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ABSTRACT This study aimed to find genetic markers for breed-independent identification of early- and late-feathering
chickens. We explored the novel sequences of the ev2/-K locus associated with late-feathering and investigated its
characterization. Additionally, the genetic transmission pattern of the identified sequences were investigated to understand its
potential application in auto-sexing lines. A total of 707 chickens from 5 chicken breeds were employed for the study. The
ev21-K locus was identified through a comparative analysis of the ev2] gene and the K gene related to feather development.
For analysis of identified loci, specific primers for the target sequences were prepared and polymerase chain reaction (PCR)
was performed to obtain the products, and then their nucleotide sequences were analyzed. Crossbreeding tests of early-feathering
and late-feathering chickens were conducted to examine the genetic transmission patterns of the identified sequences. The results
showed that the identified 230 bp ev2/-K locus, which named as ev2i-related K specific sequences were 99% homology with
the ev2] gene. PCR analysis confirmed its presence exclusively in late-feathering chickens. Comparative analyses across tissues,
breeds, and ages demonstrated the sequences consistency in identifying late-feathering chickens. Genetic transmission patterns
were investigated through crossbreeding tests, revealing sex-linked inheritance and consistent segregation with feathering
phenotypes. The inheritance patterns of the ev2/-related K specific sequences demonstrated that this locus follows the typical
Mendelian inheritance pattern as a dominant gene. In conclusion, the novel sequences of ev2]-K locus were a reliable molecular
marker for identifying early- and late-feathering chickens across breeds.
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INTRODUCTION

Sexing of chicks plays a crucial role in the economic
aspects of the poultry industry. It is impossible to visually
distinguish between male and female chicks based on their
appearance immediately after hatching. Therefore, numerous
studies have been conducted to identify the sex of chicks.
Recently, research on ovo-sexing has been actively pursued.
Techniques involving the analysis of sex steroid hormones,
such as estradiol or its metabolite estrone sulfate, in embryos
were proposed for pre-hatch sex identification (Weissmann et
al., 2013). Another approach employed fluorescence and
Raman spectroscopy for sex identification from embryo blood
samples (Galli et al., 2018). However, these methods faced
challenges in industrial applications. Consequently, post
hatched chick sexing methods are commonly employed. The

representative methods for sex identification of hatched
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chicks are vent-sexing (Masui and Hashimoto, 1933) and
feather-sexing based on sex-linked inheritance (Gawron and
Smyth, 1980; Campo, 1991; Pal and Singh, 1997; Sohn et al.,
2012). Among the feather-sexing methods, the feather
discrimination method utilizing characteristics associated with
the rate of feather development, such as early-feathering and
late-feathering traits, is the most widely used. This method
involves mating late-feathering (Z“W) maternal chickens with
carly-feathering (Z"'Z*") paternal chickens, resulting in
female offspring inheriting early-feathering (Z*"W) and male
offspring inheriting late-feathering (Z“Z*"). This distinction
enables sex identification through feather morphology
(Somes, 1969; Iraqi and Smith, 1995; Bang et al., 2018; Qiu
et al., 2022). However, the feather morphology of late-
feathering and early-feathering individuals can vary de-
pending on the breed and strain. Furthermore, three days after

hatching, the feather pattern becomes similar among indi-
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viduals, making it difficult to distinguish between late-fea-
thering and early- feathering individuals (Siegel et al., 1957;
Sohn et al., 2012; Bang et al., 2018). Therefore, research has
been conducted to identify genes associated with feather
development and utilize the related genes to determine the
sex of chicks. It was known that the late-feathering specific
gene K was located on the Z chromosome and was associated
with the Avian ev2] gene insertion site, as well as with the
prolactin receptor gene PRLR and the sperm head protein
gene SPEC2 (Bacon et al., 1988; Boulliou et al., 1992,
Elferink et al., 2008; Luo et al., 2012; Zhao et al., 2016).
Consequently, it was reported that the use of the ev2/ gene
for PCR allowed for straightforward identification of late-
feathering chickens (Iraqi and Smith, 1994). However, there
were also reports suggesting that the ev2/ gene was not
responsible for the expression of late feathering in all chicken
breeds (Bu et al., 2013; Zhao et al., 2016; Takenouchi et al.,
2018; Okamura et al., 2019; Shen et al., 2023). Therefore, in
this study, we introduced the new sequences of ev2] related
late-feathering specific locus for breed-independent identifi-
cation of late-feathering chickens. We also investigated the

genetic transmission pattern of the identified sequences.

