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GENETICS

An atlas of regulatory elements in chicken: A resource
for chicken genetics and genomics

Zhangyuan Pan"?t, Ying Wang't, Mingshan Wang®t, Yuzhe Wang*t, Xiaoning Zhu*, Shenwen Gu’,
Conghao Zhong?, Ligi An’, Mingzhu Shan?, Joana Damas®, Michelle M. Halstead’, Dailu Guan’,
Nares Trakooljul’, Klaus Wimmers”'?, Ye Bi', Shang Wu', Mary E. Delany', Xuechen Bai',

Hans H. Cheng®, Congjiao Sun’, Ning Yang®, Xiaoxiang Hu?, Harris A. Lewin®'?,

Lingzhao Fang'""?*, Huaijun Zhou'*

A comprehensive characterization of regulatory elements in the chicken genome across tissues will have sub-
stantial impacts on both fundamental and applied research. Here, we systematically identified and characterized
regulatory elements in the chicken genome by integrating 377 genome-wide sequencing datasets from 23 adult
tissues. In total, we annotated 1.57 million regulatory elements, representing 15 distinct chromatin states, and
predicted about 1.2 million enhancer-gene pairs and 7662 super-enhancers. This functional annotation of the
chicken genome should have wide utility on identifying regulatory elements accounting for gene regulation
underlying domestication, selection, and complex trait regulation, which we explored. In short, this comprehen-
sive atlas of regulatory elements provides the scientific community with a valuable resource for chicken genetics
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and genomics.

INTRODUCTION

The chicken was the first farm animal to have its genome sequenced
and is generally considered to be one of the most important domes-
ticated species. Globally, chicken production produces a third of all
animal protein, and as one of the most intensively studied bird
species, chicken fills an important gap in our understanding of
the evolutionary relationship between mammals and birds (1).
Chickens are also an excellent and widely used model species in evo-
lutionary and developmental biology, immunology, and epigenetic
regulation of gene expression (2).

Functional annotation of farm animal genomes is crucial for un-
derstanding the molecular mechanisms of economically important
complex traits, including growth, reproduction, and disease resis-
tance. Protein-coding sequences in humans only account for 1 to
3% of the whole genome, and nearly 90% of all phenotype-associ-
ated single nucleotide polymorphisms (SNPs) identified by
genome-wide association studies (GWAS) lied within noncoding
regions (3), suggesting that the activity of noncoding regions is
the main driver of phenotypic variation. Therefore, the
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comprehensive annotation of functional regulatory elements, and
especially noncoding regions, will help to address basic biological
questions (4), interpret the genetic architecture underpinning
disease risks and phenotypic variation (5), and improve the predic-
tion accuracy of polygenic traits (6). The Encyclopedia of DNA EIl-
ements (ENCODE) projects and Epigenome Roadmap projects
clearly demonstrated the importance of regulatory element annota-
tion in humans and model species (7). Like the ENCODE projects,
the Functional Annotation of Animal Genomes (FAANG) Consor-
tium has made substantial contributions to the improvement of the
annotation of farm animal genomes (8-11). However, current an-
notations of regulatory elements are still limited to only a few
tissues, particularly in chickens (12), and a more complete catalog
of regulatory elements is urgently needed. Furthermore, our study
in pigs showed GWAS SNPs were significantly enriched in tissue-
specific regulatory elements (8). Therefore, a comprehensive atlas of
regulatory elements in the chicken genome would be expected to
improve the identification of potential causative variants for eco-
nomically important traits, with implications for breeding pro-
grams, and furthering the use of chickens in life science research.
In the current study, we systemically generated, collected, and
analyzed a total of 377 epigenomic, transcriptomic, and chromatin
conformation datasets from 23 major tissues in chickens (fig. S1).
By combining these datasets, we built an atlas of regulatory elements
across 23 tissues and explored their tissue-specific functionalities.
We also predicted interactions between enhancers and their target
genes, as well as super-enhancers. Furthermore, we conducted an
exploratory integrative analysis of regulatory elements with selec-
tion signatures and GWAS results. In summary, we provided a com-
prehensive catalog of functional elements in chicken genome and
demonstrated a potential role of regulatory elements in interpreting
domestication and complex trait regulation in chickens.
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RESULTS AND DISCUSSION

Data summary

In total, we uniformly analyzed 377 genome-wide sequencing data-
sets from 23 major tissues in adult chicken (Fig. 1A), including
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Fig. 1. The summary of chicken epigenomic atlas. (A) The 23 tissues that were profiled for building the epigenomic atlas in chickens. BMarrow, bone marrow; ShellG-
land: shell gland; Cortex: corticoidea dorsolateralis. (B) The average number of peaks detected for each of five epigenetic marks across tissues. (C) The relationship among
assay, tissue, germ layers based on Pearson'’s correlations of normalized signal in 1-kb windows stepped across the whole genome. (D) The distribution of assay signals
around CDH17 gene across tissues (chr2:125,878,923-125,908,898, galGal6). Top face is jejunum. The vertical scale of UCSC tracks shows the normalized signal from 0 to
500 for RNA-seq, 0 to 150 for H3K27ac and H3K4me3, and 0 to 100 for other marks and ATAC-seq.
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(DNase-seq), reduced representation bisulfite sequencing (RRBS),
RNA sequencing (RNA-seq), and Hi-C (table S1 and fig. S1). We
generated 19.8 billon raw reads and retained 12.9 billon mapped
reads, keeping on average 68.29% of reads after alignment and fil-
tering (table S2). Further analysis obtained an average of 53,464,
65,843, 69,157, 23,410, and 65,811 peaks for H3K27ac,
H3K27me3, H3K4mel, H3K4me3, and ATAC, or DNase-seq, re-
spectively, with an average coverage of 4.11, 11.52, 3.84, 2.32, and
4.71% of the entire genome, respectively (Fig. 1B, table S2, and
fig. S2).

