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Abstract: A growing number of studies have shown that members of the ankyrin repeat and suppres-
sors of cytokine signaling (SOCS) box-containing protein (ASB) family are extensively involved in
biological processes such as cell growth, tissue development, insulin signaling, ubiquitination, protein
degradation, and skeletal muscle membrane protein formation, while the specific biological role of
ankyrin-repeat and SOCS box protein 9 (ASB9) remains unclear. In this study, a 21 bp indel in the
intron of ASB9 was identified for the first time in 2641 individuals from 11 different breeds and an F,
resource population, and differences were observed among individuals with different genotypes (II,
ID, and DD). An association study of a cross-designed F, resource population revealed that the 21-bp
indel was significantly related to growth and carcass traits. The significantly associated growth traits
were body weight (BW) at 4, 6, 8, 10, and 12 weeks of age; sternal length (SL) at 4, 8, and 12 weeks
of age; body slope length (BSL) at 4, 8, and 12 weeks of age; shank girth (SG) at 4 and 12 weeks of
age; tibia length (TL) at 12 weeks of age; and pelvic width (PW) at 4 weeks of age (p < 0.05). This
indel was also significantly correlated with carcass traits including semievisceration weight (SEW),
evisceration weight (EW), claw weight (CLW), breast muscle weight (BMW), leg weight (LeW), leg
muscle weight (LMW), claw rate (CLR), and shedding weight (ShW) (p < 0.05). In commercial broilers,
the II genotype was the dominant genotype and underwent extensive selection. Interestingly, the
ASB9 gene was expressed at significantly higher levels in the leg muscles of Arbor Acres broilers
than those of Lushi chickens, while the opposite was true for the breast muscles. In summary, the
21-bp indel in the ASB9 gene significantly influenced the expression of the ASB9 gene in muscle
tissue and was associated with multiple growth and carcass traits in the F, resource population.
These findings suggested that the 21-bp indel within the ASB9 gene could be used in marker-assisted
selection breeding for traits related to chicken growth.

Keywords: ASBY; chicken; growth and carcass trait; insertion/deletion; muscle

1. Introduction

With the advancement and rapid development of bioinformatics techniques, numerous
genetic variants have been discovered in the genome, which can have different effects
on individual traits, including single nucleotide polymorphisms (SNPs), insertions and
deletions (indels), and copy number variations (CNVs). Currently, there is increasing
interest in the relationship between mutations and growth traits, and researchers have
conducted numerous studies on CNVs, indels, and SNPs in livestock and poultry genomes.
A large number of mutant loci have been identified in animals, including cattle [1-4],
sheep [5-9], pigs [10,11], and other livestock species, and these loci have become important
markers for molecular breeding. Indel mutations have become increasingly important in
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recent years, and they have been widely applied in the genetic breeding of economic traits
in livestock and poultry. Recent studies have identified many mutations related to growth
and carcass traits in poultry [12-15]. At present, potential genes for Rhode Island Red chick
feather color and stripe pattern have been revealed by a genome-wide association study
(GWAS) [16]. GWAS can be used to identify indel polymorphisms of more functional genes
for marker-assisted selection and to screen molecular markers associated with economic
traits. Accurate information in molecular breeding can help increase the economic value of
livestock and poultry and accelerate the genetic improvement of native chickens.

Numerous studies have demonstrated substantial connections between growth traits
and quantitative trait loci (QTLs) at the end of chromosome 1 in various populations and
breeds of chicken. Based on previous studies, we identified a 21-bp indel fragment at the
end of GGALI at 123,504,763 by resequencing and found that the mutant locus was located
in the ASB9 gene. We started to investigate the precise impacts of mutations at this locus
on production traits and the expression of ASB9 gene in different tissues.

Ankyrin repeat and SOCS box-containing 9 (ASB9) is a member of the ankyrin-repeat
and suppressors of cytokine signaling (SOCS) box-containing (ASB) protein family (the
largest family of SOCS box-containing proteins [17]). A total of 18 ASB family proteins,
named ASB1-18, have been identified and are undergoing preliminary functional charac-
terization. Members of the ASB family have two structural domains: an ankyrin protein
tandem repeat (ANK) domain at the amino terminus, and a SOCS box domain at the car-
boxyl terminus [18]. Members of the ASB protein family can assist in protein degradation
by forming ubiquitin ligase (E3) complexes with cullin and ring box proteins and by inter-
acting with the elongin B-C bridging complex via its SOCS box structural domain [17,19].
It has been shown that members of this family are extensively involved in biological
processes such as cell growth, tissue development, insulin signaling, ubiquitination and
protein degradation, and skeletal muscle membrane protein formation [20-23]. ASB9 has
a common structure, including a unique N-terminus, an ankyrin protein repeat domain,
and a SOCS box domain. Whereas the SOCS box interacts with Elongin B, Elongin C, and
Cullin 5 in the E3 ligase complex, the ankyrin protein repeat domain and the N-terminal
disordered fragment interact with creatine kinase [24] and are involved in processes such
as ubiquitination and proteasomal degradation [25]. ASB9 may serve as a biomarker for
human breast cancer, in addition to its association with colorectal cancer [26,27]. According
to a recent study, ASB9 is primarily expressed in the kidney and testicles and plays a
physiological role in bovine ovulatory follicles [25].

Although the functions of the ASB family have been extensively studied, the specific
roles of ASB proteins in relation to the growth traits of chickens are not well understood, and
the biological role of ASB9 is still largely unknown. To date, it is unclear whether the role
of ASB9 in poultry growth and development is similar to that of other ASB family proteins.
The purpose of this research was to determine how chicken growth and development
are influenced by the gene polymorphism caused by the sixth intron 21-bp indel of the
ASB9 gene, as well as to create useful molecular genetic markers for broiler breeding. We
examined the prevalence of this indel among 2641 individuals of 11 chicken breeds, as
well as how the indel affected the growth and carcass characteristics of chickens in the F,
resource population. A reference for molecular marker-aided poultry breeding is provided
by the ASB9 gene, which can be utilized as a molecular marker in chickens.

2. Materials and Methods
2.1. Ethics Approval

All relevant international, national, and institutional regulations for the care and use of
animals were adhered to. The Henan Agricultural University Institutional Animal Care and
Use Committee (Permit Number: 11-0085) approved all procedures, which were carried
out in accordance with the Chinese National Research Council Regulations from 1994.



Genes 2023, 14, 339

30f18

2.2. Test Animals
2.2.1. F, Resource Population

The GS chickens and Anka (A) broilers were reciprocally crossed to produce an
F, resource population, where GS chickens represented slow-growing Chinese native
chickens and Anka broilers represented fast-growing broilers. Forty-two grandparents

were included in the F, resource population (4 Anka @ x 24 GS chickens @, forward cross;

2 GS chickens & x 12 Anka @, backward cross; and 70 F; individuals were obtained).
To improve the segregation of F, characteristics, animals with outstanding phenotypes
and strong heterozygosity were chosen from this cross combination, and up to nine hens,
chosen at random, were mated with each rooster in a 1:9 male to female ratio.

In total, 795 F, chickens from seven families, were produced (including 491 individuals
from four orthologous families with Anka chickens as the male parent, and 304 individuals
from three reverse cross families with GS chickens as the male parent). All chickens were
provided feed and water ad libitum under the same conditions and slaughtered on reaching
12 weeks of age. From hatching to 12 weeks of age (slaughter age), the growth and carcass
traits [28] were monitored and documented in the F, individuals. These traits included
body weight (BW) at ages 0, 2, 4, 6, 8, and 12 weeks; tibia length (TL) at ages 0, 4, 8, and
12 weeks; and shank girth (SG), chest width (ChW), chest depth (CD), sternum length (SL),
body slope length (BSL), and pelvic width (PW) at ages 4, 8, and 12 weeks. After slaughter,
carcass traits and growth traits were measured and collected as follows: breast muscle
weight (BMW), leg weight (LeW), shedding weight (ShW), leg muscle breadth (LMB),
leg muscle density (LMD), leg muscle weight (LMW), semievisceration weight (SEW),
evisceration weight (EW), sebaceous weight (SeW), head weight (HW), claw weight (CLW),
double wing weight (DWW), liver weight (LW), heart weight (HeW), gizzard weight (GW),
spleen weight (SW), pancreas weight (PW), and carcass weight (CW) [29,30]. Moreover,
blood samples from the F, resource population were obtained at 12 weeks of age and kept
at —80 °C until further examination. Alanine aminotransferase (ALT) was measured via
colorimetric enzymatic methods. Details of the cross construction, feeding management,
determination of serum variables, and slaughter of the F, population can be found in
previous studies [15].

2.2.2. Genotyping Sample Collection

A total of 2641 blood samples were taken for our study, as shown below: the F,
resource population (1 = 654), dual-purpose chickens (Dongxiang chickens (DX, n = 189),
Changshun chickens (CS, n = 181), Lushi chickens (LS, #n = 271), Yunyang chickens (YY,
n =77), Guifei chickens (GF, n = 264), Henan gamecock (HNG, n = 84)), commercial broilers
(Ross 308 broilers (RS308, n = 92), HBD broilers (HBD, n = 96), Arbor Acres broilers (AA,
n =279) and Cobb broilers (Cobb, n = 182)), and commercial laying hens (Hy-Line variety
brown (HL, n = 272)). Blood samples from these different individuals were provided by the
Key Laboratory of Livestock and Poultry Resources (Poultry) Evaluation and Utilization of
Henan Agricultural University. The blood samples were taken for DNA extraction, with
subsequent genotyping.

