes at least in WT are likely to be authentic, although the expression patterns of
some genes are different from those seen in the RNA-seq data due probably to the higher
sensitivity of RT-qPCR than that of RNA-seq (Figure 5-1g).

To see whether the genes that we annotated in the two species contain any of the
274 genes that were widely encoded in reptiles and mammals but were reported missing
in avian species [11], we compared the missing genes with the genes annotated in the two
species and found that we annotated 12 and eight of them in WT and BR, respectively

(Supplementary Table 5-6).
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Figure 5-1 Heatmaps of the assembly and new genes of the two species. a. Hi-C
interaction heatmap of the scaffolds of the WT assembly. b. Expression pattern of the
NT-supported new genes in 20 tissues of WT. ¢. Expression pattern of the novel genes in
20 tissues of WT. d. Expression pattern of the NT-supported new genes in three tissues of
BR. e. Expression pattern of the novel genes in three tissues in BR. f. Expression pattern
of the 17 selected new genes in WT measured by RT-qPCR. g. Expression pattern of the
17 selected new genes from RNA-seq calculation in WT.
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5.3.4 Numerous pseudogenes are found in WT and BR

As indicted earlier, we annotated 1,519 and 1,976 pseudogenes in the WT and BR
genomes, respectively. To see whether or not the pseudogenization alleles are fixed in the
respective population, we mapped the short reads from 10 WT individuals and 41 BR
individuals to the corresponding genomes and found that most of the first
pseudogenization alleles along the genes were fixed in the population of the two species
(Figures 5-2a and 5-2b), suggesting that these pseudogenes might contribute to the
phenotypic traits of the two species. We then analyzed the positions of the first
pseudogenization alleles of the pseudogenes along the CDSs. We reason that if these
pseudogenization mutations are selectively neutral, then they should uniformly distribute
along the CDSs. Indeed, the synonymous mutations in true genes in the two species,
which are generally assumed to be selectively neutral, are largely uniformly distributed
long the CDSs, except at the two ends, where the numbers of synonymous mutations
decrease, consistent with an earlier report in chickens [52] (Figures 5-2¢ and 5-2d). The
reduced synonymous mutations suggest that the two ends of CDSs might harbor
functional elements not related to their coding functions, such as transcriptional and post-
transcriptional regulatory elements [53]. In contrast, pseudogenizations are strongly
biased to the 5’-ends (~40%) and 3’-ends (~20%) in both species (Figures 5-2¢ and 5-2d).
The same phenomenon was also found in the other species such as human [52, 54] and
chickens [52]. Therefore, the strongly biased pseudogenizations to the 5’-end and 3’-end
in the two species strongly suggest that they are under positive selection. Obviously, the
closer a pseudogenization mutation to the 5’-end of a CDS, the larger the affected part of

the translated peptide, and thus, the more likely the mutation would eliminate the
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protein’s function. Although pseudogenization mutations close to the 3’-ends of CDSs
might still produce at least partially functional proteins, the mutations might also disrupt
regulatory elements at the 3’-ends, and thus may have functional consequence. Therefore,
the biased pseudogenization mutations to the two ends suggest that natural selection tends
to eliminate the functions of the parent genes of pseudogenes.

Next, we checked possible functional alternative transcripts of the pseudogenes
found in both species. In WT, 727 of the 1,519 pseudogenes have alternative transcripts,
but only 10 (1.4%) of them have functional alternative transcripts (Supplementary Table
5-7). In BR, 1,712 have alternative transcripts, but only 17 (1.0%) of them have
functional alternative transcripts (Supplementary Table 5-8). These results suggest that
most pseudogenes in both species do not have functional alternative transcripts and thus

most of them have lost the functions of their parent genes.
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Figure 5-2 Distribution and fixation rate of pseudogenes in WT and BR. a. Number of
pseudogenization alleles with indicated frequencies in the BR population. b. Number of
the pseudogenization alleles with indicated frequencies in the WT populations. c.
Distribution of the first pseudogenization alleles along the CDSs of BR. d. Distribution of
the first pseudogenization alleles along the CDSs of WT.
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5.3.5 Unique genes and pseudogenes are identified in WT and BR