To evaluate relationship across different assays and tissues, we
conducted hierarchical clustering of samples based on the signal in-
tensity of epigenetic marks and gene expression profiles. The clus-
ters clearly recapitulated the sequencing assays, followed by tissue
types, and lastly biological replicates (Fig. 1C), which was consistent
with results of principal components analysis (PCA) (fig. S3). The
six sequence assays formed three major clusters: (i) active regulatory
marks (i.e., H3K4me3, H3K27ac, H3K4mel, and ATAC), (ii) Poly-
comb repression (H3K27me3), and (iii) gene expression (RNA-
seq). We also found that the four active regulatory marks were pos-
itively correlated with each other but were negatively correlated with
H3K27me3. The signal intensity of RNA-seq (mainly within gene
bodies) showed a weakly positive correlation with active regulatory
marks and a negative correlation with H3K27me3. Within each
assay, tissues with similar biological functions, such as different
brain regions, intestine-relevant, and immune-relevant tissues,
clustered together. Tissues derived from the same germ layer were
also more likely to cluster together (Fig. 1C).

To explore the relationship between regulatory elements and
gene expression, we first explored the distribution of signals from
each mark near six different types of genes [e.g., protein-coding,
long noncoding RNA (IncRNA), pseudogenes, microRNA
(miRNA), small nucleolar RNA (snoRNA), and small nuclear
RNA (snRNA) genes] and found that transcription start sites
(TSS) of protein-coding genes showed a stronger enrichment of
three active marks (i.e., ATAC, H3K4me3, and H3K27ac) but not
H3K4mel, compared to the other gene types (fig. S4). We took Cad-
herin 17 (CDH17) as an example (Fig. 1D). The protein encoded by
CDH17 is an intestinal proton-dependent peptide transporter (13)
and also plays important roles in gastrointestinal cancer develop-
ment (14). CDHI17 was specifically and highly expressed in intesti-
nal tissues and had a specific enrichment for H3K27ac around its
TSS in intestinal tissues compared to other tissues (Fig. 1D). In ad-
dition, the TSS of CDH17 was accessible and enriched for three
other active regulatory marks (e.g., H3K27ac, H3K4me3, and
H3K4mel) but not for Polycomb repression (H3K27me3). These
findings demonstrated coordinated gene regulation among differ-
ent epigenetic marks in a gene expressed in a tissue-specific
manner in the chicken.

Prediction and characterization of chromatin states

By combining all five epigenetic marks across 23 tissues via
ChromHMM (15), we predicted 15 distinct chromatin states, as de-
scribed in our previous pig study (8) (Fig. 2, A to C). These chro-
matin states mainly represented promoters (TssA, TssAHet, and
TssBiv, covering 1.94% of the entire genome), TSS-proximal tran-
scribed regions (TxFlnk, TxFInkWk, and TxFInkHet, covering
1.31% of the genome), enhancers (EnhA, EnhAMe, EnhAWKk,
EnhAHet, and EnhPois, covering 8.86% of the genome), accessible
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islands (ATAC island, 3.64%), repressed regions (Repr and ReprWk,
covering 21.52% of the genome), and quiescent regions (Qui,
62.73%) (Fig. 2D and table S3). In total, we predicted 1,573,399 reg-
ulatory elements (excluding Qui) across 23 tissues. These included
102,907 promoters, 146,045 TSS-proximal transcribed regions,
765,400 enhancers, 351,928 ATAC islands, and 201,377 repressed
regions (fig. S5). As expected, promoters had a higher enrichment
in TSS, 5" untranslated regions, and CpG islands than enhancers,
and both active promoters and enhancers were significantly en-
riched in the TSS and gene body of expressed genes [transcripts
per million (TPM) > 0.1] compared to repressed genes (fig. S5E).
Among these chromatin states, the activities of enhancers were the
most dynamic, whereas the activities of promoters were the most
conserved among tissues (fig. S6). At the DNA sequence level, pro-
moters were also more conserved than enhancers and Polycomb re-
pressed regions (measured by phyloP score, based on 77
vertebrates) (Fig. 2F).

Differences in the regulatory landscape within and near evolu-
tionary breakpoint regions (EBRs) have been found to be associated
with changes in gene expression relating to species-specific traits
(16). Here, to determine what types of regulatory elements were as-
sociated with chicken-specific EBRs [breakpoints with extended
1000 base pairs (bp) on each side], we found that they were signifi-
cantly enriched for promoters and particularly for active promoters
(TssA) (Fig. 2G). This promoter set included seven genes (i.e.,
ANKRD10, UVRAG, APBB3, XYLT2, XPOI, CALM2, and
RCHY1) that were involved in multiple diseases relevant to brain
development, immune response, and intestine function (table S4).
These results suggest that chicken-specific EBRs could be associated
with chicken-specific gene expression profiles. Nonetheless, further
research is needed to verify this hypothesis.

Then, we further explored the relationship between DNA meth-
ylation and regulatory elements. We found that promoters had the
lowest methylation level, followed by ATAC islands, enhancers, and
Polycomb repressed regions (Fig. 2E), which was consistent with
how these regulatory elements regulate gene expression and the
general negative correlation between methylation level and gene ex-
pression. We also observed that enhancers with ATAC signal (i.e.,
EnhA and EnhAMe) had a lower methylation level than enhancers
without ATAC, which was in line with our previous findings in
pigs (8).

To validate enhancers predicted in our study in silico, we queried
the VISTA database (17), which contains information on function-
ally validated enhancers in humans and mice. As expected, we
found that strong (EnhA) and medium (EnhAme) enhancers dem-
onstrated higher enrichments in the VISTA enhancers than the
other types of enhancers (Fig. 2H). In addition, the enrichment
pattern exhibited strong tissue specificity (fig. S7). These findings
not only provided additional evidence for the functionality of en-
hancers identified in our study but also suggested potential conser-
vation of some enhancers among humans, mice, and birds.