In addition, samples from chickens at diverse stages of development were gathered
for RNA analysis, to verify the transcript expression pattern of ASB9 in the various breeds:
tissue samples from embryonic day-14 (E14) AA broilers (commercial broilers) (heart, liver,
spleen, breast muscle, leg muscle, pancreas, and muscle stomach), tissue samples from
3-week-old AA broilers and LS (local Chinese chickens) (heart, liver, spleen, lung, kidney,
breast muscle, leg muscle, pancreas, and muscle stomach), samples from AA broilers and
LS at different developmental stages (embryonic days 10, 12, 14, 16, and 18, as well as
1-day-old, 1-week-old, 3-week-old, and 5-week-old), and leg muscle samples (embryonic
days 10, 12, 14, 16, and 18, as well as 1-day-old, 1-week-old, and 3-week-old) and liver
samples (1-day-old, 1-week-old, 3-week-old and 5-week-old) from AA broiler chickens
and LS at different developmental stages. Table 1 lists the samples. For the purpose of
determining the relative gene expression levels of ASB9 for the various breeds, tissues, and
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periods of time, RNA was isolated from cells and tissues. RNA and all tissues were kept in
a refrigerator at —80 °C.

Table 1. Samples of tissue and cells used for RNA extraction.

Breeds Tissue/Cell Samples Week Age
AA heart, liver, spleen, breast muscle, El4
leg muscle, pancreas, muscle stomach
AA heart, liver, spleen, lung, pancreas, muscle W
stomach, breast muscle, leg muscle, and kidney
LS heart, liver, spleen, lung, pancreas, muscle 3W
stomach, breast muscle, leg muscle, and kidney
AA breast muscle E10, Elzl’]glzll{/\]; 136‘;\]]518' and
AA leg muscle E10, Elzigléllﬁlf\,/vEls, and
E10, E12, E14, E16, E18, and
LS breast muscle 1D, 1W, 3W
LS leo muscl E10, E12, E14, E16, E18, and
g muscie 1D, 1W, 3W
LS liver 1D, 1W, 3W, 5W
AA primary myoblasts 1D, 2D, 3D, 4D, 5D, 6D, 7D

Arbor Acres broilers (AA); Lushi chicken (LS); E10, E12, E14, E16, E18, and 1D, 2D, 3D, 4D, 5D, 6D, 7D, 1W, 3W,
5W (embryonic ages of 10, 12, 14, 16, 18 days and 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days, 1 week,
3 weeks, and 5 weeks of age).

2.2.3. Cell Culture

As previously mentioned, we also isolated chicken primary myoblasts from the leg
muscle of 11-day-old AA broiler embryos [31]. The cells were grown in high-glucose
DMEM (Biological Industries, Beit Haemek, Israel) containing 15% FBS and 1% peni-
cillin/streptomycin (Solarbio, Beijing, China) until the second generation of cells had
reached >90% confluence and then changed to differentiation medium (DMEM containing
2% horse serum) for further culture. An inverted microscope was used to observe the cell
status. Cells were maintained at 37 °C in a 5% CO, environment, and cell samples were
collected at 1, 2, 3, 4, 5, 6, and 7 days of differentiation induction.

2.3. DNA Isolation and PCR

Fresh whole blood samples were collected in EDTA-K; vacutainer tubes, and genomic
DNA was isolated using the phenol-chloroform procedure [32]. Using gel electrophoresis
and a NanoDrop 2000 spectrophotometer (Thermo, Waltham, MA, USA), the quality and
quantity of total DNA were determined. The DNA samples were frozen at —20 °C after
being diluted to a concentration of roughly 10 ng/L.

The NCBI online primer design tool (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/, accessed on 6 July 2021) was used to design primers for PCR and real-time quanti-
tative polymerase chain reaction PCR (qQRT-PCR) analysis, and they were synthesized by
Sangon Biotech Company (Sangon, Shanghai, China). Table 2 provided information on
all primer sequences, projected product lengths, and Tm values. The internal benchmark
for normalization was GAPDH. Different breeds of chickens were genotyped using the
ASB9-F1/R1 primers. In the ASB9 gene’s intron, these primers produced a 60-bp/81-bp
DNA fragment. The expression levels of the ASB9 gene in each tissue were assessed using
ASB9-qF1/qR1 primers. A 10 pL volume with 50 ng of DNA, 5 uL of 2 x Taq Master Mix
(Kangwei, Beijing, China), 0.5 puL of each primer, and 3 pL of dd water were used to perform
the PCR. PCR amplification was carried out using the following profile: 95 °C for 5 min;
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then 95 °C for 30's, 60 °C for 30's, 72 °C for 30 s (35 cycles); 72 °C for 10 min; and a 4 °C
holding temperature.

Table 2. PCR primers for amplifying the ASB9 gene in chickens.

Primer Set Primer Sequence, (All 5'-3') Product Size (bp) Tm, °C
ASB9-F1 TGCCTAGAACAACGCCATCIT 60/81 60
ASB9-R1 TCAAATAGCTACAGCAGCACAA

ASB9-gF1 TGAATTTACTGCTGCAACATGGG 203 60

ASB9-gR1 CACCAGCTCTACACTGCAAC

GAPDH-F GAACATCATCCCAGCGTCCA 132 60

GAPDH-R CGGCAGGTCAGGTCAACAAC

2.4. RNA Extraction, cDNA Synthesis, and gPCR

gPCR was used to examine the ASB9 gene’s mRNA expression in diverse tissues.
Using the TRIzol® reagent (Takara, Kyoto, Japan), total RNA was isolated from the
aforementioned samples. The RNA concentration and purity were determined using
the 260 nm /280 nm optical density (OD) absorption ratio using a NanoDrop 2000c spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the samples with a
ratio control in the range 1.9 to 2.0 were chosen for cDNA synthesis. cDNA was prepared
with HiScript III RT SuperMix for qPCR (+gDNA wiper) (R323-01, Vazyme Biotech Co.,
Ltd., Nanjing, China). SYBR Green qPCR Mix (Q711, Vazyme Biotech Co., Ltd., Nanjing,
China) was used in a two-step procedure to carry out PCR using an ABI 7500 instrument
(Applied Biosystems, Foster City, CA, USA), in accordance with the manufacturer’s rec-
ommendations. Using a Roche LightCycler® 96 (Roche, Basel, Switzerland) instrument,
qPCR was carried out in each 10 uL reaction using 0.4 pL of a 10 uM primer mix and 25 ng
of cDNA, under the following conditions: 95 °C for 5 min, followed by 35 cycles of 95 °C
for 20's, 60 °C for 30 s, and 72 °C for 30 s. GraphPad Prism 8.0.1 (GraphPad Software Inc.
2018, San Diego, CA, USA) was used to draw the figures. The 2-BACt pethod and one-way
ANOVA followed by Duncan’s test were used to examine the relative expression of gene
and significant differences in gene expression among the various developmental stages
and tissues, respectively [33,34].

2.5. Statistical Analysis

On the basis of the selected indel variants, raw genotypes and allele frequencies were
calculated in eleven chicken breeds and the F, resource population. Nei’s method was used
to compute genetic diversity indexes (homozygosity, Ho; heterozygosity, He; (Ho + He = 1);
polymorphism information content, PIC) [35]. The Bonferroni test was used for multiple
comparisons [36,37]. The SHEsis website (http://analysis.bioxbiox.cn, accessed on 22 June
2021) was used to calculate the Hardy—Weinberg equilibrium (HWE) [38]. Analysis of the
DNA sequences was performed using BioXM (version 2.7) and DNAMAN (version 7.0).

According to two linear mixed models, as we previously reported, the relationships of
diverse genotypes with production traits in the F, generation population were examined
using SPSS software (SPSS for Windows, standard version 25.0; Chicago, IL, USA). Model I
was used to evaluate the growth traits, meat quality traits, and serum biochemical indicators.
Model Il was used to analyze carcass traits, with carcass weight (CW) as a control variable,
in order to take into account how body weight affected the carcass traits.

Model I: Yijklm =u+Gj+ S] + Hy + fl + €jjkim

Model II: Yijklm =u+ Gi + S] + Hk + f] +b (Wijklm - W (—)) + eijklm

These models use Yjjm to represent the observed values, p to represent the popula-
tion’s overall mean, and G; to represent the fixed genotype impact (I = 3), which includes
both additive and dominant gene effects (for the II, ID, and DD genotypes, the additive
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effect values were —1, 0, and 1, and the dominating effect values were 1, —1, and 1, re-
spectively). The fixed effect of sex is §; (j = 2), and the fixed effect of the hatch is Hy
(k =1, 2). Wi stands for individual slaughter weight, W (—) for mean slaughter weight,
and ejjm for random error. fj is the fixed effect of family, b is the regression coefficient
for carcass weight. All data in our study are reported as the SEM =+ mean, p < 0.05 was
deemed statistically significant, and least squares analysis was used to examine the impact
of polymorphism genotypes on the target traits.