Of the annotated genes and pseudogenes in the WT and BR genomes, 14,178
genes and 1,040 pseudogenes are shared by the two species, respectively (Table 5-2),
while 2,137 genes and 479 pseudogenes are unique to WT, and 825 genes and 936
pseudogenes are unique to BR (Supplementary Tables 5-9~5-12). Of the 2,137 unique
genes in WT, 658 (30.8%) become unique pseudogenes in BR, while 70.3% (658/936) of
the unique pseudogenes in BR are unique genes in WT. Of the 479 unique pseudogenes
in WT, 173 (36.1%) are unique genes in BR, while 21.0% (173/825) unique genes in BR
become unique pseudogenes in WT. To see whether the unique genes and pseudogenes in
each species are related to their unique traits and evolutionary pressure from their niches,
we assigned the gene ontology (GO) [48] terms to the unique genes and pseudogenes in
each species based on their homologs in humans. Although most of the unique genes and
pseudogenes in both WT and BR did not have GO term assignments, those in WT were
involved in 69 and 25 biological pathways (Supplementary Table 5-13), respectively,
while those in BR were involved in 27 and 59 biological pathways, respectively
(Supplementary Table 5-13). Not surprisingly, pathways involving unique genes in WT
are often shared with those (59) affected by unique pseudogenes in BR (Figure 5-3), and
vice versa, since unique genes with GO pathway assignments in WT or BR are often
pseudogenized in BR or WT (Figure 5-3). Interestingly, these unique genes and unique
pseudogenes are mainly involved in and affect, respectively, pathways related to four
functional categories (Supplementary Table 5-13).

1) Cardiovascular functions: For example, the unique gene PIK3C2G in BR,

which is involved in HIF activation pathway [192-194], is a unique pseudogene in WT.
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Unique genes SH2D2A, PRKCD, PRKD3 and NOS3 in WT, which are involved in the
VEGF signaling pathway that play critical roles in proliferation, survival and migration
of blood endothelial cells required for angiogenesis pathway [195-197], are missing in
BR. Unique genes SH2D2A, MAP3K1, PRKCD, WNT1, PRKD3, NOS3, EPHA3,
NOTCHI and GRBI14 in WT, which are involved in Angiogenesis pathway, are missing
(SH2D2A4, PRKCD, PRKD3, NOS3 and EPHA3) or pseudogenized (MAP3KI, WNT1I,
NOTCHI and GRB14). Unique genes DOKI and PIK3C2G in BR, which are involved in
the Angiogenesis pathway, are pseudogenized in WT. Unique genes PRKCD, NOS3 and
NPR?2 (Endothelin signaling pathway) in WT are missing (PRKCD and NOS3) or
pseudogenized (NPR2) in BR. Unique gene ARRBI (Angiotensin II-stimulated signaling
through G proteins and beta-arrestin pathway) in BR is missing in WT. And unique gene
VWF (Blood coagulation pathway) in WT is pseudogenized in BR (Figure 5-3).

2) Energy metabolism: For example, unique gene PFKM in BR, which is involved
in glycolysis, is pseudogenized in WT. Unique genes PRKCD, CACNBI and CACNB3 in
WT, which are involved in Thyrotropin-releasing hormone receptor signaling pathway,
are missing (PRKCD and CACNB3) or pseudogenized (CACNBI) in BR. Unique genes
IRS2 and TSC?2 (Insulin/IGF pathway-protein kinase B signaling cascade pathway) in WT
are missing (7SC2) or pseudogenized (/RS2) in BR. And unique gene 7SC2 (p53 pathway
by glucose deprivation) in WT is missing in BR (Figure 5-3).

3) Neuronal functions: For example, unique genes CACNA 1D, CACNBI and
CACNB3 (Betal/2 adrenergic receptor signaling pathway) in WT are missing (CACNA1D
and CACNB?3) or pseudogenized (CACNBI) in BR. Unique gene ADRBI (Betal/2

adrenergic receptor signaling pathway) in BR is pseudogenized in WT. Unique genes
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GRIKI and GRIN2C (Metabotropic glutamate receptor group I pathway) in WT are
pseudogenized in BR. Unique gene CACNBI (Metabotropic glutamate receptor group II1
pathway) in WT is pseudogenized in BR. Unique gene GABBRI (GABA-B receptor 11
signaling pathway) in WT is missing in BR. Unique genes CAMK2G, GRIK 1, SHANK?,
GRIN2C and CAMK2B (Ionotropic glutamate receptor pathway) in WT are missing
(SHANK?2 and CAMK?2B) or pseudogenized (CAMK2G, GRIKI and GRIN2C) in BR. And
unique genes CACNAID, MYO154 and CACNBI(Nicotinic acetylcholine receptor
signaling pathway) in WT are missing (CACNA D) or pseudogenized (MYOI154,
CACNBI) in BR (Figure 5-3).

