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ABSTRACT Wumeng crested chicken has a cluster of
slender feathers on its head, and the underlying skull
region exhibits an obvious tumor-like protrusion. This is
the typical skull structure of crested chickens. The asso-
ciated regulatory genes are located on autosomes and
are incompletely dominant. This trait is related to brain
herniation, but the genetic mechanisms of its formation
and development are unclear. In this study, RNA
sequencing (RNA-Seq) analysis was conducted on 6
skull tissue samples from 3 Wumeng crested chickens
with prominent skull protrusions and 3 without a promi-
nent skull protrusion phenotype. A total of 46,376,934
to 43,729,046 clean reads were obtained, the percentage
of uniquely mapped reads compared with the reference
genome was between 89.73%−91.00%, and 39,795,458
−41,836,502 unique reads were obtained. Among differ-
ent genomic regions, the highest frequency of sequencing
reads occurred in exon regions (85.44−88.28%). Addi-
tionally, a total of 423 new transcripts and 26,999
� 2021 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Received March 10, 2021.
Accepted June 22, 2021.
1Corresponding author: gzuzy@139.com

1

alternative splicings (AS) events were discovered in this
sequencing analysis. This study identified 1,089 differen-
tially expressed genes (DEGs), among which 485 were
upregulated and 604 were downregulated. Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses indicated that
the DEGs were enriched in terms related to signal trans-
duction, cell development, cell differentiation, the lyso-
some, serine, and threonine metabolism, and the
interaction of cytokines with cytokine receptors. Based
on the comprehensive analysis of DEGs combined with
reported quantitative trait loci (QTLs), the expression
of BMP2, EPHA3, EPHB1, HOXC6, SCN2B, BMP7,
and HOXC10 was verified by real-time quantitative
polymerase chain reaction (qRT-PCR). The qRT-
PCR results were consistent with the RNA-Seq results,
indicating that these 7 genes may be candidates genes
regulating the crested trait.
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INTRODUCTION

Wumeng crested chicken (Figure S1) is a newly dis-
covered germplasm resource from Liupanshui City,
Guizhou Province, China in 2013. It shows the charac-
teristics of crested chicken breeds. Its feathers are mostly
hemp and yellow in color, with few black feathers, and
the bill and feet are black. The central production area
of this chicken (east longitude 104°1802000−105°4205000,
north latitude 25°1904400−26°5503300) has karst topogra-
phy, the altitude is between 1,400 m and 1,900 m, the
climate is a subtropical humid monsoon climate, and the
annual average temperature is 13.5°C.
The crested phenotype refers to a tuft of fine feathers

on the top of a bird's head, in which the feathers can
reach the eyes (Bartels, 2003). Many domestic and for-
eign poultry species have this specific trait, such as
Taihe black-bone chicken (Zhang et al., 2016), white
crested Polish chicken (Frahm and Rehk€amper, 1998),
and Zhenjiang crested duck (Wang et al., 2018;
Yuan et al., 2019). Studies have shown that the inheri-
tance of the crested trait conforms to the classic Mende-
lian law of inheritance (Fisher, 1934). The F1 generation
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offspring from a cross of crested Silkie and noncrested
White Plymouth Rock chickens are all crested, the ratio
of crested and noncrested individuals in the F2 genera-
tion is 3:1 (2324/789), and no differences are found as a
result of the reciprocal cross, showing that the crested
trait exhibits autosomal incomplete dominant inheri-
tance (Wang et al., 2012c). Cerebral herniation in a
chicken produces a spherical frontal protrusion. The
external shape of the brain under the skull is signifi-
cantly different from that in a normal chicken. The fore-
brain and hindbrain are obviously separated, and the
cerebral hemispheres are squeezed into the spherical
area of the skull (Frahm et al., 2001; Frahm and
Rehk€amper, 2004; Stange et al., 2018). Research on the
inheritance and occurrence of Polish chicken brain herni-
ation showed that this trait presents autosomal recessive
inheritance and is closely related to the formation of
crested heads and that homozygosity in birds with
crested heads is related to brain herniation, leading to
skull deformities (Yoshimura et al., 2012).