2.6. Phylogenetic Analysis

To investigate the conservation of the ASB9 gene across species, the amino acid
sequences of the ASB9 gene from the GRCg7b version of the chicken genome (Gallus gallus)
and its homologs in 25 species, including tropical clawed frog (Xenopus tropicalis), wild
yak (Bos mutus), human (Homo sapiens), house mouse (Mus musculus), and mallard (Anas
platyrhynchos) were downloaded from the NCBI website. Then, ClustalX2.1 was used to
conduct multiple sequence alignments of the ASB9 gene proteins from various species
(Table S1, Supplementary Materials), and MEGA 7.0 was used to create phylogenetic
trees with 1000 bootstrap repetitions. Finally, an evolutionary tree was constructed using
EvolView (https://evolgenius.info/ /evolview-v2/#login, accessed on 20 September 2022).

3. Results
3.1. Molecular Characterization and Bioinformatics Analysis of ASB9 in Chickens

First, we investigated the location of the ASB9 gene. The chicken ASB9 gene is
found on chromosome 1 (GenBank accession number NC_052532.1) and consists of two
variable spliceosomes that contain eight exons and encode a protein with 294 amino
acids. The gene contexts in twelve different species were examined using synteny analysis
(Figure 1). The findings revealed that the genomic area surrounding the ASB9 gene is
conserved among species and includes numerous genes with high levels of conservation,
such as BMX (ENSGALGO00000016557), VEGFD (ENSGALG00000016558), PIGA (ENS-
GALG00000016559), ASB11 (ENSGALG00000016562), MOSPD2 (ENSMGAG00000016568),
FANCB (ENSMGAG00000016569), GLRA2 (ENSGALG00000016571), and GEMINS (ENS-
GALGO00000016574), which suggests that ASB9 is an important gene.

BMX VEGFD PIGA  ASBI1  ASBY MOSPD2 FANCB GLRA2 GEMINS

a OO PDEaPaE®D

Figure 1. Synteny analysis of ASB9 genes from various species. Genes are represented by various

colors.

Phylogenetic trees were constructed using MEGA software and the maximum likeli-
hood (ML) method, in order to further study the evolutionary relationships of ASB9 genes
among the various species (Figure 2). We analyzed the amino acid sequences of ASB9 in
25 species, including tropical clawed frog (X. tropicalis), wild yak (B. mutus), human (H.
sapiens), house mouse (M. musculus), and mallard (A. platyrhynchos). The phylogenetic
trees showed that the ASB9 gene of chickens was evolutionarily conserved and was most
closely related to those of Japanese quail (Coturnix japonica) and turkey (Meleagris gallopavo),
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and more distantly related to those of human, house mouse, ring-tailed lemur, Sumatran
orangutan, and rhesus macaque, consistent with the overall evolutionary distances among
these species.

o

A8 45
Iqawed

87

ASBI Chinese soft-shelled turtle

681

08006 UEMS 68SY
oo @

Figure 2. Phylogenetic analysis of the ASB9 gene. A maximum likelihood tree (ML) was created
using ClustalX2.1 and MEGA 7.0 and visualized with EvolView.

3.2. Identification of Genetic Variants Correlated with ASB9 Expression

A novel 21-bp insertion/deletion (GenBank accession number NC_052532.1, 122239073-
122239093) mutation was detected in the ASB9 gene using whole-genome resequencing
(Figure 3A). We sequenced the ASB9 gene’s sixth intron region in Gushi (GS) chickens where
the mutation occurred. A description of the mutant sequence was given as NC_052532.1
ins 122239072-122239073 ATTTGTGGATTATACATCTTC, as shown in Figure 3B. After
amplification of the PCR results, a 2.0% agarose gel electrophoresis was used to detect the
indel polymorphisms. The PCR results revealed all three genotypes, which were II (81 bp),
ID (81 bp and 60 bp), and DD (60 bp), as shown in Figure 3C. A detailed description of the
PCR primers used to amplify the indel locus is presented in Table 2.
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ASBY (ankyrin repeat and SOCS box containing 9)
(122230614..122244721)

Exon2 ExonS  Exon6
—H—i i
|| | |

Exonl Exon3 Exon4 Exon7 Exon8

Insertion site
(122239073)

ATTTGTGGATTATACATCTTC

B () GCCATCTTCTCCAGTATITGTGE CATCTTCSCCCATG C IDDDIDIDI II II ID
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Figure 3. Identification of genetic variants associated with ASB9 expression. (A) The insertion site

(b)

and relative location of the chicken ASB9 gene. The insertion site is situated in the sixth intron of
the ASB9 gene, which is situated in the middle of chicken chromosome 1. (B) Sequence diagrams for
the ASB9 gene’s 21-bp indel loci. The sequence diagrams for the I and D alleles are shown in (a,b),
respectively. (C) Agarose gel electrophoresis revealed genotyping patterns for the ASB9 21-bp indel
polymorphism. M refers to marker; II to insertion type homozygote; ID to heterozygous type; and
DD to deletion type homozygote.

3.3. The ASB9 Gene 21-bp Indel Locus Genotypes and Genetic Parameters in Eleven Chicken
Breeds and an F, Resource Population

A novel 21-bp insertion sequence was discovered in the chicken ASB9 gene, according
to electrophoretic gel mapping. Therefore, it was important to examine the relationships
between the growth traits and genotype at the 21-bp indel locus in a larger chicken popu-
lation. In 2641 individuals, the ASB9 indel locus’s genetic parameters (allele frequencies,
observed heterozygosity, Hardy—Weinberg equilibrium results, effective allele numbers,
and polymorphism information content) were calculated. The F, resource populations,
commercial broilers (Ross 308, HBD, Cobb, and AA), dual-purpose chickens (DX, CS, LS,
YY, GF, and HNG), and commercial laying hens (HL) were all included in this analysis.

Diversity at the genetic level is usually described by the number and frequency of
alleles per locus in a population. As compared to allele D, which had a lower frequency
(F2/28.4%, Ross 308/34.2%, HBD/38.5%, AA/38.8%, DX/46.0%, CS/45.6%, LS/35.2%,
YY/48.1%, HL/47.6%), allele I (F,/71.6%, Ross 308/65.8%, HBD/61.5%, AA /61.2%, DX/
54.0%, CS/54.4%, LS/64.8%, YY /51.9%, HL/52.4%) was more common, except in the GF,
HNG, and Cobb populations. In comparison to commercial laying hens (HL/19.0%) and
dual-purpose chickens (DX/29.0%, CS/27.0%, YY/25.0%, and HNG/11.0%), the Ross 308
(41.0%) and HBD (31.0%) breeds had higher frequencies of the II genotype. As expected,
the frequency of the DD genotype (GF/31%, HNG/24%) was higher than that of the
II genotype (GF/19%, HNG/11%) (Table 3). These findings revealed that genotype II,
which has been selected for in commercial broilers and dual-purpose chickens, was the
dominant genotype. Although, commercial laying hens still have a lot of room for breeding.
A hybridization method can greatly increase the growth performance of dual-purpose
chickens, as evidenced by the fact that the frequency of the I allele was higher in the F;
resource population than in the dual-purpose chickens.
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Table 3. Genetic parameters of 21 bp locus loci within the ASB9 gene in the F, and eleven other

chicken breeds.
Allelic F i B
Breeds » Genotype and Allelic Frequencies Ho Ne PIC p}}lxge,
Il D DD I D
F2 generation F, 654 0.49 0.46 005 0716 0284 0460 1.685 032 0.00
resource populatlon
DX 189 0.29 0.50 021 0540 0460 0497 1987 037 0.99
cs 181 0.27 0.55 018 0544 0456 0547 1984 037 0.17
Dual-purpose LS 271 0.41 0.48 011 0648 0352 0476  1.840 035 0.48
chickens YY 77 0.25 0.55 021 0519 0481 0545 1997 037 0.42
GF 264 0.19 0.50 031 0438 0563 0504 1969  0.37 0.70
HNG 84 0.11 0.65 024 0435 0565 0655 1966 037 0.00
RS308 92 041 0.49 010 0658 0342 0489 1819 035 0.41
Commercial HBD 9% 0.31 0.60 008 0615 0385 0604 1900 036 0.01
broilers AA 279 0.26 0.70 004 0612 0388 0702 1904  0.36 0.00
Cobb 182 0.15 0.69 016 0492 0508 0687 1999 037 0.00
Commercial laying ;. 272 0.19 0.66 015 0524 0476 0658 1995  0.37 0.00

hens

F, generation resource population (F;), Dongxiang chicken (DX), Changshun blue-eggshell chicken (CS), Lushi
chicken (LS), Yunyang chicken (YY), Guifei chicken (GF), Henan gamecock (HNG), Ross 308 broiler chicken
(Ross 308), Hubbard broiler chicken (HBD), Arbor Acres broiler chicken (AA), commercial H-Line brown layers
(HL). Ne: effective allele numbers; Ho: observed heterozygosity; p-value (HWE): p-value of Hardy—Weinberg
equilibrium. PIC: polymorphism information content. PIC > 0.50 denotes high polymorphism, 0.25 < PIC < 0.50
represents intermediate polymorphism, and PIC < 0.25 represents low polymorphism.