4) Immunity: For example, unique gene MAP3KI (T cell activation pathway) in
WT is pseudogenized in BR. Unique gene PIK3C2G (T cell activation pathway) in BR is
pseudogenized in WT. Unique genes CD794 and PRKCD (B cell activation pathway) in
WT are missing in BR. Unique genes PREXI, CAMK2G, ITGB7, VWF, TYK2, IL6 and
CAMK?2B (Inflammation mediated by chemokine and cytokine signaling pathway) in WT
are missing (ITGB7, VWF, TYK2 and CAMK2B) or pseudogenized (PREX1, CAMK2G,
VWEF and IL6) in BR. And unique gene ARRB! (Inflammation mediated by chemokine
and cytokine signaling pathway) in BR is missing in WT (Figure 5-3).

The enrichment of the unique genes and pseudogene in the four functional
categories might be due to the strikingly different altitudes of the niches of the two
species, posing strikingly different pressures on these related functional systems that have
been shown to be involved in high altitude-related adaptation [198]. Moreover, unique
genes or pseudogenes in the two species are also involved in pathways that might be

related to the adaptation of the two species to other aspects of their distinct ecological
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niches, and in the case of BR, also as a consequence of population decline. For example,

unique genes CACNAID, PRKCD, CACNBI and CACNB3 in WT, which are involved in

Oxytocin receptor mediated signaling pathway that is involved in social behaviors [199],

are missing (CACNAID, PRKCD and CACNB3) or pseudogenized (CACNBI) in BR;

unique genes /RS2, SMAD4, FOSB, CACNAID, MAP3K1, PRKCD, MAP2K?7, EP300,

NR5A1, NPR2, MAP3K5 and CAMK2B in WT are missing (SMAD4, FOSB, CACNAID,

PRKCD, MAP2K7, NR5A and CAMK2B) or pseudogenized (/IRS2, MAP3K1, EP300,

NPR?2 and MAP3K35) in BR, these genes are in involved in Gonadotropin releasing

hormone receptor pathway that regulate reproduction.
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5.3.6 Fragmental populations are clustered distinctly

To further understand the genetic basis of altitude adaptation, in addition to the
comparative analysis of the assembled genomes of WT (high altitude) and BR (low
altitude), we also compared SNP spectrums of WT (10 individuals), BR (41 individuals)
and BL (12 individuals) populations. We included the BL population in the analysis as
they inhabit at intermediate altitude (1,000~1,500 m). Figure 5-4a shows the geographical
locations where the populations were sampled. Specifically, three BR subpopulations
were from Shannxi, Shanxi and Hebei & Beijing provinces, respectively [191]; the BL
populations were from Gansu province [191]; and the WT populations from Yunnan
province. Using our assembled genome of the WT individual as the template, we
identified 10, six and nine million SNPs in the BL, BR and WT populations, respectively
(Table 5-3). After removing the redundancy, we ended up with 16 million SNPs in the
populations of the three species (Table 5-3). Based on the 16 million SNPs, we performed
principal component analysis (PCA) of the population of the three species. As shown in
Figure 5-4b, individuals of the same species form distinct clusters. Notably, each of the
three BR subpopulations forms a distinct compact subcluster, which is consistent with the
previous result [191]. We also run the admixture algorithm [200] on the called SNPs. As
shown in Figure 5-4c, when two clusters were set, individuals of BL and BR were
grouped into one cluster, which is consistent with previous phylogenetic analysis [190],
while WT individuals formed the other cluster. When three clusters were set, individuals
of each species formed a distinct cluster, consistent with the result from PCA. These

results suggest that the populations of the three species are strongly structured.
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Table 5-3 Summary of the SNPs in each species

Breeds # individuals # Total SNPs

BL 12 10,147,889
BR 41 6,849,438
WT 10 9,004,245
All 63 16,459,558
a b v
o " '
A o Brown 1:0:15
’ A Blue -0.20/ ® :Iue
LR R
0 4000 8000 —0.25 —0.20 —0.15 —0.10 —0.05 0.00 0.05 0.10
c PC1(27.7%)

Blue Brown White

Figure 5-4 Distribution and population structure of WT, BL and BR. a. Distribution of
the populations of three species used in this study. The color of the map indicates altitude
level (m). b. Principal component analysis of the populations of the three species based
on their SNP spectrum. ¢. Genetic structure of the individuals of the three species
estimated using ADMIXTURE.