In 1928, genetic linkage maps of various domestic ani-
mals and eight linkage groups of chickens were first
drawn by Serebrovsky and Petrov, in which the crested
trait locus was included. Later, it was discovered that
the crested, frizzle, and dominant white traits were
linked and were located in linkage group II (Romanov
et al., 2004). Subsequent studies confirmed that the
dominant white feather trait regulatory gene PMEL17
is located in the E22C19W28 linkage group, so it was
inferred that the crested trait may also be located in the
E22C19W28 linkage group (Kerje et al., 2004). Through
linkage inheritance and genome-wide association analy-
sis, it was proven that the crested trait was located in
the LGE22C19W28_E50C23 linkage group and was
completely associated with the HOXC cluster on the
chromosome; the HOXC8-SSR, HOXC8-3end, and
Homeobox C11 (HOXC11) genes were further demon-
strated to be highly related to the formation of the
crested trait. Recent studies have found that Homeobox
C8 (HOXC8) exhibits ectopic expression in skull skin,
so it is speculated that the crested trait is caused by a
cis-acting regulatory mutation and that this mutation is
the basis for the ectopic expression of HOXC8
(Wang et al., 2012b). In addition, the HOXC8 gene was
genotyped with the flanking markers HOXC8-SSR,
HOXC8-3end, and HOXC11 related to coronal protru-
sions, and no correlation of the reported markers was
found in Swiss crested chicken. The two exons of the
HOXC8 gene of crested chicken were sequenced, and no
polymorphic sites were found in the coding region
(Joller et al., 2018). In summary, the molecular genetic
mechanism of the chicken crested trait is still unclear,
and further research is urgently needed.

In this study, RNA-Seq and bioinformatics analyses
were performed to screen key candidate genes that regu-
late the crested trait, to explore gene expression level
changes in the whole genome during the development of
crested chickens, and to study the developmental regula-
tion of the crested trait at the genome level. In addition,
qRT-PCR was used to verify some key candidate genes
at the mRNA level to provide a molecular basis for eluci-
dating the formation mechanism of the crested trait.
MATERIALS AND METHODS

Experimental Animal and Skull Sample
Collection

The skull tissue samples of 6 Wumeng crested chick-
ens hens (50 days old) with (n = 3, the C group) and
without (n = 3, the NC group) a protruding skull pheno-
type used in this experiment were obtained from a com-
mercial chicken farm (Jinfengqi Natural Animal
Husbandry Co., Ltd., Liupanshui, China). All animal
procedures were performed under the Guidelines for
Care and Use of Laboratory Animals of Guizhou Univer-
sity (Guiyang, China), and all experimental methods
and management procedures were approved by the
Experimental Animal Ethics Committee of Guizhou
University (Guiyang, China).
Before the samples were collected, the chickens were

subjected to electric shock, bleeding, and dissection.
Within 20 min after slaughter, protruding skull tissues
of the crested chickens and corresponding skull tissues
from another group were collected. The samples were
collected in RNase-free tubes, frozen immediately in liq-
uid nitrogen, and stored at �80°C for RNA extraction.
RNA Extraction and Quality Inspection

According to the instructions, using Trizol reagent
(Invitrogen, Carlsbad, CA) to extract total RNA from
skull tissue. Use NanoPhotometer spectrophotometer
(IMPLEN, CA) to detect RNA purity, Bioanalyzer 2100
system (Agilent Technologies, CA) using the middle
RNA Nano 6000 analysis kit to evaluate RNA integrity.
Library Construction and Sequencing

A total of 1 mg RNA per sample was used. Sequencing
libraries were generated using the NEBNext UltraTM
RNA Library Prep Kit for Illumina (NEB, Ipswich,
MA), and index codes were added to attribute the
sequences to each sample. The clustering of the index-
coded samples was performed on a cBot Cluster Genera-
tion System using the TruSeq PE Cluster Kit v3-cBot-
HS (Illumina, San Diego, CA). After cluster generation,
the library preparations were sequenced on an Illumina
HiSeq 2000 platform and 150 bp paired-end reads were
generated (Novogene, China).
Raw Data Quality Control and Reference
Genome Comparison