The HWE for this locus included the DX, CS, LS, YY, GF, and Ross 308 chickens
(p > 0.05). Conventionally, a PIC > 0.5 denotes high polymorphism, a PIC between 0.25
and 0.5 denotes intermediate polymorphism, and a PIC below 0.25 denotes low polymor-
phism. PIC and Ho are measures of genetic diversity within the population, as well as
the degree of allelic polymorphism and gene mutation. Only intermediate polymorphism
(0.25 < PIC < 0.5) was found at the mutant loci of the ASB9 gene in all breeds of chicken
analyzed, indicating that these breeds had more genetic diversity and selection potential.

3.4. Association of the ASB9 Gene 21-bp Indel with Growth, Carcass, and Blood
Biochemical Variables

According to the results of the correlation analysis, the 21-bp indel polymorphism
was substantially related to a variety of carcass traits and growth traits in the F, resource
population. This indel had a significant impact on growth traits at the following ages: BW
at4, 6, 8, and 10 weeks of age; BSL at 4, 8, and 12 weeks of age; PW at 4 weeks of age; TL
at 12 weeks; SG at 4 and 12 weeks; and SL at 4 and 8 weeks of age (p < 0.05). A highly
significant connection was also found between 12-week BW and SL (p < 0.01; Table 4).
Interestingly, from 4 to 12 weeks of age, II genotype individuals weighed more than ID and
DD genotype individuals (Figure 4). There were no discernible differences found between
individuals with the ID genotype and those with the DD genotype.

This indel significantly affected the carcass traits SEW, EW, BMW, HWP, CLR, ShW,
LMB, and LMD (p < 0.05), as well as CLW, LeW, LMW, and PWP (p < 0.01; Table 5).
The carcass traits also differed among genotypes; while ID genotype individuals were
statistically indistinguishable from DD genotype individuals, the II genotype chickens had
higher SEW, EW, BMW, CLW, CLR, LeW, LMW, LMB, and ShW values than the ID and DD
genotype chickens.

The indel was substantially correlated to alanine aminotransferase (ALT) according
to the findings of the serum variable association study (p < 0.01; Table 6). These findings
indicated that the 21-bp indel significantly affected chicken growth and development.



Genes 2023, 14, 339

10 0of 18

*%*
1400 I
‘A ID
12004 ’ 4 DD
10004
£ 800~ ’
=y s
Q
2 7
2> 600+
o A
m 7
7
4004 4
4
2004
0 | | 1 1 |
4 6 8 10 12

Growth curve of difffferent genotypes(Week)

Figure 4. Body weight varies over time for various ASB9 genotypes in the F, resource population at
different weeks. ** p < 0.01.

Table 4. Association of the 21-bp indel locus of ASB9 gene with growth traits in the F, resource

population.
Mean + SE
Growth Traits p-Value
IT (n = 318) ID (n = 301) DD (n = 35)
4-week weight (g) 326.43 +2.61 319.35 + 2.7 31029+ 7.7 0.047
6-week weight (g) 574.35 + 4.86 558.3 £ 5.03 542.44 + 14.46 0.020
8-week weight (g) 827.83 £7.31 809.71 + 7.46 783.57 +21.32 0.043
10-week weight (g) 1137.01 £9.07 @ 1100.62 £ 9.22 b 1098.27 + 27.37 ab 0.015
12-week weight (g) 1380.52 £ 10.75 2 1342.64 + 10.96 P 1286.68 + 32.18 P 0.004
12-week sternum length (cm) 9.49 +0.04 2 9.35+0.04° 9.33+0.1% 0.012
4-week shin girth (cm) 2.72 £0.02 2.69 £ 0.02 2.64 £ 0.04 0.011
12-week shin girth (cm) 3.88 4+ 0.022 3.83+£0.02P 3.81 +0.04 2 0.020
4-week Sternum length (cm) 6.28 + 0.03 @ 6.19 + 0.03b 6.14 + 0.09 2 0.043
8-week Sternum length (cm) 9.0 + 0.04 8.9 + 0.04 8.76 + 0.11 0.034
12-week Sternum length (cm) 11.09 + 0.04 2 10.96 + 0.04 2P 10.78 £ 0.12b 0.007
4-week body slanting length (cm) 11.46 4+ 0.05 11.33 4+ 0.05 11.23 +0.13 0.046
8-week body slanting length (cm) 16.33 &+ 0.07 16.16 & 0.07 159 +0.19 0.031
12-week body slanting length (cm) 19.9 +0.06 2 19.69 + 0.06 19.71 +0.18 2P 0.032
4-week pelvis width (cm) 5.2 +£0.03 5.12 £ 0.03 5.04 £0.08 0.015

SE stands for standard error of the mean. Significant differences are shown by means with different superscripts;
p < 0.05 is indicated by means with different lowercase letters, and p > 0.05 is indicated by means with the same
letters.
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Table 5. Relationship between ASB9 gene polymorphisms and carcass traits in the reciprocal cross Fp

population.
Mean + SE
Traits p-Value
II (n = 318) ID (n = 301) DD (n = 35)
SEW (g) 1120.05 £9.342 1094.85 4 9.58 ab 1047.83 +28.2P 0.021
EW (g) 937.13 £8.13 912.93 £ 8.31 876.51 £ 24.48 0.018
CLW (g) 60.43 £ 0.57 2 57.65 & 0.59 P 55.77 + 1.73 P 0.001
BMW (g) 72.18 + 0.85 69.8 + 0.87 65.92 +2.57 0.023
LeW (g) 15298 £1.372 148.01 + 1.41° 140.71 4+ 4.15° 0.003
LMW (g) 101.91 + 12 98.51 + 1.02 2b 92.98 +2.99P 0.004
HWP (%) 3.19 4+ 0.022 3.22 +0.022b 335+ 0.06P 0.020
CLR (%) 436 +0.032 426 +0.03b 431 +0.082 0.023
PWP (%) 0.25+0.012 0.26 + 0.01 2P 0.28 +0.01P 0.009
ShW (g) 1211.34 +9.55 2 1180.36 4 9.82 3 1135.01 +29.01 P 0.010
LMB (cm) 2532 £0.3 24.28 £0.32 2418 £ 091 0.047
LMD (g/cm?) 903.65 + 17.52 2 973.37 + 18.29 P 977.12 + 53.23 b 0.018
Semi-evisceration weight (SEW), evisceration weight (EW), claw weight (CLW), breast muscle weight (BMW),
leg weight (LeW), leg muscle weight (LMW), head weight percentage (HWP), claw rate (CLR), pancreas weight
percentage (PWP), shedding weight (ShW), leg muscle breadth (LMB), and leg muscle density (LMD). SE stands
for standard error of the mean. Significant differences are shown by means with different superscripts; p < 0.05 is
indicated by means with different lowercase letters, and p > 0.05 is indicated by means with the same letters.
Table 6. Association of the 21-bp indel locus of ASB9 gene with serum variable in F, resource
population.
Mean + SE
Serum Variable p-Value
II (n = 318) ID (n = 301) DD (n = 35)
Alanine aminotransferase (U/L) 1.78 +£0.122 1.61 +0.132b 3.16 £ 0.37b 0.000

SE stands for standard error of the mean. Significant differences are shown by means with different superscripts;
p <0.05 is indicated by means with different lowercase letters, and p > 0.05 is indicated by means with the same
letters.

3.5. Expression Level of ASB9 in Chickens

Since ASB9 was highly correlated with various growth traits, it was hypothesized that
ASB9 might be connected to the growth traits of chickens. According to the genotyping
results, LS was selected as a representative breed of dual-purpose chickens and the AA
broiler as a representative breed of commercial broilers, to verify the expression of ASB9 in
different breeds. Three-week-old LS chickens and E14 and AA commercial broilers tissues
were both examined for ASB9 mRNA expression. Notably, throughout the embryonic
stage, the liver, leg muscles, pancreas, and breast muscles all showed higher levels of ASB9
gene expression (Figure 5A). We found the same expression patterns in AA broilers and
LS chickens at 3 weeks of age, with lower expression levels in the breast muscles and leg
muscles and higher expression levels in the kidney and liver (Figure 5B). Additionally,
except for the muscle stomach and heart, the ASB9 gene expression levels in AA broilers
were considerably higher than those of LS chickens, suggesting a potential relationship
between ASB9 expression levels and growth rate.