5.3.7 Low genetic diversity might explain the vulnerability of BR

To evaluate genetic diversity of individuals in each population, we first computed
pairwise nucleotide diversity () in a 40 kb window with 20 kb step size for each
population. As shown in Figure 5-5a, BR has the lowest mean © value (3.61e-4),
followed by BL (1.60e-3), and WT (2.63e-3). We next computed the heterozygous SNP

rate in each individual of each species. As shown in Figure 5-5b, WT has the highest
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mean heterozygous SNP rate (1.36e-3), followed by BL (6.73e-4), and BR (1.84e-4). We
then calculated the pairwise nucleotide diversity for 0-fold and 4-fold degeneration SNPs
in each species population. As shown in Figure 5-5¢, BR has the lowest nucleotide
diversity (2.67¢e-5) for 0-fold degeneration sites, followed by BL (3.34e-5) and WT
(4.28e-5). The same pattern is seen in the nucleotide diversity for 4-fold degeneration
sites of the three species (Figure 5-5d). To see whether BR accumulates more missense
mutations, we computed the ratio of nucleotide diversity of 0-fold degeneration sites over
that of 4-fold degeneration sites ratio in each of the three species (Figure 5-5¢). We found
that BR has the highest ratio value (1.15), followed by BL (0.93) and WT (0.90),
suggesting that BR contains more deleterious mutations than the other two species, which
is a genomic reflection of the vulnerability of BR. Moreover, the BR population have the
highest positive Tajima’s D value among the three species (Figure 5-5f), suggesting that
they have undergone a more dramatic decrease in population size, and have fewer rare
alleles. All these results indicate that BR has the lowest population genetic diversity
among the three eared pheasants, and that BR has undergone a more serious population
bottleneck than the other two species. Taken together, these results strongly suggest that
WB is in higher risk of extinction than the other two species, which is consistent with the

previous results [191].
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Figure 5-5 Summary of population genetics statistics. a. Nucleotide diversity in 40-kb
windows with 20-kb step size of the three species using the WT assembly as the
reference. b. Genetic diversity of each species. ¢. Nucleotide diversity on 0-fold
degeneration sites of each species. d. Nucleotide diversity on 4-fold degeneration sites of
each species. e. Nucleotide diversity of 0-fold degeneration sites over nucleotide diversity
of 4-fold degeneration sites of each species. f. Genome-wide Tajima’s D of each species.
5.3.8 Altitude adaptation-related pathways are under selection

To identify genomic regions and genes that might be related to the adaptation of
the three species to their different ecological niches, particularly, to different altitudes, we
identified selective sweeps in each species by comparing its SNPs spectrum with those of
the other two species using both the genetic differentiation (Fsr) and difference in
nucleotide diversity (Am) parameters. Figure 5-6 shows the distribution of Fg and Am as
well as their values for each 40 kb genome windows for the three pairwise comparisons.

We consider a window with a top 10% Fg values and a top 5% or a bottom 5% Ar

values as a selection sweep. Since adjacent selective sweeps can overlap with one
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another, we merged the overlapping ones as a discrete selection sweep (DSS) in each
species. For the comparison of BL and BR (BL VS. BR), we identified 22 and 194
selective sweeps, 14 and 151 discrete selective sweeps (DSSs) containing six and 175
genes in BL and BR, respectively (Table 5-4, Supplementary Table 5-14). For the
comparison of BL and WT (BL VS. WT), we identified 103 and 611 selective sweeps, 81
and 350 DSSs containing 76 and 341 genes in BL and WT, respectively (Table 5-4 and
Supplementary Table 5-15). For the comparison of BR and WT (BR VS. WT), we
identified 120 and 478 selective sweeps, 85 and 252 DSSs containing 78 and 254 genes,
respectively (Table 5-4 and Supplementary Table 5-16) (Figure 5-6).

Although most of the genes in the selective sweeps identified in each species do
not have GO term assignments, we found that they are mostly involved in the same
pathways in the four functional categories as are the unique genes and unique
pseudogenes in the WT and BR (Figure 5-3). Specifically, for BL, genes in selective
sweeps identified in the ‘BL VS. BR’ and ‘BL VS. WT’ comparisons are involved in the
same number of 22 GO pathways (Table 5-4). Compared to BR, six genes in the selection
sweeps in BL have GO pathway assignments (Supplementary Table 5-14). Among these
genes, MAPK] is involved in cardiovascular functions such as angiogenesis pathway,
VEGF signaling pathway [195-197], Endothelin signaling pathway [201-203], and
Angiotensin II-stimulated signaling through G proteins and beta-arrestin pathway (Figure
5-7). Compared to WT, 76 genes in the selection sweeps in BL have GO pathway
assignments (Supplementary Table 5-15). Among these genes, PRKAR2B is involved in
neuronal functions such as Betal/2 adrenergic receptor signaling pathway, Metabotropic

glutamate receptor group III pathway, GABA-B receptor II signaling pathway and
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Endothelin signaling (Figure 5-7). As the cardiovascular system plays a crucial role in
long term response to hypoxia [204], selection on cardiovascular function-related
pathways through MAPKI and PRKAR2B genes in BL might be related to its higher
altitude niches. Selection of neuronal related pathways through PRKAR2B might be also
beneficial for BL to survive in its ecological niches.