The image data of the sequenced fragments obtained
from a high-throughput sequencer were converted into
sequence numbers (reads) via CASAVA ver 1.8.2 (Illu-
mina) base recognition to generate a file in FASTQ for-
mat. Raw data (raw reads) in FASTQ format were first
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processed with in-house Perl scripts. In this step, clean
data (clean reads) were obtained by removing reads con-
taining adapters, reads containing poly-N and low-qual-
ity reads from raw data. At the same time, the Q20,
Q30, sequencing error rate, and GC content of the clean
data were calculated. All downstream analyses were
based on clean data with high quality.

Read Mapping to the Reference Genome

The chicken reference genome and gene model annota-
tion file were downloaded from NCBI (https://www.
ncbi.nlm.nih.gov/genome/?term=gallus+gallus).
HISAT2v2.0.5 was used to construct an index of the ref-
erence genome, and the clean paired-end reads were
compared with the reference genome quickly and accu-
rately. rMATS (4.0.2) software was used to analyze
alternative splicing (AS), and the threshold for screen-
ing significant differences in AS was a false discovery
rate of less than 0.05. StringTie (1.3.3b) was used to pre-
dict new transcription.
Differentially Expressed Gene Analysis

Gene abundances were analyzed with software Feature-
Counts v1.5.0-p3 and expression levels were normalized by
Fragments Per Kilobase of transcript per Million mapped
reads.DESeq2 (1.16.1) softwarewas used to analyze the dif-
ferentially expressed gene (DEGs) between the chickens
with or without the crested phenotype. DESeq2 provides
statistical programs that use a model based on the negative
binomial distribution to determine differential expression
according to digital gene expression data. The Benjamini
and Hochberg method was used to adjust the P-value.
DEGs were filtered according to the standards of a |log2-
FoldChange|≥0.0 and aP-value≤ 0.05.
GO Enrichment and KEGG Pathway Analysis
of DEGs

ClusterProfiler R (3.4.4) software was used to realize
the GO and KEGG pathway enrichment analysis of the
Table 1. Reads quality statistics after filtering sequencing data.

Sample name1
Raw_
reads2

Clean_
reads3

Clean_
bases4

Error_
rate5 (%) Q

C1 48175766 46376934 6.96G 0.03
C2 47854426 45438064 6.82G 0.02
C3 50051348 46182960 6.93G 0.02
NC1 46149130 43729046 6.56G 0.02
NC2 47178902 44932958 6.74G 0.03
NC3 46742410 43925624 6.59G 0.03

1C1, C2, C3 represent crested chickens; NC1, NC2, NC3 represent non-crest
2The number of reads in the original data.
3The number of reads after filtering the original data.
4The number of bases after filtering the original data.
5Overall data sequencing error rate.
6The percentage of bases with a Phred value greater than 20 to the total bas
7The percentage of bases with a Phred value greater than 30 to the total bas
8The percentage of G and C in the four bases in clean reads.
9The number and percentage of reads aligned to the genome.
10The number and percentage of reads aligned to the unique position of the r
DEGs, and the GO terms (http://www.geneontology.
org/) and KEGG pathways (http://www.genome.jp/
kegg/) that were significantly enriched with DEGs with
a P-value of less than 0.01 as the threshold for significant
enrichment.
Validation of RNA-Seq Results via qRT-
PCR

To verify the accuracy of the sequencing results, 7
DEGs with large differences in expression levels that
were related to the crested trait were selected for
qRT-PCR verification by transcriptome sequencing
analysis. The primer information for the 7 genes is
shown in Table S1, and b-actin was used as a house-
keeping gene. The 6 samples used are the same as
RNA-Seq. According to the instructions of the
Thermo Scientific RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific, MA), RNA was
reverse transcribed into cDNA, and qRT-PCR was
performed with 3 repeats on a CFX96TMTouch sys-
tem (BIO-RAD, Hercules, CA). Twenty mL reaction
system includes 10 mL SYBR Green Master Mix
(2 £) (No ROX) (MCE, NJ), 0.4 mL Forward Primer
(10 mmol/L), 0.4 mL Reverse Primer (10 mmol/L),
2 mL cDNA and 7.2 mL RNase-Free Water. Reaction
program: 95°C for 5 min; 95°C for 10 s, annealing for
30 s, 40 cycles; 95°C for 15 s; 60°C for 60 s; 95°C for
15 s.
Statistical Analysis