In AA broilers and LS chickens, the expression of the ASB9 gene was investigated at
the following developmental stages: E10, E12, E14, E16, E18, 1 day, 1 week, and 3 weeks
(Figure 5C,D). ASB9 expression in breast muscles and leg muscles gradually decreased in
successive developmental stages. In addition, the expression of ASB9 was significantly
higher in the breast muscle tissues of LS chickens than in AA broilers throughout the
embryonic period. Interestingly, the opposite result was observed in the leg muscle, where
the expression level of the ASB9 gene was significantly higher in the leg muscle of AA
broilers than in LS chickens from E10 to 3 weeks.
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Figure 5. ASB9 gene expression relative to GAPDH. (A) Relative gene expression levels of ASB9 in
E14 and 3-week-old tissues from AA broilers. n = 6. (B) Relative gene expression levels of ASB9 in
3-week-old tissues from LS and AA broilers. n = 6. (C) Relative gene expression levels of ASB9 at
E10, E12, E14, E16, E18, 1 day, 1 week, and 3 weeks in the breast muscle tissues of LS and AA broilers.
n=6. (D) Relative gene expression levels of ASB9 at E10, E12, E14, E16, E18, 1 day, 1 week, and
3 weeks in the leg muscle tissues of LS and AA broilers. n = 6. LS: Lushi chickens; AA: Arbor Acres
broilers; * p < 0.05, ** p < 0.01.

Since the expression of ASB9 was relatively high in the liver tissues of AA broilers
and LS chickens, we examined the expression of the ASB9 gene in the liver tissues of AA
broilers and LS chickens at 1 day, 1 week, 3 weeks, and 5 weeks (Figure 6A). We discovered
that the liver tissues of AA broilers and LS chickens showed opposing patterns of ASB9
expression. The expression of ASB9 in the liver tissues of LS chickens gradually decreased
with increasing age, while in AA broilers, no obvious differences were observed between
1 day, 1 week, and 3 weeks, and the highest expression was observed at 5 weeks.

Furthermore, since the embryonic leg muscle displayed higher ASB9 gene expression
levels, we isolated and cultured chicken primary myoblasts from the AA broiler leg muscle
of E10 embryos, to construct an induced chicken primary myoblast differentiation model,
and examined the change in the levels of ASB9 mRNA expression at 1, 2, 3, 4, 5, 6, and
7 days after cell differentiation (Figure 6B). The expression of ASB9 in chicken primary
myoblasts tended to increase with the growth cycle. Specifically, the expression level
was lowest at 2 days and increased rapidly with further development, reaching a peak
at 6 days, and then tending to decrease over the later stages of differentiation. These
results indicated that the ASB9 gene might influence muscle development by promoting
the differentiation of chicken myoblasts, further indicating that ASB9 may have an impact
on chicken development and growth.
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Figure 6. ASB9 gene expression relative to GAPDH. (A) Relative gene expression levels of ASB9 at
1 day, 1 week, 3 weeks, and 5 weeks in the liver tissues of LS and AA broilers. LS: Lushi chickens;
AA: Arbor Acres broilers. n = 6. (B) Relative expression level of the ASB9 gene during myoblast
differentiation in AA broilers; AA: Arbor Acres broilers. n = 6; ** p < 0.01.

4. Discussion

In recent years, the effects of random mutations within introns on gene function have
been increasingly recognized, and the functions of gene sequences have been studied in
depth [39,40]. Studies have also revealed that introns contain a variety of non-coding RNAs,
in addition to elements linked to gene transcription and regulation, such as alternative
splicing and mRNA processing [41,42]. Numerous studies have demonstrated that intron
mutations are related to disease phenotypes, growth, and reproduction in livestock and
poultry [43,44]. IGF2 (insulin-like growth factor 2) gene mutations in the intron are signif-
icantly linked to the accumulation of fat and muscle [45]. Studies in chickens have also
shown that mutations in the introns of the PAX7, KLF15, and YBX3 genes are correlated
with chicken carcass and growth characteristics [12,14,46]. Furthermore, recessive white
mutations in chickens are associated with retroviral insertion in the tyrosinase gene’s in-
tron 4 [47]. In this study, a novel 21 bp indel mutation in the ASB9 gene’s intron region
was discovered to be strongly associated with growth traits, slaughter traits, and serum
variables in a cross-designed F; resource population. These findings show the significance
of this indel for the growth and development of poultry, particularly for body weight.

Growth traits, which are the manifestation of intricate biological changes in the organ-
ism, are impacted by many different variables, such as genetics, nutrient uptake, feeding
practices, etc. [48]. Artificial breeding primarily focuses on traits related to the chicken
growth and carcass, which are economically significant in the production of poultry. In
the production of broilers, the breast muscle weight (BMW) and leg weight (LeW) are
crucial factors, and higher phenotypic values can have a positive impact on the economic
outcome. GWASs have found several new genes and genetic variation sites related to breast
muscle development [49], as well as the genetic architecture and important variants for
breast muscle weight in native chickens [50]. According to the findings of this study, ASB9
gene polymorphisms in the cross-designed F, population were significantly associated
with SEW, EW, BMW, HWP, CLR, ShW, LMB, and LMD (p < 0.05), as well as CLW, LeW,
LMW, and PWP (p < 0.01). Body weight is a crucial quantitative trait with a high heredity,
reflects animal growth and development, and has a direct impact on nutrition absorption,
fat and protein deposition, and bone development and growth [51]. The results of this
study suggest that mutation at this locus was significantly associated with body weight
at4, 6, 8,10 (p <0.05), and 12 (p < 0.01) weeks of age. From 4 to 12 weeks, II genotype
individuals had an average body weight that was higher than the DD genotype individuals.
At 12 weeks of age, II genotype individuals had an average body weight that was relatively
high than the DD genotype and ID genotype individuals. This finding indicated that the
reciprocal cross F, population was significantly dominated by the II genotype.

Many economic traits in poultry are quantitative traits. The occurrence of such traits
is controlled by two or more pairs of alleles, and the genetic basis of quantitative traits is
a minor polygenic system [52]. Growth traits are extremely complex quantitative traits
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in poultry. There is no significant difference in the II genotype frequency between broiler
and F, resource populations, suggesting that the variation in phenotypic values for these
quantitative traits may be controlled by minor polygenes, with the I allele playing a minor
role in the expression of these quantitative traits and influenced by other genetic factors.
The II genotype was significantly more common in broiler breeds compared to commercial
laying hens and dual-purpose chickens, except in Cobb broilers and LS chickens, where the
ID genotype frequencies were higher than in local chickens, probably due to insufficient
selection intensity. Overall, the I allele was selected for commercial broilers. It is noteworthy
that the II genotype frequency was lower than the DD genotype frequency in GF chickens
and Henan gamecocks. GF chickens are small and high quality, with thin skin, fine bones,
and little fat, while purebred Henan gamecocks have a small body size and poor physical
endurance, and neither GF chickens nor Henan gamecocks are selected for size during
breeding. Although the data showed selection for the I allele in commercial broilers, the
polymorphism rates (0.25 < PIC < 0.5) were moderate in all populations, indicating that
this indel locus still has great potential for selection in different populations.

The specific mechanism through which ASB9 affects biological growth and develop-
ment is not clear. The active protein genes containing the SOCS box protein domain in
muscle differentiation have attracted much attention from researchers. It has also been
shown that SOCS box-containing domains can regulate the phosphorylation of growth
hormone receptor (GHR), Janus kinase (JAK), and signal transducer and activator of tran-
scription (STAT) proteins; can affect growth hormone (GH) signaling pathway responses;
and are crucial for the regulation of animal growth and development, as well as muscle dif-
ferentiation [53,54]. In addition, it has been reported that the ankyrin (ANK) repeat domain
has an inhibitory effect on myogenesis [55]. Recent reports show that ASB9 regulates ovar-
ian granulosa cell function and mitogen-activated protein kinase (MAPK) signaling [56].
ASB9 interacts with a creatine kinase (CK) dimer in an asymmetric manner [57,58]. In
human embryonic kidney 293 (HEK293) cells, the interaction of ASB9 with the CK system
induced mitochondrial malfunction and was shown to negatively regulate cell growth [59].
CKis an important cytoplasmic enzyme in cellular energy metabolism and is evolutionarily
conserved [60]. CK is associated with brain and muscle function and reversibly catalyzes
the adenosine triphosphate (ATP) phosphorylation of creatine, thereby regulating ATP
levels in tissues that require large amounts of energy and playing an essential role in the
cellular homeostasis of the vertebrate heart and brain [61-63]. This interaction between CK
and ASB9 was confirmed to be specific to ASBY, suggesting that ASB9 may be involved in
cellular energy metabolism and muscle development. In our study, ASB9 expression was
relatively high in the liver and muscle, suggesting that ASB9 may play a similar role in
chickens.

The study of gene expression levels is an important component of determining markers
for molecular breeding [64]. To further explore the reasons for the observed phenotypic
associations with the 21-bp deletion, we contrasted how ASB9 mRNA was expressed in
various tissues from various species at various times. The findings demonstrated that the
ASB9 expression varied, being higher in the liver, breast muscles, and leg muscles during
the embryonic stages and lower in the heart and stomach muscles. Based on these findings,
we speculated that ASB9 expression might affect muscle development positively.

Notably, the expression of ASB9 in breast muscles and leg muscles was significantly
lower in chicks at 3 weeks of age, and ASB9 seemed to function at different times in different
tissues. Meanwhile, we found that the tissue expression patterns of ASB9 in AA broilers
and LS chickens were the same, although the expression levels of the ASB9 gene were
significantly higher in AA broilers than in LS chickens, except in the muscle, stomach and
heart tissues. Additionally, ASB9 expression gradually increased with development in
the liver tissues from AA broilers, while the expression in the liver tissues of LS chickens
showed opposite trends at different periods. LS is a local breed in Henan Province, with
slow growth and high-quality meat, while the AA broiler is a representative fast-growing
broiler. Both meat quality and growth rate differ greatly between local chickens and
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commercial broilers. It was speculated that the 21-bp indel in ASB9 might promote broiler
growth and development through effects on energy metabolism. According to our research,
ASB9 appears to play a role in the early stages of chicken embryo development and
functions mainly from 0 to 5 weeks after birth.