For BR, genes in the selective sweeps identified in the ‘BL VS. BR’ and ‘BR VS.
WT’ comparisons are involved in 27 and 32 GO pathways, respectively (Table 5-4).
Compared to BL, 175 genes in the selection sweeps in BR have GO pathway assignments
(Supplementary Table 5-14). Among these genes, some are involved in cardiovascular
functions, such as PLA2G4A4 (VEGF pathway and Angiogenesis pathway), PLA2G4A4 and
ITPR?2 (Endothelin signaling pathway), ITPR2 (Angiotensin II-stimulated signaling
through G proteins & beta-arrestin pathway), PREP (Vasopressin synthesis pathway
[205]), PLA2G4A (Oxidative stress response pathway); some are involved in immunity
such as PLA2G4A, ITPR2 and COL6A6 (Inflammation mediated by chemokine and
cytokine signaling pathway), ITPR2 ( B cell activation pathway); some are involved in
neuronal functions, such as RYR2 (Betal/2 adrenergic receptor signaling pathway),
SLC1746 (Ionotropic glutamate receptor pathway) (Figure 5-7). Compared to WT, 78
genes in the selection sweeps in BR have GO pathway assignment (Supplementary Table
5-16). Some of these genes are involved in cardiovascular functions, such as PRKCD
(VEGF pathway, Angiogenesis pathway, Endothelin signaling pathway) and CEP
(Vasopressin synthesis pathway). PRKCD is also involved in energy metabolism
(Thyrotropin-releasing hormone receptor signaling pathway), immunity (B-cell activation

pathway) and neuronal functions (Alpha adrenergic receptor signaling pathway) (Figure
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5-7). Selection on these cardiovascular, immunity, energy metabolism pathways might be
beneficial for BR to adapt to low altitude.

For WT, genes in the selective sweeps identified in the ‘BL VS. WT” and ‘BR
VS. WT’ comparisons are involved in 62 and 48 GO pathways, respectively (Table 5-4).
Compared to BL, 341 genes in the selection sweeps in WT have GO pathway
assignments (Supplementary Table 5-15). Of these genes, some are involved in
cardiovascular functions such as ARNT2 and PPARG (Hypoxia induced factor pathway
[192-194, 206]), RASAI, FZDI and MAPKS (Angiogenesis pathway), PLCB1
(Endothelin signaling pathway, Angiotensin II-stimulated signaling through G proteins
and beta-arrestin pathway), MAPKS (Oxidative stress response pathway); some are
involved in energy metabolism pathway, such as CACNB2 and PLCBI (Thyrotropin-
releasing hormone receptor signaling pathway), RASA ! (Insulin/IGF pathway-mitogen
activated protein kinase kinase/MAP kinase cascade pathway), PPP2CB (p53 pathway by
glucose deprivation); some are involved in neuronal functions, such as CACNB2 (Betal/2
adrenergic receptor signaling pathway), SEMA4D (Axon guidance mediated by
semaphorins pathway); PLCBI (Alpha adrenergic receptor signaling pathway), GRIN3A4
and GRIKS5 (Metabotropic glutamate receptor group I pathway), GRIN3A4, GRIKS,
SLC1A41 and GRIK2 (Metabotropic glutamate receptor group III pathway), GABBR?2
(GABA-B receptor II signaling pathway), GRIN3A, GRIKS5, SLC1A41 and GRIK2
(Ionotropic glutamate receptor pathway), CACNB2 and ACTA2 (Nicotinic acetylcholine
receptor signaling pathway); and some are involved in immunity, such as PPP3CB,
MAPKS and PTPRC (T/B cell activation pathway), MAPKS8 and UBE2V1 (Toll receptor