Linking enhancers to specific target genes is essential for under-
standing how gene expression is regulated. To predict the target
gene(s) for each enhancer, we correlated the signal intensity of
H3K27ac and the expression level of genes within the same predict-
ed CTCF loop region (see Materials and Methods). In total, we ob-
tained ~1.2 million enhancer-gene pairs with a median distance of
249,346 bp across all tissues. On average, each gene was linked to 18
enhancers, whereas each enhancer targeted three genes (Fig. 2I).
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Fig. 2. Discovery and characterization of chromatin states and enhancer-gene

interactions in chicken. The definition (A) and abbreviation (B) for 15 predicted

chromatin states. (C) Emission probabilities of five epigenetic marks for each chromatin state. (D) Genomic coverage for each chromatin state. M, mean. (E) Methylation
level in each state. Whiskers show 1.5x interquartile range. Each dot represents one tissue. (F) Fold enrichments of chromatin states for conserved region based on phyloP
score. Whiskers show 1.5x interquartile range. Each dot represents one of 23 different tissues. (G) Fold enrichments of chromatin states in chicken specific evolution
breakpoint. Whiskers show 1.5x interquartile range. Each dot represents one of 23 different tissues. (H) Chromatin state enrichment of enhancer datasets from VISTA
database. Whiskers show 1.5x interquartile range. Each dot represents one of 23 different tissues. The y axes label on (E) to (H) has the same label as on (A). (I) The
summary of enhancer-gene pairs across all tissues. RE, regulatory element. (J) The gene expression, tissue-specific value (Tau), and conservation score for genes
linked to different numbers of enhancers (bottom = 1, 10 < middle < 20, top > 50 enhancers). *P < 0.05, **P < 0.01, and ****P < 0.0001. ns, not significant. (K) The
top four GO terms for the three gene groups. (L) Chromatin state landscape and mRNA expression at OVAL locus (chr2:67,664,385-67,749,248, galGal6) across 23 tissues.

Vertical scale of UCSC tracks shows normalized signal from 0 to 100 for RNA-seq.

The significance (i.e., q value) of enhancer-gene pairs was signifi-
cantly negatively correlated with the distance between each enhanc-
er and its target genes (fig. S8). We then separated genes into three
groups based on the number of enhancers to which they were
linked. We found that genes with more enhancers had higher
gene expression levels, weaker tissue-specific expression patterns,
and more sequence-level conservation compared to genes linked
to fewer enhancers (Fig. 2]). Gene Ontology (GO) enrichment anal-
ysis showed that genes with only one enhancer were more likely to
have a tissue-specific function (e.g., neuropeptide signaling pathway
for brain), genes with the medium number of enhancers were

Pan et al., Sci. Adv. 9, eade1204 (2023) 3 May 2023

related with metabolic processes, and genes with the highest
number of enhancers were involved in basic biological functions
(e.g., ribosomal DNA heterochromatin assembly) (Fig. 2K and
table S5). The ovalbumin-related protein (OVAL) gene locus, as
an example, illustrated how regulatory elements control gene ex-
pression across tissues (Fig. 2L). This locus contained several
OVAL genes that were highly and specifically expressed in shell
gland, and nearby regulatory elements had active chromatin
states. On the basis of enhancer-gene pair predictions, several en-
hancers, located up to 50 kb away from TSS, may regulate the
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expression of OVAL genes (Fig. 2L). Similar patterns were also ob-
served for TMPRSS15, VMOI, and MEIOC (figs. S9 and S10).

Tissue-specific chromatin states and their functional
annotation

Tissue-specific regulatory elements play important roles in deter-
mining tissue identity. Here, we identified a total of 790,279
tissue-specific regulatory elements (excluding Qui), representing
50.2% of all regulatory elements identified in this study (table.
S6). As expected, a great number of enhancers exhibited tissue-spe-
cific activity compared to promoters (table S6). Furthermore, we
defined an additional three types of EnhAs based on their tissue
specificities, including all-common EnhAs (shared among all
tissues), gut-common EnhAs (shared among all gut-associated
tissues), and brain-common EnhAs (shared among three brain
regions). We identified a total of 64,657 tissue-specific EnhAs
among 23 tissues, ranging from 149 in ileum to 6702 in hypothal-
amus (Fig. 3A). The GO analysis of their target genes revealed dis-
tinct biological functions, clearly reflecting the known tissue
biology (Fig. 3B). For instance, genes targeted by the all-common
EnhAs were involved in basic biological functions (e.g., DNA tem-
plate transcription), and those targeted by brain-common EnhAs
were involved in the regulation of nervous system development. Re-
garding the gut-associated tissues, genes targeted by EnhAs specific
to each tissue had distinct functions (e.g., proventriculus for diges-
tive system development, gizzard for muscle contraction, intestine
for nutrition absorption and immune responses, and cecum for
mononuclear cell differentiation). In the reproductive system,
genes targeted by shell gland—specific EnhAs participated in stem
cell development, while genes targeted by oocyte- and testis-specific
EnhAs were involved in chromatin remodeling at the centromere,
which may be related to spermospore meiosis. In addition, after
lifting the regulators to human genome, these conserved enhancers
also showed tissue-specific biological function and were associated
with tissue-relevant phenotypes in humans and mice (fig. S11A).
Furthermore, we observed that putative target genes of tissue-spe-
cific EnhAs were highly expressed in the corresponding tissues
(Fig. 4C). These collective results suggest that the activities of
these tissue-specific enhancers regulate the expression of their
target genes, contributing to the unique biological function of
each tissue.

To explore how transcriptional factors (TFs) were involved in
tissue-specific regulation, we conducted motif enrichment analysis
for these tissue-specific EnhAs. Multiple notable motifs were en-
riched in tissue-specific EnhAs, such as NF1 and NEURODI in
the brain, MEF2C in the muscle, and HNFIB and HNF4G in the
liver and intestinal tissues (Fig. 4D and figs. S12A and S13A).
These findings were in line with previous results in humans (18)
and pigs (8), suggesting the conservation of TF regulation of gene
expression across species. Specifically, we found that the binding
motif of NR5A2, which is important for horse steroidogenesis
(19), was significantly enriched in testis-specific EnhAs, and the
NR5A2 gene was highly expressed in chicken testis (fig. S13B).
The binding motif of ARID3B, an important regulator of ovarian
cancer in mammals (20), was significantly enriched in shell
gland-specific EnhAs, indicating that it may also play a role in re-
production in chickens. Bursa is one of major immune organs pro-
ducing B cells in chickens (21I). In line with the function of bursa,
the binding motif of an important TF in B cell development, IRFS,

Pan et al., Sci. Adv. 9, eade1204 (2023) 3 May 2023

was enriched in bursa-specific EnhAs (fig. S13C). In addition, we
found that expression levels of the inferred TFs were higher in the
corresponding tissues than in other tissues (fig. S12B), indicating
that these tissue-specific enhancers are hotspots for TF activity
and play important roles in the tissue-specific regulation of gene
expression.