Overall, our findings indicate that the ASB9 gene may have a profound effect on
production traits, but further studies are necessary, to verify allelic effects in further popu-
lations.

5. Conclusions

In summary, the present study strongly supports that the 21-bp indel in the ASB9 gene
is significantly associated with several growth and carcass traits in chickens. Genotype II
may be a dominant genotype and is significantly and positively correlated with growth and
carcass traits. ASB9 mRNA expression is enriched in the embryonic liver, pectoral muscle,
and leg muscle, and this suggests that ASB9 may participate in embryonic development
by promoting muscle growth. These findings contribute to a deeper understanding of the
relationship between ASB9 polymorphisms and poultry economic traits. Further research
using bioinformatics to validate these conclusions in hybrid populations may be considered.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ genes14020339/s1, Table S1: ASB9 gene proteins sequences of
different species.

Author Contributions: Conceptualization, Y.L. (Yang Liu); data curation, X.N. and Y.L. (Yixuan Liu);
validation, Y.Z., Y.N., and Y.W.,; software, B.C.; funding acquisition, XK. and Y.T.; methodology R.H.
and X.L.; writing—original draft, P.Q.; writing—review and editing, R.J. and Z.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the China Agriculture Research System (CARS-
40-K04), the Program for Science & Technology Innovation Talents in Universities of Henan Province
(22HASTITO038) and the Zhongyuan Youth Talent Support Program (ZYYCYU202012156).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The corresponding author will provide the datasets used and analyzed
during the current work on reasonable request.

Conflicts of Interest: The authors affirm that they have no conflicting interests.

References

1. Xu, Y; Shi, T.; Zhou, Y.; Liu, M.; Klaus, S.; Lan, X.; Lei, C.; Chen, H. A novel PAX7 10-bp indel variant modulates promoter activity,
gene expression and contributes to different phenotypes of Chinese cattle. Sci. Rep. 2018, 8, 1724. [CrossRef] [PubMed]

2. Mao, C.; Ju, X.; Cheng, H.; Huang, X.; Jiang, F;; Yao, Y.; Lan, X,; Song, E. Determination of genetic variation within the DYRK2
gene and its associations with milk traits in cattle. Arch. Anim. Breed. 2020, 63, 315-323. [CrossRef] [PubMed]

3. Shi, T.; Peng, W.; Yan, J.; Cai, H.; Lan, X.; Lei, C.; Bai, Y.; Chen, H. A novel 17 bp indel in the SMAD3 gene alters transcription
level, contributing to phenotypic traits in Chinese cattle. Arch. Anim. Breed. 2016, 59, 151-157. [CrossRef]

4. Zhao, H; Wu, M,; Wang, S.; Yu, X; Li, Z,; Dang, R.; Sun, X. Identification of a novel 24 bp insertion-deletion (indel) of the
androgen receptor gene and its association with growth traits in four indigenous cattle breeds. Arch. Anim. Breed. 2018, 61, 71-78.
[CrossRef]

5. Li,J; Erdenee, S.; Zhang, S.; Wei, Z.; Zhang, M,; Jin, Y.; Wu, H.; Chen, H.; Sun, X.; Xu, H.; et al. Genetic effects of PRNP gene
insertion/deletion (indel) on phenotypic traits in sheep. Prion 2018, 12, 42-53. [CrossRef] [PubMed]

6. Bi, Y,;Feng, B.,; Wang, Z.; Zhu, H.; Qu, L.; Lan, X,; Pan, C.; Song, X. Myostatin (MSTN) Gene Indel Variation and Its Associations
with Body Traits in Shaanbei White Cashmere Goat. Animals 2020, 10, 168. [CrossRef]

7. Zhang, Y,; Wang, K; Liu, J.; Zhu, H.; Qu, L.; Chen, H.; Lan, X,; Pan, C.; Song, X. An 11-bp Indel Polymorphism within the CSN151
Gene Is Associated with Milk Performance and Body Measurement Traits in Chinese Goats. Animals 2019, 9, 1114. [CrossRef]

8.  Wang, X,; Yang, Q.; Wang, K.; Zhang, S.; Pan, C.; Chen, H.; Qu, L.; Yan, H.; Lan, X. A novel 12-bp indel polymorphism within the
GDF9 gene is significantly associated with litter size and growth traits in goats. Anim. Genet. 2017, 48, 735-736. [CrossRef]

9. Xu, H,; Zhang, X.; Zang, R; Cai, Y.; Cao, X;; Yang, J.; Li, J.; Lan, X.; Wu, J. Genetic variations in the sheep SIRT7 gene and their

correlation with body size traits. Arch. Anim. Breed. 2019, 62, 189-197. [CrossRef]


https://www.mdpi.com/article/10.3390/genes14020339/s1
https://www.mdpi.com/article/10.3390/genes14020339/s1
http://doi.org/10.1038/s41598-018-20177-8
http://www.ncbi.nlm.nih.gov/pubmed/29379079
http://doi.org/10.5194/aab-63-315-2020
http://www.ncbi.nlm.nih.gov/pubmed/32964102
http://doi.org/10.5194/aab-59-151-2016
http://doi.org/10.5194/aab-61-71-2018
http://doi.org/10.1080/19336896.2017.1405886
http://www.ncbi.nlm.nih.gov/pubmed/29394137
http://doi.org/10.3390/ani10010168
http://doi.org/10.3390/ani9121114
http://doi.org/10.1111/age.12617
http://doi.org/10.5194/aab-62-189-2019

Genes 2023, 14, 339 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ren, F; Yu, S.; Chen, R;; Lv, X,; Pan, C. Identification of a novel 12-bp insertion/deletion (indel) of iPS-related Oct4 gene and its
association with reproductive traits in male piglets. Anim. Reprod. Sci. 2017, 178, 55-60. [CrossRef]

Zhang, W.; Fang, M.; Li, Y.; Nie, Q.; Zhang, X. Identification of TDRP1 gene and its association with pig reproduction traits. DNA
Cell Biol. 2012, 31, 371-377. [CrossRef] [PubMed]

Zhang, S.; Han, R.L.; Gao, Z.Y.; Zhu, S.K,; Tian, Y.D.; Sun, G.R.; Kang, X.T. A novel 31-bp indel in the paired box 7 (PAX7) gene is
associated with chicken performance traits. Br. Poult. Sci. 2014, 55, 31-36. [CrossRef]

Jia, X.; Lin, H.; Nie, Q.; Zhang, X.; Lamont, S.J. A short insertion mutation disrupts genesis of miR-16 and causes increased body
weight in domesticated chicken. Sci. Rep. 2016, 6, 36433. [CrossRef]

Lyu, S.J.; Tian, Y.D.; Wang, S.H.; Han, R.L.; Mei, X.X.; Kang, X.T. A novel 2-bp indel within Kriippel-like factor 15 gene (KLF15)
and its associations with chicken growth and carcass traits. Br. Poult. Sci. 2014, 55, 427-434. [CrossRef] [PubMed]

Han, R.L.; Li, Z.].; Li, M.]J.; Li, ].Q.; Lan, X.Y; Sun, G.R.; Kang, X.T.; Chen, H. Novel 9-bp indel in visfatin gene and its associations
with chicken growth. Br. Poult. Sci. 2011, 52, 52-57. [CrossRef] [PubMed]

Shen, Q.; Zhou, J.; Li, J.; Zhao, X.; Zheng, L.; Bao, H.; Wu, C. Genome-Wide Association Study Identifies Candidate Genes for
Stripe Pattern Feather Color of Rhode Island Red Chicks. Genes 2022, 13, 1511. [CrossRef]

Kohroki, J.; Nishiyama, T.; Nakamura, T.; Masuho, Y. ASB proteins interact with Cullin5 and Rbx2 to form E3 ubiquitin ligase
complexes. FEBS Lett. 2005, 579, 6796—6802. [CrossRef] [PubMed]

Kile, B.T.; Metcalf, D.; Mifsud, S.; DiRago, L.; Nicola, N.A.; Hilton, D.J.; Alexander, W.S. Functional analysis of Asb-1 using genetic
modification in mice. Mol. Cell. Biol. 2001, 21, 6189-6197. [CrossRef]

Linossi, E.M.; Nicholson, S.E. The SOCS box-adapting proteins for ubiquitination and proteasomal degradation. IUBMB Life 2012,
64, 316-323. [CrossRef]

James, J.; Zhang, Y.; Osinska, H.; Sanbe, A_; Klevitsky, R.; Hewett, T.E.; Robbins, J. Transgenic modeling of a cardiac troponin I
mutation linked to familial hypertrophic cardiomyopathy. Circ. Res. 2000, 87, 805-811. [CrossRef]