Relative gene expression levels were calculated via the
2�DDCt method, using R (V3.2) to estimate the correla-
tions between the mRNA expression levels of 7 DEGs
determined through qRT-PCR and RNA-Seq, and the
results were presented in a histogram generated with
GraphPad Prism software (version 8, GraphPad, La
Jolla, CA).
206 (%) Q307 (%) GC8 (%)
Total_

mapped9 (%)
Unique_

mapped10 (%)

97.85 93.91 49.73 92.02 90.21
98.04 94.41 49.71 92.65 90.86
97.97 94.25 49.52 91.43 89.73
97.99 94.36 49.96 92.84 91.00
97.89 94.05 49.08 93.12 90.75
97.81 93.96 49.18 92.92 90.81

ed chickens.

es.
es.
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Figure 1. (A) Heat map of the correlations between samples. The horizontal and vertical coordinates are the squared values of the correlation
coefficients of each sample. (B) Differentially expressed gene clustering heat map. The abscissa is the sample name, and the ordinate is the normal-
ized value of the differential gene FPKM. The redder the color is, the higher the expression level, and the greener the color is, the lower the expression
level.
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RESULTS

Screening and Analysis of RNA-Seq Data
From the Skull Tissue of Crested Wumeng
Crested Chickens

RNA-Seq analysis was performed on 6 skull tissue
samples from Wumeng crested chickens with or without
the crested phenotype (Table 1). A total of 286.2 million
raw reads were obtained, with an average of 476,900 raw
reads per sample. The RNA-Seq sequencing error rate
was 0.02 to 0.03%. After quality inspection and screen-
ing, 270.6 million clean reads were finally obtained, the
number of clean bases was 40.60 G, the number of clean
bases from each sample ranged from 6.56 to 6.96 G, the
Q20 values ranged from 97.81 to 98.04%, and the Q30
values ranged from 93.91 to 94.41%. Guanine (G) and
cytosine (C) bases accounted for 49.08 to 49.96% of the
total bases in the clean reads. When the clean reads
were aligned to the chicken reference genome, the per-
centage of total mapped clean reads was 91.43 to
93.12%, and the percentage of the reads (uniquely
mapped) that were aligned to unique positions in the ref-
erence genome was between 89.73 and 91.00%. In addi-
tion, when the 6 samples were grouped, the Pearson
correlation coefficient (r2) between the groups was found
to be greater than 0.85 (Figure 1A), and the samples in
the 2 groups were clustered together (Figure 1B); these
results indicated that the 3 biological samples in each
group showed similar high performance, that the experi-
mental sampling procedures and experimental condi-
tions met the sequencing requirements and the obtained
could be used for the subsequent biological information
analysis.
After comparing the clean reads of the 6 sequenced
samples with the chicken reference genome, it was found
that the number of reads that aligned to exon regions of
the genome accounted for the highest proportion of the
clean reads (85.44−88.28%), followed by intergenic
regions (6.79−7.53%) and intron regions (4.36−7.23%)
(Table S2). RNA-Seq revealed 423 new transcripts
from Wumeng crested chicken and 26,999 AS events
(Table S3). Five types of AS events were observed,
including skipped exons (SEs), mutually exclusive exons
(MXEs), retained introns (RIs), alternative 50 splice
sites (A5SSs), and alternative 30 splice sites (A3SSs),
among which the main AS events identified were SEs
and A3SSs. A total of 118 ASs showed significant differ-
ences, which were mainly SEs and RIs, and differences
in upregulation were observed.
DEG Screening