signaling pathway and Interferon-gamma signaling pathway), ACTA2 and PLCBI
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(Inflammation mediated by chemokine and cytokine signaling pathway) (Figure 5-7).
Compared to BR, 254 genes in the selection sweeps in WT have GO pathway
assignments (Supplementary Table 5-16). Of the these genes, some are involved in
cardiovascular functions, such as CUL2 (Hypoxia induced factor pathway[192-194,
206]), MAPKS (Oxidative stress response pathway [207-211]); TEK, RASA1, FZDI and
MAPKS (Angiogenesis pathway), and VWF (Blood coagulation pathway); some are
involved in energy metabolism, such as PDPK/ (Insulin/IGF pathway-protein kinase B
signaling cascade), RPS6KA1 and RASAI (Insulin/IGF pathway-mitogen activated
protein kinase kinase/MAP kinase cascade pathway[212-217]); Some are involved in
immunity, such as MAPKS (Interferon-gamma signaling pathway and Toll receptor
signaling pathway); PPP3CB, MAPKS8 and PTPRC (T/B cell activation pathway and Toll
receptor signaling pathway and Interferon-gamma signaling pathway[218-220]),
CAMK2G, VWF, MYO3B and PDPK1 (Inflammation mediated by chemokine and
cytokine signaling pathway [221, 222]); some are involved in neuronal functions, such as
GRIN3A, GRIKS5 (Metabotropic glutamate receptor group I pathway), GRIN3A4, GRIKS
and GRIK?2 (Metabotropic glutamate receptor group III pathway); GABBR2 (GABA-

B receptor Il signaling pathway), CAMK2G, GRIN3A4, GRIKS5 and GRIK?2 (Ionotropic
glutamate receptor pathway), and MYO3B (Nicotinic acetylcholine receptor signaling
pathway) (Figure 5-7). Since WT’s high-altitude niches with low oxygen pressure and
scarcity of food pose a great challenge to its cardiovascular system and energy
metabolism, selection on the hypoxia response- and energy metabolism-related pathways

compared to the other two species living in relatively lower altitude niches might help
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WT to adapt to the high-altitude niches. Selection on immunity- and neuronal function-
related pathways is also beneficial for WT to adapt to their unique ecological niches.

Table 5-4 Summary of selective sweeps in different comparisons

BL BR WT
. # # # # # #
Comparison| #SS #SS #SS
(# DSS) Genes |Pathways (# DSS) Genes |Pathways (# DSS) Genes |Pathways
in DSS | involved in DSS | involved in DSS | involved
22 194
BL VS. BR 6 22 175 27 NA NA NA
(14) (151)
103 611
BLVS. WT 76 22 NA NA NA 341 62
(81) (350)
120 478
BR VS. WT NA NA NA 78 32 254 48
(85) (252)
a E£2500 BLVS. BR b £2500 BLVS. WT
8§ o0 S o
0.50 ' ' . 0.50
X MR
& 0.00 | &
i 0.00 ;
oso | B
-1.00 i 0-30 L
' 0.000 0.005 01000 -0.010 -0.005 0.000 0.0050 2000
Am (BL-BR) Count Am (BL-WT) Count

0.00

-0.010 -0.005 0.000 0O 2000
Am (BR-WT) Count

Figure 5-6 Distribution of the Fg; and Am values in each comparison. a. “BL VS. BR”
comparison. b. “BL VS. WT” comparison. ¢. “BR VS. WT” comparison. In each
subfigure, the top panel represents the distribution of A values and the bottom right one
represents the distribution of Fgrvalues. Each dot in the bottom left panel represents a
sliding window with its Am and Fg; values being its coordinates in the plot. The dashed
lines represent the cut-off for the Fg; and Am.
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Figure 5-7 Pathways involved in genes in selection sweeps of each species

5.4 Discussion

By using the Illumina short reads, PacBio long reads and Hi-C reads, we
assembled the genome for a WT individual. By using the criteria proposed by the VGP
project [4] to evaluate quality of the assembly, we found it is of high continuity and
accuracy (Table 5-1). The Hi-C interaction heatmap indicates that our assembly is at
chromosome-level (Figure 5-1a). Thus, we provide an almost gapless reference genome
for the crossoptilon species. We annotated and compared the genes and pseudogenes of
our assembled WT genome and the previously assembled BR genome [191]. Our
annotation covers 12 and eight bird “missing” genes [11], in WT and BR genomes,

respectively. At the same time, we annotated 750 and 276 new genes in WT and BR,
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respectively, which are not seen in the 53 reference genomes (Table 5-2). RT-qPCR
validation suggests that most of the new genes are authentic at least in WT
(Supplementary Table 5-5 and Figure 5-1f). These results indicate that our approach of
annotating genes is accurate and complete enough.