Burton, D.; Abdulrazzak, H.; Knott, A.; Elliott, K.; Redwood, C.; Watkins, H.; Marston, S.; Ashley, C. Two mutations in troponin I
that cause hypertrophic cardiomyopathy have contrasting effects on cardiac muscle contractility. Biochem. J. 2002, 362, 443-451.
[CrossRef] [PubMed]

Molkentin, J.D. The zinc finger-containing transcription factors GATA-4, -5, and -6. Ubiquitously expressed regulators of
tissue-specific gene expression. . Biol. Chem. 2000, 275, 38949-38952. [CrossRef] [PubMed]

Barz, T.; Hoffmann, A.; Panhuysen, M.; Spengler, D. Peroxisome proliferator-activated receptor vy is a Zac target gene mediating
Zac antiproliferation. Cancer Res. 2006, 66, 11975-11982. [CrossRef] [PubMed]

Schiffer, ].M.; Malmstrom, R.D.; Parnell, J.; Ramirez-Sarmiento, C.; Reyes, J.; Amaro, R.E.; Komives, E.A. Model of the Ankyrin
and SOCS Box Protein, ASB9, E3 Ligase Reveals a Mechanism for Dynamic Ubiquitin Transfer. Structure 2016, 24, 1248-1256.
[CrossRef] [PubMed]

Benoit, G.; Warma, A.; Lussier, ].G.; Ndiaye, K. Gonadotropin regulation of ankyrin-repeat and SOCS-box protein 9 (ASB9) in
ovarian follicles and identification of binding partners. PLoS ONE 2019, 14, e0212571. [CrossRef]

Tokuoka, M.; Miyoshi, N.; Hitora, T.; Mimori, K.; Tanaka, F; Shibata, K.; Ishii, H.; Sekimoto, M.; Doki, Y.; Mori, M. Clinical
significance of ASB9 in human colorectal cancer. Int. |. Oncol. 2010, 37, 1105-1111. [CrossRef]

Zhong, L.; Ge, K.; Zu, ].C.; Zhao, L.H.; Shen, WK.; Wang, J.F.; Zhang, X.G.; Gao, X.; Hu, W,; Yen, Y,; et al. Autoantibodies as
potential biomarkers for breast cancer. Breast Cancer Res. 2008, 10, R40. [CrossRef]

Liu, D.; Han, R.; Wang, X.; Li, W,; Tang, S.; Li, W.; Tang, S.; Wang, Y.; Jiang, R.; Yan, E; et al. A novel 86-bp indel of the motilin
receptor gene is significantly associated with growth and carcass traits in Gushi-Anka F(2) reciprocal cross chickens. Br. Poult. Sci.
2019, 60, 649-658. [CrossRef]

Liang, K.; Wang, X; Tian, X,; Geng, R.; Li, W,; Jing, Z.; Han, R.; Tian, Y.; Liu, X.; Kang, X.; et al. Molecular characterization and an
80-bp indel polymorphism within the prolactin receptor (PRLR) gene and its associations with chicken growth and carcass traits.
3 Biotech 2019, 9, 296. [CrossRef]

Ren, T,; Li, W.; Liu, D.; Liang, K.; Wang, X.; Li, H,; Jiang, R.; Tian, Y.; Kang, X.; Li, Z. Two insertion/deletion variants in the
promoter region of the QPCTL gene are significantly associated with body weight and carcass traits in chickens. Anim. Genet.
2019, 50, 279-282. [CrossRef]

Cai, B.; Ma, M,; Chen, B.; Li, Z.; Abdalla, B.A.; Nie, Q.; Zhang, X. MiR-16-5p targets SESN1 to regulate the p53 signaling pathway,
affecting myoblast proliferation and apoptosis, and is involved in myoblast differentiation. Cell Death Dis. 2018, 9, 367. [CrossRef]
Wang, X,; Li, Z.; Guo, Y.; Wang, Y.; Sun, G,; Jiang, R.; Kang, X.; Han, R. Identification of a novel 43-bp insertion in the heparan
sulfate 6-O-sulfotransferase 3 (HS6ST3) gene and its associations with growth and carcass traits in chickens. Anim. Biotechnol.
2019, 30, 252-259. [CrossRef]

Kang, Z.; Zhang, S.; He, L.; Zhu, H.; Wang, Z.; Yan, H.; Huang, Y.; Dang, R.; Lei, C.; Chen, H.; et al. A 14-bp functional deletion
within the CMTM2 gene is significantly associated with litter size in goat. Theriogenology 2019, 139, 49-57. [CrossRef] [PubMed]
Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef] [PubMed]

Nei, M.; Roychoudhury, A.K. Sampling variances of heterozygosity and genetic distance. Genetics 1974, 76, 379-390. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.anireprosci.2017.01.009
http://doi.org/10.1089/dna.2011.1328
http://www.ncbi.nlm.nih.gov/pubmed/21823921
http://doi.org/10.1080/00071668.2013.860215
http://doi.org/10.1038/srep36433
http://doi.org/10.1080/00071668.2014.921886
http://www.ncbi.nlm.nih.gov/pubmed/25056727
http://doi.org/10.1080/00071668.2010.537310
http://www.ncbi.nlm.nih.gov/pubmed/21337198
http://doi.org/10.3390/genes13091511
http://doi.org/10.1016/j.febslet.2005.11.016
http://www.ncbi.nlm.nih.gov/pubmed/16325183
http://doi.org/10.1128/MCB.21.18.6189-6197.2001
http://doi.org/10.1002/iub.1011
http://doi.org/10.1161/01.RES.87.9.805
http://doi.org/10.1042/bj3620443
http://www.ncbi.nlm.nih.gov/pubmed/11853553
http://doi.org/10.1074/jbc.R000029200
http://www.ncbi.nlm.nih.gov/pubmed/11042222
http://doi.org/10.1158/0008-5472.CAN-06-1529
http://www.ncbi.nlm.nih.gov/pubmed/17178896
http://doi.org/10.1016/j.str.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27396830
http://doi.org/10.1371/journal.pone.0212571
http://doi.org/10.3892/ijo_00000762
http://doi.org/10.1186/bcr2091
http://doi.org/10.1080/00071668.2019.1655710
http://doi.org/10.1007/s13205-019-1827-0
http://doi.org/10.1111/age.12741
http://doi.org/10.1038/s41419-018-0403-6
http://doi.org/10.1080/10495398.2018.1479712
http://doi.org/10.1016/j.theriogenology.2019.07.026
http://www.ncbi.nlm.nih.gov/pubmed/31362196
http://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
http://doi.org/10.1093/genetics/76.2.379
http://www.ncbi.nlm.nih.gov/pubmed/4822472

Genes 2023, 14, 339 17 of 18

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.
62.

Li, W,; Jing, Z.; Cheng, Y,; Wang, X; Li, D.; Han, R,; Li, W.; Li, G,; Sun, G,; Tian, Y; et al. Analysis of four complete linkage
sequence variants within a novel IncRNA located in a growth QTL on chromosome 1 related to growth traits in chickens. J. Anim.
Sci. 2020, 98, skaal22. [CrossRef] [PubMed]

Li, W; Liu, D,; Tang, S.; Li, D.; Han, R;; Tian, Y.; Li, H.; Li, G.; Li, W,; Liu, X,; et al. A multiallelic indel in the promoter region of
the Cyclin-dependent kinase inhibitor 3 gene is significantly associated with body weight and carcass traits in chickens. Poult. Sci.
2019, 98, 556-565. [CrossRef]

Li, Z.; Zhang, Z.; He, Z.; Tang, W.; Li, T.; Zeng, Z.; He, L.; Shi, Y. A partition-ligation-combination-subdivision EM algorithm
for haplotype inference with multiallelic markers: Update of the SHESsis (http:/ /analysis.bio-x.cn). Cell Res. 2009, 19, 519-523.
[CrossRef]

Rose, A.B. Intron-mediated regulation of gene expression. Curr. Top. Microbiol. Immunol. 2008, 326, 77-90. [CrossRef]

Yang, Q.; Yan, H.; Li, J.; Xu, H.; Wang, K.; Zhu, H.; Chen, H.; Qu, L.; Lan, X. A novel 14-bp duplicated deletion within goat GHR
gene is significantly associated with growth traits and litter size. Anim. Genet. 2017, 48, 499-500. [CrossRef]

Shaul, O. How introns enhance gene expression. Int. J. Biochem. Cell Biol. 2017, 91, 145-155. [CrossRef] [PubMed]

Zhang, Q.; Li, H.; Zhao, X.Q.; Xue, H.; Zheng, Y.; Meng, H.; Jia, Y; Bo, S.L. The evolution mechanism of intron length. Genomics
2016, 108, 47-55. [CrossRef] [PubMed]

Li, J.; Lee, M.O.; Davis, BW.; Wu, P; Hsieh Li, S.M.; Chuong, C.M.; Andersson, L. Corrigendum to “The crest phenotype in
domestic chicken is caused by a 195 bp duplication in the intron of HOXC10”. G3 2022, 12, jkab425. [CrossRef] [PubMed]
Kumari, P; Singh, S.K.; Raman, R. A novel non-coding RNA within an intron of CDH2 and association of its SNP with
non-syndromic cleft lip and palate. Gene 2018, 658, 123-128. [CrossRef]