After RPKM saturation and RNA-Seq correlation
analyses, DESeq2 software (1.16.1) was used to ana-
lyze expression differences between the 2 comparison
groups, and the differential gene expression profile
between the C and NC groups was detected via the
RPKM method. A total of 1,089 DEGs were identified
in the C and NC groups. Compared with the NC
group, there were 485 upregulated genes and 604
downregulated genes identified in the skull tissue of
the chickens in the C group. Figure 2 shows the vol-
cano map of differential gene expression between the
C and NC groups. According to the combined results
of RNA-Seq and gene function analyses, the top 10
upregulated and top 10 downregulated DEGs with the



Figure 2. Volcano map of differential gene expression. The abscissa is the log2FoldChange value, the ordinate is the -log10p value and the blue
dotted line represents the threshold of the differential gene screening criteria.
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highest absolute fold difference values between the
skull tissues of the C and NC groups are shown in
Table S4. According to the RNA-Seq results for the
skull tissue, the Homeobox C6 (HOXC6) and Homeo-
box C10 (HOXC10) genes related to the crested trait
were found among the upregulated DEGs.
GO Enrichment Analysis of DEGs

In this study, 1,089 DEGs were enriched in 1,771 GO
terms, and 42 GO terms were significantly enriched (P-
value <0.01). There are 1,325, 222, and 224 GO terms
were enriched in biological process (BP), cellular com-
ponent (CC), and molecular functions (MFs) respec-
tively. Among them, there are 36, 4, and 2 GO terms
that are significantly enriched in BP, CC, and MF
respectively (P-value <0.01). The GO terms showing
significant differences that were related to the crested
trait included signal transduction, cell development, cell
differentiation, regulation of developmental processes,
positive regulation of developmental processes, intracel-
lular signal transduction, etc. The candidate genes for
the crested trait included bone morphogenetic protein 2
(BMP2), ephrin receptor A3 (EPHA3), and ephrin
receptor B1 (EPHB1). The results of DEG GO
enrichment analysis in skull tissue of Wumeng crested
chickens with or without the crested trait are shown in
Figure 3.
Analysis of the KEGG Pathways of the DEGs

The KEGG pathway enrichment results showed that
the DEGs were enriched in 132 KEGG pathways, among
which 4 KEGG pathways were significantly enriched
(P-value <0.01), including the lysosome, glycosamino-
glycan degradation, glycine, serine and threonine
metabolism, and glycosaminoglycan biosynthesis-kera-
tan sulfate pathways.
The upregulated DEGs were enriched in 98 KEGG

pathways, and 6 KEGG pathways were significantly
enriched (P-value <0.01), including the lysosome, cyto-
kine-cytokine receptor interaction, glycosaminoglycan
degradation, cell adhesion molecules, phagosome, and
glycosaminoglycan biosynthesis-keratan sulfate path-
ways. The downregulated DEGs were enriched in 110
KEGG pathways, and 3 KEGG pathways were signifi-
cantly enriched (P-value <0.01), including the glycine,
serine, and threonine metabolism, nitrogen metabolism,
and calcium signaling pathways. This study indicated
that the KEGG gga04060 pathway may be involved in
the regulation of the crested trait. There are 17 DEGs in



Figure 3. GO enrichment analysis histogram. The abscissa is the GO term, and the ordinate is the number of enriched genes for the GO term.
Abbreviation: GO, Gene Ontology.
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this pathway that may play an important role in crested
phenotype formation (Table S5).
Crested Trait-Related Candidate Genes

Based on the results of the differential gene expres-
sion, GO, KEGG pathway, QTL database, and gene
function analyses, 7 genes were considered potential can-
didate genes for regulating the crested trait, including
BMP2, EPHA3, EPHB1, HOXC6, sodium voltage-
gated channel b2 subunit (SCN2B), bone morphoge-
netic protein 7 (BMP7), and HOXC10 (Table 2).
Figure 4. Correlations of mRNA expression levels of 7 DEGs
between C and NC using RNA-Seq and qRT-PCR. The x- and y-axis
correspond to the log2 (ratio of C/NC) measured from RNA-Seq and
qRT-PCR, respectively.
Validation of DEGs

To verify the results of RNA-Seq, 7 DEGs related to
the crested trait showing large differences in expression
levels according to RNA-Seq, including BMP2, EPHA3,
EPHB1, HOXC6, SCN2B, BMP7, and HOXC10, were
selected for qRT-PCR verification. The correlation
Table 2. Candidate gene information for crested traits.