We found 1,519 and 1,976 pseudogenes in WT and BR, respectively, and most of
them are fixed in their corresponding population (Figures 5-2a and 5-2b). This is the first
time to find such large numbers of pseudogenes in the crossoptilon species, to the best of
our knowledge. We also found that the first pseudogenization alleles in the pseudogenes
tend to be located in the 5° end (40%) and 3’ end (20%) along the CDSs in both species
(Figures 5-2¢ and 5-2d), which is also observed in other species in the previous studies
[52, 54]. Therefore, most pseudogenes might lose their functions by disrupting most part
of the peptides via pseudogenization occurring near the 5’-ends and affecting the
regulatory elements via pseudogenization occurring near the 3’-ends. The larger number
of pseudogenes in BR than in WT might be related to the rapid decline of the BR
population size, resulting less genetic diversity and more missense mutations.

We found that the WT and BR genomes share most of genes and pseudogene, but
they also contain many unique genes and unique pseudogenes. Many unique genes in WT
became pseudogenes in BR, and vice versa (Figure 5-3). These unique genes and unique
pseudogenes are mainly related to four functional categories: cardiovascular, energy
metabolic and immune functions. These alterations of these functions are widely known
to be related to adaptation of high altitude [223-231] might be related to the adaptation to
different altitude of the two species. For example, we found that gene PIK3C2G in BR

became a pseudogene in WT. This gene is involved in many pathways, including the HIF
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pathway, Endothelin signaling pathway, Angiogenesis pathway, VEGF signaling
pathway, T cell activation pathway and Inflammation mediated by chemokine and
cytokine signaling pathway (Figure 5-3). Thus, PIK3C2G might be related to the
adaptation of BR to low altitude and of WT to high altitude for cardiovascular functions
and immunity. Gene CACNBI in WT became a pseudogene in BR. This gene is involved
in the Betal/2 adrenergic receptor signaling pathway, Metabotropic glutamate receptor
group III pathway, Nicotinic acetylcholine receptor signaling pathway and Thyrotropin-
releasing hormone receptor signaling pathway (Figure 5-3). Thus, CACNBI might be
related to the adaptation of WT to high altitude and of BR to lower altitude for neuronal
and energy metabolic functions.

By analyzing re-sequencing data of WT, BL and BR populations, we found that
the BR population have the lowest genetic diversity and excessive loss-of-function
mutations among the three species, consistent with the earlier report [191]. Moreover, we
found that the assembled BR genome contain fewer genes but more pseudogenes than
those in our assembled WT genome. Although some missing genes and unique
pseudogenes in BR might be related to the adaption to their ecological niches, including
lower altitude, some might be resulted from the long-term decline of its population.

Interestingly, by pairwise comparisons of the SNP spectrum of WT, BL and BR
populations, we found that genes in the selective sweeps in each species converged
largely on the same GO pathways of the four functional categories as are the unique
genes and unique pseudogenes in the WT and BR genomes. Therefore, the selection on
these genes might be related to the adaptation of different altitude. For example, in the

“BL VS. BR” comparison, gene MAPK! in BL is included in a selective sweep. This
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gene is involved in the VEGF signaling pathway, Angiogenesis pathway, Endothelin
signaling pathway, Angiotensin II-stimulated signaling through G proteins and beta-
arrestin pathway, Insulin/IGF pathway-mitogen activated protein kinase kinase/MAP
kinase cascade pathway and many pathways of the immunity (Figure 5-7). Thus,
selection on MAPK I might be related to the adaptation of BL to intermediate altitude. In
the “WT VS. BL” comparison, genes ARNT2 and PPARG are in selective sweeps, and in
“WT VS. BR” comparison, gene CUL? is in a selection sweep. All these three genes are
involved in the HIF pathway [206] (Figure 5-7), thus selection on these three genes might
be related to the adaptation of WT to high altitude.

It is not surprising that the unique genes/pseudogenes in WT and BR and genes in
the selective sweeps of BL, BR and WT converge on the same pathways involved in
cardiovascular, energy metabolic, neuronal and immune functions. On the one hand, high
altitude niches with a low oxygen pressure, low temperature and less availability of food
would pose a direct pressure on WT’s cardiovascular system and energy metabolism
functions, while such pressure would be somewhat relaxed for BL and even more relaxed
for BR. On the other hand, other altitude related ecological factor might exert different
pressures on the pheasants for their neuronal functions for food foray and escaping for
predators, and for immune functions for different pathogens. Indeed, it has been shown
that high altitude niches can have effects on the neuronal functions such as sensory
perception in domestic yaks (Bos grunniens) [232] and olfaction in Tibetan pig and wild
boars [224] as well as in ground tit (Parus humilis) [225]. It has also been shown that
high altitude niches can have effects on immune functions in ground tit [225]. Thus, it

appears that the three eared pheasant species might adapt to highly varying altitudes by
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loss-of-function mutation and fine-tuning of genes in the same set of pathways involved
in the four functional categories. The unique genes in a species and their missing or
pseudogenization in other species as well as selection on genes involved in these
pathways in each species might be beneficial for it to adapt to its unique ecological
niches.
5.5 Conclusion