Nezer, C.; Moreau, L.; Brouwers, B.; Coppieters, W.; Detilleux, J.; Hanset, R.; Karim, L.; Kvasz, A.; Leroy, P.; Georges, M. An
imprinted QTL with major effect on muscle mass and fat deposition maps to the IGF2 locus in pigs. Nat. Genet. 1999, 21, 155-156.
[CrossRef]

Li, T.; Qin, P; Chen, B.; Niu, X.; Wang, Y.; Niu, Y.; Wei, C.; Hou, D.; Ma, H.; Han, R.; et al. A novel 27-bp indel in the intron region
of the YBX3 gene is associated with growth traits in chickens. Br. Poult. Sci. 2022, 63, 590-596. [CrossRef]

Chang, C.M.; Furet, J.P; Coville, ]J.L.; Coquerelle, G.; Gourichon, D.; Tixier-Boichard, M. Quantitative effects of an intronic
retroviral insertion on the transcription of the tyrosinase gene in recessive white chickens. Anim. Genet. 2007, 38, 162-167.
[CrossRef]

Amills, M.; Jimenez, N.; Villalba, D.; Tor, M.; Molina, E.; Cubilo, D.; Marcos, C.; Francesch, A.; Sanchez, A.; Estany, J. Identification
of three single nucleotide polymorphisms in the chicken insulin-like growth factor 1 and 2 genes and their associations with
growth and feeding traits. Poult. Sci. 2003, 82, 1485-1493. [CrossRef]

He, Y,; Shi, H,; Li, Z,; Kang, ].; Li, M.; Liu, M.; Liu, Y,; Zhao, J.; Dou, T;; Jia, J.; et al. Identification of New Genes and Genetic Variant
Loci Associated with Breast Muscle Development in the Mini-Cobb F2 Chicken Population Using a Genome-Wide Association
Study. Genes 2022, 13, 2153. [CrossRef]

Tan, X,; Liu, L.; Liu, X,; Cui, H.; Liu, R.; Zhao, G.; Wen, ]. Large-Scale Whole Genome Sequencing Study Reveals Genetic
Architecture and Key Variants for Breast Muscle Weight in Native Chickens. Genes 2021, 13, 3. [CrossRef]

Tanaka, M.; Miyazaki, T.; Yamamoto, I.; Nakai, N.; Ohta, Y.; Tsushima, N.; Wakita, M.; Shimada, K. Molecular characterization of
chicken growth hormone secretagogue receptor gene. Gen. Comp. Endocrinol. 2003, 134, 198-202. [CrossRef] [PubMed]

Fisher, R.A. XV.—The Correlation between Relatives on the Supposition of Mendelian Inheritance. Trans. R. Soc. Edinb. 1919, 52,
399-433. [CrossRef]

Elliott, J.; Johnston, J.A. SOCS: Role in inflammation, allergy and homeostasis. Trends Immunol. 2004, 25, 434-440. [CrossRef]
Dalpke, A.; Heeg, K,; Bartz, H.; Baetz, A. Regulation of innate immunity by suppressor of cytokine signaling (SOCS) proteins.
Immunobiology 2008, 213, 225-235. [CrossRef]

Tee, ] M.; Peppelenbosch, M.P. Anchoring skeletal muscle development and disease: The role of ankyrin repeat domain containing
proteins in muscle physiology. Crit. Rev. Biochem. Mol. Biol. 2010, 45, 318-330. [CrossRef] [PubMed]

Nosratpour, S.; Ndiaye, K. Ankyrin-repeat and SOCS box-containing protein 9 (ASB9) regulates ovarian granulosa cells function
and MAPK signaling. Mol. Reprod. Dev. 2021, 88, 830-843. [CrossRef]

Balasubramaniam, D.; Schiffer, J.; Parnell, J.; Mir, S.P.; Amaro, R.E.; Komives, E.A. How the ankyrin and SOCS box protein, ASB9,
binds to creatine kinase. Biochemistry 2015, 54, 1673-1680. [CrossRef]

Fei, X,; Gu, X; Fan, S.; Yang, Z.; Li, F,; Zhang, C.; Gong, W.; Mao, Y.; Ji, C. Crystal structure of Human ASB9-2 and substrate-
recognition of CKB. Protein J. 2012, 31, 275-284. [CrossRef]

Kwon, S.; Kim, D.; Rhee, ].W.; Park, J.A.; Kim, D.W.; Kim, D.S,; Lee, Y.; Kwon, H.J. ASB9 interacts with ubiquitous mitochondrial
creatine kinase and inhibits mitochondrial function. BMC Biol. 2010, 8, 23. [CrossRef]

Wallimann, T.; Wyss, M.; Brdiczka, D.; Nicolay, K.; Eppenberger, H.M. Intracellular compartmentation, structure and function
of creatine kinase isoenzymes in tissues with high and fluctuating energy demands: The “phosphocreatine circuit’ for cellular
energy homeostasis. Biochem. J. 1992, 281, 21-40. [CrossRef]

Wyss, M.; Kaddurah-Daouk, R. Creatine and creatinine metabolism. Physiol. Rev. 2000, 80, 1107-1213. [CrossRef] [PubMed]
Wang, Y.; Wang, S.; Gao, Y.S.; Chen, Z.; Zhou, H.M.; Yan, Y.B. Dissimilarity in the folding of human cytosolic creatine kinase
isoenzymes. PLoS ONE 2011, 6, e24681. [CrossRef] [PubMed]


http://doi.org/10.1093/jas/skaa122
http://www.ncbi.nlm.nih.gov/pubmed/32309860
http://doi.org/10.3382/ps/pey404
http://doi.org/10.1038/cr.2009.33
http://doi.org/10.1007/978-3-540-76776-3_15
http://doi.org/10.1111/age.12551
http://doi.org/10.1016/j.biocel.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28673892
http://doi.org/10.1016/j.ygeno.2016.07.004
http://www.ncbi.nlm.nih.gov/pubmed/27449197
http://doi.org/10.1093/g3journal/jkab425
http://www.ncbi.nlm.nih.gov/pubmed/35100383
http://doi.org/10.1016/j.gene.2018.03.017
http://doi.org/10.1038/5935
http://doi.org/10.1080/00071668.2022.2059340
http://doi.org/10.1111/j.1365-2052.2007.01581.x
http://doi.org/10.1093/ps/82.10.1485
http://doi.org/10.3390/genes13112153
http://doi.org/10.3390/genes13010003
http://doi.org/10.1016/S0016-6480(03)00247-8
http://www.ncbi.nlm.nih.gov/pubmed/14511992
http://doi.org/10.1017/S0080456800012163
http://doi.org/10.1016/j.it.2004.05.012
http://doi.org/10.1016/j.imbio.2007.10.008
http://doi.org/10.3109/10409238.2010.488217
http://www.ncbi.nlm.nih.gov/pubmed/20515317
http://doi.org/10.1002/mrd.23532
http://doi.org/10.1021/bi501420n
http://doi.org/10.1007/s10930-012-9401-1
http://doi.org/10.1186/1741-7007-8-23
http://doi.org/10.1042/bj2810021
http://doi.org/10.1152/physrev.2000.80.3.1107
http://www.ncbi.nlm.nih.gov/pubmed/10893433
http://doi.org/10.1371/journal.pone.0024681
http://www.ncbi.nlm.nih.gov/pubmed/21931810

Genes 2023, 14, 339 18 of 18

63. Bush, D.J,; Kirillova, O.; Clark, S.A.; Davulcu, O.; Fabiola, E; Xie, Q.; Somasundaram, T.; Ellington, W.R.; Chapman, M. The
structure of lombricine kinase: Implications for phosphagen kinase conformational changes. J. Biol. Chem. 2011, 286, 9338-9350.
[CrossRef] [PubMed]

64. Moe, H.H.; Shimogiri, T.; Kawabe, K.; Nishibori, M.; Okamoto, S.; Hashiguchi, T.; Maeda, Y. Genotypic Frequency in Asian
Native Chicken Populations and Gene Expression Using Insulin-like Growth Factor 1 (IGF1) Gene Promoter Polymorphism. J.
Poult. Sci. 2009, 46, 1-5. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1074/jbc.M110.202796
http://www.ncbi.nlm.nih.gov/pubmed/21212263
http://doi.org/10.2141/jpsa.46.1

	Introduction 
	Materials and Methods 
	Ethics Approval 
	Test Animals 
	F2 Resource Population 
	Genotyping Sample Collection 
	Cell Culture 

	DNA Isolation and PCR 
	RNA Extraction, cDNA Synthesis, and qPCR 
	Statistical Analysis 
	Phylogenetic Analysis 

	Results 
	Molecular Characterization and Bioinformatics Analysis of ASB9 in Chickens 
	Identification of Genetic Variants Correlated with ASB9 Expression 
	The ASB9 Gene 21-bp Indel Locus Genotypes and Genetic Parameters in Eleven Chicken Breeds and an F2 Resource Population 
	Association of the ASB9 Gene 21-bp Indel with Growth, Carcass, and Blood Biochemical Variables 
	Expression Level of ASB9 in Chickens 

	Discussion 
	Conclusions 
	References