Gene name Log2FoldChange1 P-value2 Gene_chr3 G

HOXC10 8.710552772 0.02581501 NC_008465.4
HOXC6 4.940210301 0.03840981 NC_008465.4
BMP7 -0.917693596 0.01453960 NC_006107.5
BMP2 0.55069126 0.03525094 NC_006090.5
SCN2B -1.582833165 0.03056920 NC_006111.5
EPHA3 0.682289723 0.00178093 NC_006088.5
EPHB1 0.440134458 0.00860424 NC_006096.5

1The ratio of gene expression levels between the treatment group and the c
software, and finally, the logarithm is taken to the base of 2.

2Significance test value.
3The name of the chromosome where the gene is located.
4Gene length, the sum of all exon non-overlapping regions from the beginnin
between the observed mRNA expression levels of the
DEGs and the RNA-Seq results indicated that they
were consistent (Figure 4), verifying the accuracy and
ene length4 Gene function description

1642 homeobox C10
1058 homeobox C6%2C transcript variant X1
4421 bone morphogenetic protein 7
5947 bone morphogenetic protein 2%2C transcript variant X8
2655 sodium voltage-gated channel beta subunit 2
6867 EPH receptor A3%2C transcript variant X1
4688 EPH receptor B1%2C transcript variant X2

ontrol group is processed by the shrinkage model of the different analysis

g to the end of the gene.
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repeatability of the RNA-Seq results and gene expres-
sion data.
DISCUSSION

The development of high-throughput sequencing
technology (NGS) has changed transcriptomics. The
method of RNA analysis through complementary DNA
sequencing is known as RNA-Seq (Wang et al., 2009).
Compared with previous microarray-based methods and
Sanger sequencing, RNA-Seq achieves higher coverage,
a deeper resolution of dynamic characteristics, and a
more effective comparison of gene expression patterns
(Finotello and Di Camillo, 2015; Kukurba and Mont-
gomery, 2015). Through RNA-Seq analysis and the veri-
fication of the results, this study screened 1089 DEGs
related to the crested phenotype. The qRT-PCR verifi-
cation results for the BMP2, EPHA3, EPHB1, HOXC6,
SCN2B, BMP7, and HOXC10 DEGs were consistent
with the RNA-Seq results, and these genes are located
within QTLs, indicating that they participate in the reg-
ulation of the crested trait and have relatively strong
genetic effect on the crested phenotype.

BMP2 is a member of the transforming growth factor
b (TGF-b) superfamily and is a specific osteogenic
gene. It is involved in multiple biological processes, such
as bone formation, fat deposition, cancer occurrence,
and growth and development. Most of the research on
BMP2 focuses on bone metabolism (Wu et al., 2015).
Studies by Kovermann et al. (2019) have shown that in
vitro culture medium containing BMP2 can induce
human synovial stem cells to form cartilage. In com-
bined culture medium containing TGF-b1 and BMP2,
the expression of aggrecan (ACAN) was shown to be
significantly upregulated and promoted cartilage forma-
tion. In a skull defect model, extracellular calcium ions
can enhance the phosphorylation of the Smad signaling
pathway by BMP2 and enable osteocalcin, osteogenic
specific transcription factor (Runt-related Transcription
Factor 2, Runx2), and osteogenic-related transcription
factor (Osterix, Osx) expression to be upregulated to
promote bone regeneration in vivo (Aquino-
Martínez et al., 2017). The typical phenotype of crested
chickens includes the protrusion of the skull, and the
expression of the BMP2 gene in the protruding skull tis-
sue of crested chickens is upregulated, indicating that
BMP2 has a positive regulatory effect on bone forma-
tion, which is consistent with the above research results.
Based on the above analysis, it is speculated that BMP2
is an important candidate gene regulating the chicken
crested trait.