Identification and characterization of super-enhancers
Super-enhancers, which are clusters of enhancers in close genomic
proximity (within 12.5 kb) that bind various transcription factors,
are proposed to play key roles in the control of cell identity, and
their dysfunction may cause diseases (22, 23). Here, we identified
an average number of 1823 super-enhancers across tissues,
ranging from 775 in thymus to 2676 in jejunum, by integrating
H3K27ac signals and enhancers (all five types of enhancers).
These super-enhancers had an average size of 42,534 bp, represent-
ed 40% of all enhancers and covered 7.3% of the chicken genome
(Fig. 4, A and B, and fig. S14). Each super-enhancer consisted of
about 30 enhancers on average with an average distance of 664 bp
between adjacent enhancers (fig. S14A). Among all five types of en-
hancers, the super-enhancers had many more strong-enhancers
(EnhA) and fewer poised-enhancers (EnhPois) compared to the
other three types of enhancers (fig. S14, B and C). Further analysis
revealed that the genes regulated by super-enhancers showed signif-
icantly higher expression levels and were more conserved at the se-
quence level (Fig. 4C) than the genes without super-enhancers,
which was consistent with previous findings in humans (24).

After merging super-enhancers from 23 tissues, we obtained a
total of nonredundant 7662 super-enhancers. These super-enhanc-
ers showed strong tissue-specific activity, as only 31 of 7662 super-
enhancers were identified in all tissues (fig. S14D). We then clus-
tered all super-enhancers based on their activity in all 23 tissues
and revealed distinct tissue sharing patterns for each cluster of
super-enhancers (Fig. 4D). Further GO enrichment analysis of pu-
tative target genes of these different super-enhancer clusters sug-
gested distinct biological functions for each cluster (Fig. 4E and
table S7). For instance, the function of genes targeted by the
super-enhancers in Cl (cluster 1) (widely active in most of
tissues) were involved in basic biological functions (e.g., Ras
protein signal transduction). On the other hand, the super-enhanc-
ers in C3 were specifically active in gut and immune tissues, and
their target genes participated in immune function (e.g., leukocyte
apoptotic process). The super-enhancers in C4 and C5 were specif-
ically active in brain tissues, and their target genes participated in
nerve development and synapse organization. The super-enhancers
in C6 were specifically active in muscle and were relevant to muscle
development, and C8 super-enhancers, specifically active in shell
gland, were related to female sex differentiation. The super-enhanc-
ers in C10, specific to liver, participated in small-molecule catabolic
processes, whereas super-enhancers in C7, specific to kidney, heart,
and testis, participated in kidney development, heart morphogene-
sis, and sex differentiation. Some well-known genes associated with
super-enhancers of each cluster are presented in Fig. 4E. Further-
more, we observed that genes with tissue-specific super-enhancers
were specifically and highly expressed in the corresponding tissues
(fig. S14D).

To explore potential TFs that bind super-enhancers, we also per-
formed motif enrichment analysis for each super-enhancer cluster.
We observed that distinct TFs motifs were enriched in each cluster,
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Fig. 3. Tissue-specific strong enhancers (EnhA) and their potential functions in 23 tissues. (A) Twenty-six modules of tissue-specific strong enhancers (EnhA) and
their number in each module. (B) The GO functional enrichment for target genes of tissue-specific strong enhancers in each module. The columns represent 26 modules
of strong enhancers. The rows represent GO terms in each module. (C) The expression (TPM) of EnhAs’ putative target genes within the top three GO terms of each
module. The rows represent the target genes within the top GO terms of each module, and the columns represent each tissue. (D) The enrichment of transcription factor
motifs in each module. The columns represent 26 modules of EnhAs. The rows represent motifs in each module.
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Fig. 4. Super-enhancers and their potential functions. (A) Super-enhancers (SEs) identified by ROSE based on H3K27ac signal in each tissue. Super-enhancers are
colored based on tissue and show exceptionally high signal. Tissue color is the same with (B). (B) The number of super-enhancers in each tissue. (C) The expression and
conservation difference between genes with (8338) and without (8441) super-enhancers. The gene conservation score is sequence identity (%) from chicken gene to
orthologous human gene. (D) Clustering of 7662 nonredundant super-enhancers based on their activity in each tissue. (E) GO function and representative genes in each
super-enhancer cluster. (F) Motifs enriched in each super-enhancer cluster. (G) A brain-specific super-enhancer present at the GRM7 locus (chr12:19,167,915-19,582,314).
The following sections are Hi-C, chromatin state, H3K4me1, H3K27ac, and RNA-seq. Vertical scale of UCSC tracks shows normalized signal from 0 to 100 for RNA-seq, 0 to

150 for H3K27ac, and 0 to 50 for H3K4me1.

reflecting corresponding tissue-specific functions (Fig. 4F).
Notably, HNF4A plays important roles in liver (25), and its motif
was significantly enriched in C10 (liver-specific super-enhancers).
The HNRNPK motif was enriched in C4, which was related to mul-
tiple brain diseases in humans (26). The motif of ZC3HI4 was en-
riched in testis-specific super-enhancers, which was relevant with

testis size in mice (27). The motif of PHDI was enriched in
kidney-specific super-enhancers, which plays a role in acute
kidney injury (28). The motif of FOXQI enriched in C9, which
plays roles in gastrointestinal function (29). Here, we took GRM7

Pan et al., Sci. Adv. 9, eade1204 (2023)
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as an example (Fig. 4G). GRM7 was linked to brain-specific
super-enhancers with strong brain-specific H3K4mel and
H3K27ac signal, and it also showed strong brain-specific expres-
sion. GRM7, a neuro-related gene, is involved in schizophrenia in
humans (30). These results collectively suggest that super-enhanc-
ers play a key role in tissue identity and function in chickens.