MATERIALS AND METHODS

1. Animals and Maintenance

To investigate the late-feathering gene, we employed a
total of 707 chickens including Single Comb White Leghorn,
Black Cornish, Rhode Island Red, Korean Ogye, Korean
Native Chicken breeds for our research. These chickens were
raised in pullet battery cages (8,100 cm’/cage) with a
stocking density of 810 cm? per bird for the initial 10 weeks
of their growth period. Temperature, humidity, and lighting
management were artificially controlled throughout this
period. Subsequently, the chickens were transferred to floor
pens, which were spacious at 25.5 m’ per pen, with a
stocking density of 2,550 cm® per bird. During this period,
the chickens were provided with restricted feeding until they
reached 60 weeks of age. The chicks were classified as either
carly-feathering or late-feathering based on their feather
development immediately after hatching. The care and

handling of these chickens adhered to the guidelines

established by the Institutional Animal Care and Use Commi-
ttee (IACUC, No. 2020-5) of our university.

2. Sample Preparation

Feather pulp cells and blood cells were collected from
chickens to prepare the samples. Feather pulp cells were
prepared from the wing feathers of chicks aged 2 to 3 days,
while whole blood was obtained from the brachial wing vein
at both 12 and 35 weeks of age, using standard blood collec-
tion procedures. Genomic DNA was subsequently extracted
from the feather pulp cells and blood cells using the High
Pure PCR Template Preparation Kit (Roche, Mannheim,

Germany).

3. DNA Primers and Polymerase Chain Reaction
(PCR)

Based on the close linkage between the endogenous
retrovirus ev2] gene and the feather development gene in
chickens, we designed primers specific to the ev2/-related
late-feathering gene. The primer sequences are as follows;
Forward 5’-GGGGTCAGCATGTTTAAAGGA-3’and Reverse
5’-GTGCACCTGGGTGTAGATGG-3’. PCR reactions were
prepared using 2.5 ul. of 10x buffer, 2 pL of a ANTP mixture
(2.5 mM), 2 pL of primers (5 pmol/uL), and genomic DNA
(100 ng/uL) in a total reaction volume of 25 pL. (TaKaRa,
Tokyo, Japan). The cycling conditions comprised an initial
denaturation step of 5 minutes at 95C, followed by 32 cycles
at 95C for 1 minute, 56°C for 30 seconds, and 72C for 1.5
minutes. The resulting PCR amplification products were elec-
trophoresed on a 1.2% agarose gel at 120V for 20 minutes
and were confirmed as early- or late-feathering based on the
presence or absence of specific bands. Furthermore, the PCR
amplification products were sequenced (Macrogen Inc.,
Seoul, Korea), and the nucleotide sequences were compared
with the NCBI Blast database (National Center for Bio-
technology Information).

4. Test Cross between Early-Feathering and
Late-Feathering Chickens

To investigate the genetic transmission patterns of the

ev2]-related K specific sequences, various mating combi-

nations were established between early-feathering (EF) and
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late-feathering (LF) chickens. The distribution ratio of EF
and LF in the offspring, along with their genotypes, was
analyzed. The mating combinations included LF (%) x EF
(%), LF (8) x LF (%), EF (&) x LF (%), and EF () x
EF (%). Genetic transmission patterns were examined for
approximately 20 offspring from each of the five families for

each combination.

RESULTS

1. Identification and Characterization of the No-
vel Sequences of evZ7-K Locus In Chickens
To identify a late-feathering specific gene for distinguishing

between early-feathering and late-feathering chickens, we

conducted an exploration of the ev2i-related locus. The
targeted loci included the Avian leukosis virus (ev2]) gene
locus, spanning 9,679 bp on the Z chromosome (GenBank:

KY235336.1), and the K-gene locus related to feather

development, spanning 1,444 bp (GenBank: AB610980.1). As

the K-gene and ev2] gene are closely related, a comparative
analysis of their homology revealed a 99% match in the 1 to

142 bp of the K-gene with the 835 to 976 bp of ev2l/, and

a 98% match in the 136 to 1,312 bp region of the K-gene

with the terminal 8,500 to 9,679 bp of ev2i. Therefore, we

identified only the late-feathering related specific locus from
the ev2] gene in chickens (GenBank: KY235336.1) to create

a 230 bp of ev2I-K locus. Sequence analysis revealed si-

milarities of 98.7% with the ev2] gene of the Huxu breed,

63.9% with USIL-1, and 65.7% and 67.4% with the K-gene

of the Geline and Nagoya breeds, respectively. It also showed

98.7% similarity with the JFIL-1 gene, as presented in Table

1. According to this structure, the presence of the ev2/ gene

indicates late-feathering chickens, while its absence indicates
early-feathering chickens. Consequently, this study identified
sequences specifically present in late-feathering chickens,
focusing on the overlapping region of the terminal portion of
the ev2] gene and the K gene. The identified sequences were
named the ev2/-related K specific sequences, with a
determined size of 230 bp. Its DNA sequence is presented in
Fig. 1, with a schematic representation of the structure in Fig.
2. To confirm if the ev2i-related K specific sequences are
presented exclusively in late-feathering chickens, PCR was
performed using ev2/-related K specific DNA primers on
carly-feathering and late-feathering chickens confirmed through
phenotypical feather-sexing. The analysis results, as shown in
Fig. 3, confirmed that all late-feathering chickens exhibited a
clear band at the 230 bp position, while no band was observed
in early-feathering chickens. This observation confirmed that
the identified sequences serve as a specific DNA marker

presented only in late-feathering chickens.