BMP7 is also a member of the transforming growth
factor b (TGF-b) superfamily. It plays roles in chicken
skin pigmentation (Hou et al., 2020), early signal trans-
mission in the induction of epidermal organs
(Harris et al., 2004), the statoacoustic ganglion (SAG),
and developmental processes such as growth and neuron
survival in vitro. When laying hens are sexually mature,
calcium is necessary for eggshell formation, and the
medulla oblongata can serve as a source of calcium for
laying hens, mediated by BMP7 (Gloux et al., 2019).
Studies have shown that BMP7 does not directly induce
osteogenic differentiation. Instead, it first promotes
chondrocyte differentiation and produces morphogens
and then regulates osteogenic differentiation in an auto-
crine manner (Gerstenfeld et al., 2002). Mou et al.
(2011) found that the regionalized production of retinoic
acid uniformly upregulated the expression of BMP7,
thereby altering the neck skin phenotype but not the
body skin phenotype. This finding indicates that BMP7
is closely related to the crested trait.
Homeobox genes are clusters of highly conserved gene

sequences in the Hox gene family (Robert et al., 1989).
Hox genes can regulate the normal development of indi-
vidual morphology during the development of animal
embryos (Morgan, 1997), including effects on the mor-
phology of head (Krumlauf, 2016), body (Morin-
Kensicki et al., 2002), and vertebrae (Martín-Del-
Campo et al., 2019) among other organs. The Hox gene
family consists of 39 genes divided into 4 clusters
(HOXA, HOXB, HOXC, and HOXD) (Cillo et al., 2001)
located on 4 different chromosomes; the HOXC6 and
HOXC10 genes are members of the HOXC cluster. The
related research on HOXC6 and HOXC10 has been con-
ducted mainly in the context of cancer (Dang et al.,
2020), cell proliferation and migration (Kim et al., 2019;
Ma et al., 2020), neural development (Wu et al., 2008),
and adipose tissue browning (Ng et al., 2017). There is
no research indicating that HOXC6 and HOXC10 are
related to the formation of crested phenotype. In March
2004, the first draft of the chicken genome was pub-
lished, in which the physical map of LGE22C19W28 was
approximately 70 kb. In the Gallus_gallus-2.1 compo-
nent, LGE22C19W28 and LGE50C23 were merged into
LGE22C19W28_E50C23 (Sequence and comparative
analysis of the chicken, 2004; Groenen et al., 2000;
Wallis et al., 2004). Using an Illumina 60K chicken sin-
gle nucleotide polymorphism (SNP) microsphere chip
to analyze the SNPs of a Beijing oil chicken F2 popula-
tion and broiler commercial strains, three SNPs were
detected on the chicken GGA2 and GGA28 chromo-
somes and in the LGE22C19W28_E50C23 (LGE22)
linkage group. QTLs are significantly related to head
traits. Three QTLs were identified by linkage analysis.
In the 5 cM/0.51 Mb region of LGE22, 1 microRNA and
7 genes (MIR1668, LARP4, COX14, ACCN2, HDAC7,
TWIST3, SLC48A1, NEUROD4) were found; this
region is similar to that containing HOXC8 and closely
connected to it, and it is speculated that it is an impor-
tant area affecting the crested trait (Sun et al., 2015). A
genome-wide association study and linkage analysis of
crested chickens and crested ducks proved that the
crested trait is associated with the LGE22C19-
W28_E50C23 linkage group and is related to the
HOXC cluster on the chromosome; HOXC6 and
HOXC10 are also included in the HOXC cluster.
According to the collinearity of the Hox gene activation
sequence (Mallo, 2018) and the adjacent positions of
HOXC6 and HOXC10 in the HOXC8 and HOXC11 can-
didate star genes of the chicken crested trait combined
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with the RNA-Seq analysis of the skull tissue of
Wumeng crested chicken, this study is the first to indi-
cate that the HOXC6 and HOXC10 genes participate in
the development and regulation of the chicken crested
trait.