7 of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Exploring the utility of enhanced genome annotation to
inform chicken biology
For monogenic traits, it is more feasible to identify the underlying
mechanism when amino acid changes or structural variants are in-
volved. However, there are clear examples where polymorphisms in
regulators have been found such as the role of the Shh regulatory
element on polydactyly in both humans and mice (31, 32), suggest-
ing that the identification of regulator elements, especially enhanc-
ers, may provide more insights. To explore the potential role of
regulatory elements on the genetic control of monogenic traits in
chicken, we examined eight noncoding causal or likely causal vari-
ant(s) of seven chicken monogenic traits in the Online Mendelian
Inheritance in Animals (OMIA) database (https://omia.org/home/)
and found that six (75%) of them are located in active regulatory
elements in at least one tissue (table S8). For instance, the potential
causal SNP (rs80659072) of polydactyly (33) is located in an active
enhancer of SHH in bone morrow, which has a high DNA sequence
constraint score (PhyloP > 4) (Fig. 5A and fig. S15A). Another
noted example is a 7.6k deletion (g.51035106_51042744delins) at
12 K upstream of SOX10 that causes dark brown/yellow plumage
in chickens (34, 35). This deletion exclusively overlaps with a
brain-specific enhancer region, particularly in hypothalamus
(Fig. 5B and fig. S15B). Furthermore, a single causal variant
(rs316090093) of the Silky/Silkie feathering in chickens (36)
resides in a strong promoter (TssA) of PDSS2 with a clear ATAC-
seq foot-printing across multiple chicken tissues (fig. S15C).
There is a clear role of regulatory elements in complex traits;
however, understanding the underlying genetic architecture of
complex traits is important but challenging, as the majority of
trait-associated loci have small genetic effects and exhibit linkage
disequilibrium (LD) that include nearby variants (37). We hypoth-
esized that functional annotation of regulatory elements across
tissues may provide new multidimensional functional information
to interpret the GWAS results of complex traits and help pinpoint
potential causal variants of complex traits in chickens. Through ex-
amining GWAS summary statistics from 44 complex traits of eco-
nomic importance in chickens, including growth and egg
production traits (table S9) (38, 39), we observed that active regula-
tory elements had a higher enrichment for GWAS signals compared
to quiescent regions, and TssA and TssBiv had the highest enrich-
ments (fig. SI6A), which was consistent with previous findings in
pigs (8) and humans (40). To explore whether tissue-specific regu-
latory elements in the trait-relevant tissues had more regulatory
effects on GWAS SNPs than in the other tissues, we performed
GWAS signal enrichment analysis using tissue-specific EnhAs
across all 44 complex traits (Fig. 5C). We found that most
growth-related traits (e.g., growth and carcass weight) showed the
highest enrichment in intestine-shared regulatory elements,
whereas feed intake and efficiency were enriched in ileum-specific
EnhAs. These findings raise new and interesting hypotheses: Genes
that are actively regulated across gut tissues were essential in affect-
ing growth, whereas genes that are specifically regulated in ileum
were associated with feed efficiency. Of particular note, weight
gain and growth rate from 4 to 6 weeks were significantly enriched
in ileum-specific EnhAs, whereas these traits from 10 to 12 weeks
were significantly enriched in adipose-specific EnhAs. This finding
was in line with the principle of animal growth, in which the
protein-to-fat ratio is high at early developmental stages (4 to 6
weeks) but significantly decreases during late developmental

Pan et al., Sci. Adv. 9, eade1204 (2023) 3 May 2023

stages (10 to 12 weeks) (41, 42). Most egg production traits were
significantly enriched in intestine-specific EnhAs, except for age
at first egg (enriched in brain-shared EnhAs), which was consistent
with a previous report that the hypothalamus-pituitary-gonad axis
plays important roles in age at first egg (43).

Last, we conducted an exploratory analysis to investigate whether
domestication and selection were associated with regulatory ele-
ments. By examining selective sweeps in chicken domestication
(red jungle fowls versus domesticated chickens) from a previous
study (table S10) (44), we found that hypothalamus and shell
gland—specific enhancers were significantly depleted [false discov-
ery rate (FDR) < 0.05] in both datasets of selective sweeps by using
two different outgroups (G. g. murghi and G. g. jabouillei.) (table
S12). This result provides the notion that domestication likely
induced changes in brain and reproductive system via tissue-specif-
ic regulation through enhancers. Furthermore, we examined selec-
tion sweeps between modern broilers and layers (table S11 and fig.
S16, B and C), and we found that intestine-shared enhancers were
significantly enriched (FDR = 0.0496) for selection sweeps in broiler
(Fig. 5E), representing two genes: MYOI0 and CDH18 (table S12).
Together, our results show that this atlas of regulatory elements pro-
vides candidates further characterization that may lead to a greater
understanding of the molecular mechanisms underlying monogen-
ic and complex traits as well as adaptive evolution and selection in
chickens.

In summary, we generated and characterized a comprehensive
landscape of regulatory elements in 23 adult chicken tissues. To
our knowledge, this is the most comprehensive catalog of regulatory
elements in any farm animals, including a total of 1,573,399 regu-
latory elements (102,907 promoters, 146,045 TSS-proximal tran-
scribed regions, 765,400 enhancers, 351,928 ATAC islands, and
201,377 repressed regions). Furthermore, we identified a total of
790,279 tissue-specific regulatory elements, 7662 nonredundant
super enhancers, and more than 1.2 million enhancer-gene pairs
across 23 tissues. Using this rich resource, we find that GWAS
signals associated with growth traits were significantly enriched in
intestine-specific enhancers. We revealed that tissue-specific en-
hancers may be involved in different developmental stages of
growth. Ileum-specific enhancers contributed to the early stage of
growth, whereas adipose-specific enhancers were related to the late
stage of growth. However, functional genome data from different
development stages are required to further verify these hypotheses.
As the FAANG project keeps going, more epigenomic data in
diverse biological contexts, such as additional developmental
stages, breeds, and single cells, will add more information to the
chicken functional genome annotation and enhance the under-
standing of regulation biology in chicken. Overall, this extensive an-
notation of regulatory elements in the chicken genome will help
researchers to decode the molecular mechanisms underlying
complex traits and adaptive evolution, as well as provide a powerful
resource in realizing the genetic improvement of economically im-
portant traits in poultry.