By using the Illumina short reads, PacBio long reads and Hi-C data, we
assembled the genome for a WT individual at chromosome-level with high quality,
providing a reference assembly for the crossoptilon species. By annotating genes and
pseudogenes of the WT assembly and a BR assembly from a previous study, we
identified 2,137 unique genes and 479 unique pseudogenes in WT, and 825 unique genes
and 936 unique pseudogenes in BR. These unique genes and pseudogenes in the two
species are mainly involved in four categories of GO pathways, including cardiovascular,
metabolism, neuronal and immunity functions. By calling the SNPs for the populations of
BL, BR and WT, analyzing the selective sweeps in each of the three species and
assigning the GO pathways for the genes in the selective sweeps of the three species, we
found that these genes are also mainly involved in the four categories of pathways.
Pathways in the four categories of functions and involved genes might be related to the

adaptation to different altitude of the three species.
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CHAPTER 6 Conclusion

In this dissertation, we developed a user-friendly vertebrate genome assembly
pipeline using a combination of Nanopore/PacBio long reads, [llumina short reads and
Hi-C reads, allowing high quality chromosome-level genome assembling. We also
developed a user-friendly accompanying gene annotation pipeline using a combination of
homology-based and RNA-based method approaches, allowing more accurate protein-
coding gene and pseudogene annotations.

Using these pipelines, we assembled the genomes of four indigenous chickens
with high-quality at chromosome-level and annotated the protein-coding genes and
pseudogenes in each assembly. We identified a total of 1,420 new protein-coding genes
in the four indigenous chickens, most of which are involved in many important biological
pathways. Most of the new genes also are encoded or pseudogenized in the GRCg6a and
GRCg7b/w assemblies. Thus, chickens encode similar number of protein-coding genes as
other tetrapods do. At the same time, we also identified an unexpected large number of
pseudogenes in the four chickens, most of which have lost their functions. We found that
the occurring patterns of the pseudogenes reflect the phylogenetic relationships of the
chickens, suggesting that loss-of-function mutations play important roles in chicken
domestication and evolution.

Moreover, using a rigorous model, we found more putative selective sweeps and
protein-coding genes that might be related to the specific traits of each chicken breed than
previous studies. Most of these genes do not have nonsynonymous mutations, so they
might affect chicken phenotypes by altering their expression levels, and we verified a few

such cases.
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Finally, we assembled the genome of a WT individual with high quality at
chromosome-level, providing a good resource to study the crossoptilon species. By
annotating and comparing the genes and pseudogenes in the WT genome and a
previously assembled BR genome, we identified unique genes and pseudogenes in each
species. The unique genes and pseudogenes in each species are mainly involved in the
same GO pathways in four functional categories, including cardiovascular, metabolism,
neuronal and immune functions. Moreover, by analyzing the selective sweeps in BL, BR
and WT populations, we found that genes in the selective sweeps of the three species are
also involved in the same pathway in the four functional categories. Thus, the three
species might adapt to different altitudes by natural selection on different genes in the
same pathways.

To summarize, in this dissertation, we have achieved four aims. Firstly, we
developed a user-friendly vertebrate genome assembly pipeline and an accompanying
gene annotation pipeline. They work back-by-back, allowing high-quality chromosome-
level genome assembly and accurate protein-coding genes annotations. Secondly, we
assembled the genomes of four indigenous chickens and found that loss-of-function
mutations play important roles in chicken domestication and evolution. Thirdly, we
called the SNPs in the population of five indigenous chickens, broilers, layers and RJFs
and found more putative selective sweeps and genes related to the specific traits of each
chicken breed than previous studies. Finally, we assembled the genome of a WT
individual, compared genes and pseudogenes in the WT and a BR individual as well as

selection sweeps in populations of BL, BR and WT. We found that the three species
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might adapt to different altitudes by natural selection on different genes in the same

pathways related to cardiovascular, metabolism, neuronal and immune functions.
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