Candidate genes for the duck crested trait include
HOXC8 and the receptor tyrosine kinase family branch
ligand “Ephrin” A and B subfamily EphA (EphA1~E-
phA10), and EphB (EphB1~EphB6) genes (Nikolov
et al., 2013). Eph and Ephrin play important roles in ani-
mal nerve development, information transmission
between tissues and cells, the immune system, bone, and
tumor development, and metastasis (Nikolov et al.,
2014; Kania and Klein, 2016; Lodola et al., 2017;
Wang et al., 2020). Studies have shown that the EphA2,
EphA3, and EphB2 genes are highly expressed in the
intracranial fat body of crested white ducks, and their
expression levels are lower in the cerebellum and brain
tissues near the fat body in crested white ducks. It is
speculated that the expression of these genes is related
to the formation of the intracranial fat body of the
crested duck and the formation of the duck crest
(Zhang et al., 2020). There is a missense mutation that
results in an amino acid substitution (Arg758Cys) in the
active site of the EphB2 kinase domain that is signifi-
cantly related to the crested head phenotype. There is
also a G to A missense mutation located at 636 bp in the
6th exon of the EphB2 gene, which leads to a switch
from glycine to arginine (Gly636Arg). When genotyping
and association analyses of 50 crowned and 75 crownless
pigeons were performed, it was found that the mutation
from G to A was very strongly related to the crested phe-
notype (Shapiro et al., 2013; Vickrey et al., 2015). Stud-
ies have shown that the same locus can control the
crested traits of many varieties; there are also alterna-
tive alleles at this locus and additional modified loci that
can control the development of crested traits. Combined
with the regulatory role of EphA2 and EphB1 in duck
and pigeon crested traits and the finding of this study
that EphA2 and EphB1 were significantly enriched in
GO terms such as neuron differentiation, nervous system
development, and neuron production, EphA2, and
EphB1 can be considered to participate in the regulation
of chicken crest formation.

The sodium voltage-gated channel is a protein com-
plex composed of a pore-forming a subunit and two
related b subunits (Cortada et al., 2019). SCN2B is one
of the b subunit-encoding genes, and the main biological
functions of its product are to form sodium channels,
regulate the activity of sodium ion transporters, play a
necessary role in normal action potential generation,
and control the excitability of neurons and cardiomyo-
cytes (Chen et al., 2002). SCN2B has been proven to be
a candidate gene for a variety of neurological diseases
(Jones et al., 1996), such as Brugada syndrome (Riur�o
et al., 2013), Draview syndrome (Gong et al., 2019), and
epilepsy (Wang et al., 2012a). At present, there is no
research showing that SCN2B is related to crested phe-
notype formation, and it is necessary to study the corre-
lation between the SCN2B gene and the development of
this phenotype. The results of this study showed that
SCN2B is differentially expressed in the skull tissue of
chickens with or without the crested phenotype with a
high fold difference. Additionally, the microsatellite
marker SCN8A is closely linked to the crested trait and
is located in the crested trait linkage group E22C19W28
(Gao et al., 2005). Given that SCN8A and SCN2B are
both sodium voltage-gated channels, it is speculated
that SCN2B is involved in the formation of the crested
phenotype.
RNA-Seq revealed a total of 1,089 DEGs between N

and NC and indicated that some genes with known func-
tions, such as SCN2B, HOXC6, and HOXC10, show
expression differences in skull tissue, but the relationship
with the crested trait needs to be further studied. These
RNA-Seq results provide strong evidence of the signifi-
cant differences in gene expression levels in the whole
genome during the growth of Wumeng crested chicken
chickens. This study provides an approach for studying
Wumeng crested chickens and the molecular mechanism
of crested trait development.
CONCLUSIONS

This study was based on RNA-Seq to study the skull
tissue transcriptome of 6 Wumeng crested chickens, and
candidate genes for crest traits were screened and identi-
fied. The results showed that there were 1,089 DEGs in
the skull tissue of Wumeng crested chickens. The
description of the differentially expressed known and
new genes revealed that they may be related to the
crested trait and other physiological functions. Compre-
hensive differential gene expression, GO and KEGG
pathway enrichment, QTL database, gene biological
function, and qRT-PCR verification analyses showed
that BMP2, EPHA3, EPHB1, HOXC6, SCN2B, BMP7,
and HOXC10 may be candidates genes regulating the
crested trait.
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