MATERIALS AND METHODS

Animals and tissues

The animal experiment was conducted according to the Animal
Care and Use protocol (#18464), which was approved by the Insti-
tutional Animal Care and Use Committee, University of California,

8 of 14


https://omia.org/home/

SCIENCE ADVANCES | RESEARCH ARTICLE

A chr2:8553470G>T B

Scale 100 kb —————1 galGal6 Scale
chr2: [8.2M | I | 8.35MI | | 18.55M | ohr1, | 51,040,000 | | | | 51,060,000 |
[} u N |

Cortex | INBMRNN[IW WETRIIH 1IN 100 HWRIN e Il Il 1m vaothatljaonrq‘ﬁé fs & B B - 3 —
Hv%mhablaﬂms‘ LT T T AT 1 ) [ R ™Y s erepelium| " = 7 —
erebellum | :
Testis I ——
ShellGland
Muscle

10k b galGalé

Testis
ShellGland
Muscle

|
i

ea [ Win I IRNE
Adipose UEET T I
Kidney W IWISEIW (1) /1 |
Spleen
BMarrow
Lung
Trachea
Thymus

‘ i (T - @ .
M| | [ Jejunum NI .
I i Duodenum F- A0 [ 11 [ s

i 1 i 5 N
Color [ o i [ W i

Jejunum
Duodenum |

Cons 77 Verts

C @ Growth and

development
Tissue and D Layer
carcass
Feed intake
and efficiency 3
Blood
012345 biochemical
Lo -Egg production
s fold
2

BWO

| BW12
sL2
SL10
sL12

® 05

@ 10
@ s
 sce 1 o - @® 20

scs ° ‘e @ 25
" sore R

BRD12 .. .. ° .. .-. ° .
S
)

—Log;(P)

BRW4
| | xg‘:bsm $ ,g°°§° SIS
. . o
GR46 Y§§§‘$S’<"‘ S1S;
GR10.12 v

- I .3 o
HT l ’ \ g in? ® Z$
EW &

Enrichment
2 fold @ 1

@ 2
RFI6.8

° [ ] ®:
ALP
PC . 4

°

YWs6 T . .« po s
ET56 Py . o

PHT60

ESW60

ES60 °

§

w
F110.12
FCR8.10

—Log:o(P)

HUBO

YC66 é?

El66 §
&

| B S
AFE oL 9
— 7 / '
q AFEW SE <
5

EW56

Fig. 5. The regulatory elements involved in chicken monogenic traits, complex traits, and selection signatures. (A) The predicted chromatin states around a
potential causal SNP (chr2:8553470G>T, rs80659072) of polydactyly (chr2:8,546,000-8,561,000) in chickens. The red line indicates the position of the SNP. (B) The pre-
dicted chromatin states around a 7.6k deletion (9.51035106_51042744delins, highlighted in blue) at the upstream of SOX70 which causes dark brown/yellow plumage in
chickens (chr1:51,034,163-51,064,718). The highlighted region means the deletion region. (C) GWAS enrichment in tissue-specific enhancers (EnhA). “*" indicates that P
value is the smallest in this trait, and P < 0.05. (D and E) The enrichment of tissue-specific strong enhancer (EnhA) in selection signatures of layer and broiler, respectively.
The dashed lines indicate P < 0.05 (red) and FDR < 0.05 (blue).
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Davis. All the birds were euthanized with CO, under U.S. Depart-
ment of Agriculture (USDA) inspection. A total of four birds were
selected from the F1 cross of two highly inbred lines: line 6 and line
7, maintained in the USDA, ARS, Avian Disease and Oncology Lab-
oratory. A total of 21 tissues were collected from two male birds (20
weeks of age) as in our previous report (12, 45), including cortex,
hypothalamus, cerebellum, testis, muscle, heart, adipose, kidney,
spleen, bone marrow, lung, trachea, thymus, liver, proventriculus,
gizzard, duodenum, jejunum, ileum, colon, and cecum. Shell
glands were collected from two female birds at 20 weeks of age.
Bursa tissues were collected from four birds of two highly inbred
lines (two for each line) at 3 weeks of age, Fayoumi (M15.2) and
Leghorn (GHs6), maintained at Iowa State University (Ames, IA,
USA), which have been described previously (46). All tissues have
been flash frozen in liquid nitrogen and stored at —80°C before
further using.

Library construction and sequencing

RNA-seq, RRBS, ATAC-seq, and ChIP-seq (H3K4me3, H3K4mel,
H3K27ac, and H3K27me3) experiments were performed on flash-
frozen tissue samples. For RNA-seq experiments, total RNA was ex-
tracted using TRIzol (Thermo Fisher Scientific, #15596026) and
treated with DNase I (Thermo Fisher Scientific, #£EN0521). RNA
integrity number (RIN) was determined using an Agilent Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA), and RNA
samples with RIN > 8 were selected for constructing directional
RNA-seq libraries using an NEBNext Ultra RNA Library Prep Kit
of Illumina (New England BioLabs, #E7530L), followed by sequenc-
ing on an Illumina Hiseq 4000 platform (Illumina, San Diego, CA,
USA) with paired-end 150-bp reads. RRBS datasets were generate
by an Illumina HiSeq 4000 platform with 150-bp paired-end
reads after library construction by Novogene (Sacramento, CA,
USA). For ATAC-seq experiments, libraries were generated using
a modified protocol (https://figshare.com/articles/dataset/Final_
ATAC_protocol_docx/13891268) according to OmniATAC and
cryopreserved nuclei protocols (47, 48). For ChIP-seq experiments,
samples were processed as described previously (8). Libraries of
both ATAC-seq and ChIP-seq were sequenced on an Illumina
HiSeq 4000 platform with 50-bp paired-end and single-end reads,
respectively.

Raw sequence data processing

In total, 217 new sequence datasets, including 140 ChIP-seq
(H3K4me3, H3K4mel, H3K27ac, H3K27me3, and input control),
28 ATAC-seq, and 27 RNA-seq from 14 tissues, 18 RRBS from 9
tissues, and 4 ATAC-seq from bursa, were generated (table S1).
We also uniformly analyzed another 160 existing chicken datasets,
including 116 ChIP-seq (H3K4me3, H3K4mel, H3K27ac,
H3K27me3, CTCEF, and input control), 15 DNase-seq, 2 ATAC-
seq, and 20 RNA-seq from eight tissues (i.e., adipose, cerebellum,
brain cortex, hypothalamus, liver, lung, muscle, and spleen) in the
FAANG pilot project (PRJEB14330) (12) and four bursa samples
from PRJEB38600 and PRJEB3859 (46), three RNA-seq samples
of bone marrow from PRINA279487 (49), and four liver Hi-C data-
sets from PRJEB27364 (10). The processing of ChIP-seq, ATAC-seq,
DNase-seq, and RNA-seq data followed the UC Davis FAANG
Functional Annotation Pipeline (https://github.com/kernco/
functional-annotation) (12). Briefly, the galGal6 genome assembly
and Ensembl genome annotation (v100) have been used as
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reference. Trim Galore! (50) (v.0.6.5) was used to trim raw sequenc-
ing reads. STAR (51) (v.2.5.4a) was used for the alignment of RNA-
seq reads to the reference genome, while BWA (52) (v0.7.17) was
used for the alignment of sequence reads from other assays. The
reads with mapping quality (MAPQ) scores less than 30 have
been removed using Samtools (53) (v.1.9). For RNA-seq, the
htseq-count (54) (v.0.13.5) was used to extract the read counts of
genes, and then the trimmed mean of M values (TMM) and TPM
were calculated as the normalized gene expression with EdgeR
(v3.32.0) and StringTie2 (v.1.3.3), respectively (55). For ChIP-seq,
duplicated reads were removed by Picard (v.2.18.7), and then peaks
were called by MACS2 (56) (v.2.1.1). Various quality metrics of
ChIP-seq (e.g., Jensen-Shannon divergence; table S2) were calculat-
ed following the method described by Kern et al. (12). Bismark (57)
(v.0.22.1) pipeline was used to process RRBS data, and Juicer pipe-
line (58) was applied for analyzing Hi-C data, including the detec-
tion of topologically associating domains (TADs).

Sample clustering

The global relationship among all samples from different assays,
tissues, and germ layers was exploited by deepTools (59) (v.3.5.0).
Briefly, the mark signals (bigWig) of each sample were created by
bamCompare, Z-score was normalized by scipy.stats.zscore func-
tion in Scipy (60) (v.1.8.0), and then the Z-score-normalized
signals of all samples within 1-kb windows were calculated by multi-
BigwigSummary. The relationships among samples were measured
by the Pearson’s correlation of Z-score-normalized read signals by
plotCorrelation. The PCA analysis of samples was conducted using
plotPCA (59) (fig. S3). The Z-score—normalized signals of protein_-
coding gene, IncRNA, pseudogene, miRNA, snRNA, and snoRNA
were calculated by computeMatrix scale-regions function in deep-
Tools (59) (v.3.5.0) with setting of -a 2500 -b 2500 (fig. S4).

Annotation of chromatin states

To predict chromatin states, ChromHMM (15) (v.1.20) was used to
combine all the datasets of ChIP-seq (H3K4me3, H3K4mel,
H3K27ac, H3K27me3, and input control), ATAC-seq, and
DNase-seq from two biological replicates of 23 tissues. The 15-
state model was selected because it had the maximum number of
chromatin states with distinct epigenetic mark combinations.
These 15 chromatin states were named according to the combina-
tions of epigenome modifications and enrichments around TSS of
genes (9, 18), including TssA, TssAHet, TxFlnk, TxFInkWk,
TxFlnkHet, EnhA, EnhAMe, EnhAWk, EnhAHet, EnhPois,
ATAC_Is, TssBiv, Repr, ReprWk, and Qui.

Enrichment of chromatin states in genomic features

The enrichment of chromatin states in distinct genomic features
(e.g., exon, TSS, and CpG islands) was assessed by (C/A)/(B/D)
(15), where A is the number of bases in a state, B is the number
of bases in a genomic feature, C is the number of bases in the over-
lapped region of the state and the genomic feature, and D is the
number of bases in the entire genome. The genomic features also
included sequence conserved regions, EBRs, and VISTA enhancers.
For sequence conserved regions, we first download the chicken
base-wise conservation scores (phyloP) based on 77 vertebrate
genomes from UCSC (https://hgdownload.soe.ucsc.edu/
goldenPath/galGal6/phyloP77way/). The conserved sites were ex-
tracted on the basis of conservation scores of more than 5 and
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then were merged into a conserved region by bedtools merge (61)
with parameter a of -d 10 -¢ 5 -0 mean. Given that the majority of
regulatory regions are located in the noncoding region, the con-
served region within the coding region was excluded in the
current study. For chicken-specific chromosome evolutionary
breakpoints, we compared genomes of 38 species (33 mammals,
the chicken, and the alligator), identified breakpoints by the
method described in recent work (16), and then extended each
breakpoint 1000 bp on each side. For experimentally validated
VISTA enhancers, they were obtained from the VISTA database
(https://enhancer.Ibl.gov/), and the positive human enhancers
from all tissue (n = 998), forebrain (n = 324), and heart (n = 141)
were selected. The significance of enrichment was calculated using
the Fisher's exact test.

Methylation level of chromatin states

The methylation level of each CpG site in each tissue was extracted
by Bismark (v.0.22.1) (57). The average methylation level of each
chromatin state in each tissue was then calculated using the bedtools
map function in BEDTools (v.2.29.2) (61).

Chromatin states variability

To investigate the changes of chromatin states across tissues, the
nonredundant regulatory elements across all 23 tissues were first
generated (fig. S5) using the merge function in BEDtools
(v.2.29.2) (61). The chromatin state variability and switching
between tissues were then calculated using the methods described
previously (fig. S6) (8).

Enhancer-gene pair prediction

The enhancer-gene interaction was predicted by the method de-
scribed previously (8). First, CTCF-mediated loops from CTCF
ChIP-seq data of eight tissues were identified by FIMO (62), follow-
ing the pipeline described by Oti et al. (63). The CTCF-mediated
loops were then merged to generate the non-overlapping CTCF
loops using merge function in BEDtools (v.2.29.2) (61). The en-
hancer-gene pairs were predicated on the basis of the Spearman'’s
correlation of signal density of H3K27ac and gene expression
(TMM) within each loop region across all 46 samples. After Benja-
mini-Hochberg correction for multiple testing, enhancer-gene pairs
with FDR < 0.05 were considered as confident interactions. The en-
hancer-gene pairs were predicted for all five different kinds of en-
hancers annotated above. On the basis of the number of strong
enhancers (EnhA) linking to a gene, genes were clustered into the
following categories: (i) genes with only one EnhA (bottom, n =
1049), (ii) genes with more than 10 but less than 20 (middle, n =
3489), (iii) genes with more than 50 (top, n = 726). The tissue-spe-
cific expression of a gene was measured using the Tau method (64).
The sequence conservation scores of orthologous genes between
human and chicken were downloaded from Ensembl (v 100). The
GO enrichment analysis of these three groups of genes was per-
formed by clusterProfiler (v.4.4.1) (65).

Detection of tissue-specific regulatory elements

The tissue-specific regulatory elements (TSRs) for all chromatin
states (except for Qui) were identified using the previous pipeline
(8). Briefly, if a RRAT presents in a tissue, then it is given as “1”
for this tissue, otherwise “0." A total of 26 categories of tissue-spe-
cific regulatory elements were detected, including all-common
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(presented in all tissues), gut-common (presented in all five intes-
tinal tissues), brain-common (presented in all three brain tissues),
and single tissue-specific. The GO enrichment analyses of target
genes of TSRs were performed using clusterProfiler (v.4.4.1) (65).
The HOMER (66) (v.4.11) was used to identify motifs significantly
(FDR < 0.05) enriched with tissue-specific EnhAs. The top three en-
riched motifs with tissue-relevant function were selected as the can-
didate motifs in each tissue. The expression level of corresponding
TFs was obtained from RNA-seq of the same samples.

Identification of super-enhancers

The five kinds of enhancers (i.e., EnhA, EnhAMe, EnhAWK,
EnhAHet, and EnhPois) in each tissue have been combined in a
gff file. ROSE v1.3.1 (67, 68) was then used to identify super-en-
hancers with default parameters based on the H3K27ac signals of
each sample in each tissue. Super-enhancers were then combined
among samples within the same tissue. A total of 7662 nonredun-
dant of super-enhancers were detected after combining and
merging (at least an overlap of 10,000 bp) them across all tissues.
Tissue-specific super-enhancers were then detected using the
same approach as above for tissue-specific regulatory elements.
The clustering of super-enhancers was conducted using k-
means (n = 10) in ComplexHeatmap (v.2.9.3) (69). The GO enrich-
ment analysis of genes with super-enhancers was performed using
clusterProfiler (v.4.4.1) (65). The significant motifs of super-en-
hancers were identified by HOMER (66) (v.4.11) with FDR < 0.05.

Causal variants of monogenic traits in chromatin states

We downloaded 56 causal or potential causal mutations of chicken
Mendelian traits/disorders in the OMIA database (https://omia.
org/home/). After filtering the mutations without chromosome po-
sition information or located in coding region, we only analyzed
eight noncoding causal variants (table S8). We identified whether
a causal mutation is overlapped with regulatory elements using
the intersect function in BEDTools (v.2.29.2) (61).

GWAS signal enrichment of chromatin states

The GWAS summary statistics of 44 complex traits was obtained
from two distinct chicken populations. The first one is an intercross
population derived from two divergent chicken lines (a native
Chinese breed and a broiler line) (38), including 33 complex
traits with different sample size (table S9). These traits included
body weight, growth rate, organ weight, feed intake, efficiency,
and so on (table S9). All samples were resequenced on MGISEQ-
2000 platform to approximately 0.8x depth. The BaseVar algorithm
was used to identify polymorphic sites and infer allele frequencies
and STITCH to impute genotypes (7.9M SNPs) (70). The linear
mixed model, implemented in the fastGWA package (71), was
used to perform the GWAS based on common SNPs with minor
allele frequency (MAF) > 0.05. The second population with 1512
F2 hens, derived from a White Leghorn and Dongxiang reciprocal
cross (39), included 11 egg production traits. The birds were geno-
typed using the chicken 600K SNP genotyping array and then
imputed to sequence level (4.8M SNPs) using Beagle (version
5.2). GWAS for these traits was performed with the same approach
as above. The GWAS signal enrichment of 44 complex traits for each
chromatin state across 23 tissues was conducted using a genotype
cyclical permutation test (10,000 times) (72).
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Selection signature enrichment analysis of

chromatin states

The selection signatures between domesticated chickens and wild
ones detected by locus-specific branch length (LSBL) using two out-
groups (G. g. murghi or G. g. jabouillei) were obtained from a pre-
vious study (44). The selection signatures between layers and
broilers were detected using the same method based on a public
dataset, including whole-genome sequence data from 35 red
jungle fowl (RJF), 40 broilers, and 50 layers (73). The trimmo-
matic-0.39 with parameters "LEADING:3 TRAILING:3 SLIDING-
WINDOW:4:15 MINLEN:36" was used to filter out low-quality
reads and bases. Clean reads were mapped to the chicken reference
genome (Galgal6) using BWA-MEM with default settings except for
the “-t 8 -M" options (52). The mapped bam files were sorted using
SortSam, and the duplicates of genome were marked using Mark-
Duplicates in Picard Tools (v.1.56) (http://picard.sourceforge.net).
Reads mapped around InDels were realigned using RealignerTar-
getCreator and IndelRealigner tools from the Genome Analysis
Toolkit (GenomeAnalysisTK-3.7.0, GATK). The UnifiedGenotyper
function in GATK -3.7.0 with default parameter was used to call
variants, and then VariantFiltration with options “QUAL < 40.0
MQ < 25.0 MQO >= 4 && ((MQO0/(1.0*DP)) > 0.1)" was used to
filter out low-quality variants (44). The variants with more than
two alleles were discarded. The LSBL statistics was used to estimate
differentiation of each SNP in either Broiler or Layer with RJF as
outgroup. The sliding windows analysis with 20 adjacent SNPs
was applied, and the top 0.1% windows with the largest LSBL sta-
tistics were retrieved, which were used to perform the enrichment
analysis of TSR. LSBL was calculated on the basis of the Fgr value
among the three groups using the formula: LSBL = [FST(AB) +
EST(AC) — FST(BC)]/2 (74). The fold enrichment of selection sig-
natures for chromatin states was performed by the Genomic Asso-
ciation Test (GAT) (75). We used GAT to estimate the significance
(P value) based on 10,000 simulations of the regions in all chicken
chromosomes. Multiple testing (FDR) were performed by P adjust-
ed based on the “BH" method in R. Genes associated with the en-
richment were extracted from enhancer-gene pairs. The LD
(r*)between target SNPs with surrounding variants was calculated
using plink (v1.9) (76) with options: --ld-window-kb 1000 --1d-
window 99999 --ld-snp targets.snp --r2 --ld-window-r2 0.
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