2. Validation of the evZ7-related K Specific Se-
guences for the Identification of Late-Fea-
thering Chickens
To assess the reliability of using the ev2/-related K

specific sequences to identify late-feathering chickens, com-

parative analyses were conducted across various factors,
including tissues, age groups, and breeds. Tissue-specific
comparisons were made using feather pulp cells obtained
from feather tissue and lymphocytes obtained from blood.

The PCR amplification products of the ev2/-related K

specific sequences were compared and analyzed between

these two sample types. As shown in Fig. 3, late-feathering

chickens showed a distinct band of 230 bp in both feather

Table 1. Homology comparison between the ev2/-related K specific sequences and previously reported chicken late-feathering related genes

Homology with the ev2/-related K

Late-feathering related genes GenBank ID. Range/length specific sequences (%)
Avian leukosis virus strain ev2/, complete genome KY235336.1 8,428 —8,656/9,679 98.7
Gallus gallus USIL-1 DNA sequence X54093.1 2,368 —2,204/3,558 63.9
Gallus gallus DNA, K-gene linked region note: breed: Geline AB610980.1 136—292/1,444 65.7
Gallus gallus DNA, K-gene linked region note: breed: Nagoya AB610979.1 136—292/1,443 67.4
Gallus gallus endogenous virus-21 JFIL-1 DNA sequence X54094.1 1,111—1,339/2,534 98.7
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5" GGGGTCAGCATGTTTAAAGGACATCTAACTTCAAAAC
AGATTTCTGTATATAGAAGAGTCAACCTTAATGTCAACCT
ACTTGTAAATGCCAGCTGTCAATGTTCAAAAAAAAAAAA
AATCCACCAAAAAAACCAAACACTTTTGTATATGGGTAG
TGAAGCCTTCAGCTTCATTCAGGTGTTCGCAATCGTTAGG
GACTCAACGGTCTGTCCATCTACACCCAGGTGCAC 3’

Fig. 1. DNA sequences of the ev2]-related K specific locus in
chicken. The depicted sequences represent the 230 bp PCR product
obtained using DNA primers, and the primers are underlined.
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Fig. 2. Schematic representation on the structure of the ev2i-
related K specific locus. In the K genotype, the ev2/-related K
specific locus is located in the overlapping region of the K-gene
with the terminal portion of the ev2/ gene on the chicken Z
chromosome. Conversely, in the kX genotype, an ev-2/ unoccupied
region exists instead of the ev-21 insertion site. Therefore,
late-feathering chickens exhibits a KK or Kk' genotype, whereas
early-feathering chickens possess a k'k" genotype.

pulp cells and blood cells, and early-feathering chickens did
not show a band in either cell type. Additionally, to verify

the presence of the ev2l-K specific sequences in different
breeds, PCR analysis was performed on the Korean Native
Chicken-Red and -Yellow strains, White Leghorn, Black
Cornish, Rhode Island Red, and Korean Ogye. Based on
feather-sexing results, Korean Native Chicken-Red strain,
Black Cornish, and Rhode Island Red exhibited both
carly-feathering and late-feathering chicks, while Korean
Native Chicken-Yellow strain, White Leghorn, and Korean
Ogye were exclusively identified as early-feathering chicks.
The consistency between feathering phenotypes and PCR
results for each breed was analyzed, and the findings were
presented in Table 2. The analysis revealed a 100% match
between feathering phenotypes and PCR results in all breeds,
except for one late-feathering chicken out of 54 in the
Korean Native Chicken-Red strain. To investigate whether

ev2l-related K specific sequences exhibit consistent effects

!
.

Fig. 3. Amplified results from feather pulp cells and blood cells
by polymerase chain reaction using the ev2/-related K specific
primers. Lanes 1 to 4 show the PCR results using feather pulp
cells, while lanes 5 to 8 display the results using blood cells. M
represents the 100 bp size marker. Late-feathering (LF) chickens
in lanes 1, 3, 5, and 7 exhibit the 230 bp products of ev2i-
related K specific sequences. No products are observed in early-
feathering (EF) chickens in lanes 2, 4, 6, and 8.

across different ages, chickens at 12 and 35 weeks of age
were subjected to PCR testing using lymphocytes. The PCR
results by age group showed consistent findings at both 12
and 35 weeks of age across all three breeds, as shown in
Table 3.

3. The Genetic Transmission Patterns of the
evZ]-related K Specific Sequences

To investigate the genetic transmission patterns of the
ev2]-related K specific sequences, crossbreeding tests were
conducted between the early-feathering (EF) and late-fea-
thering chickens (LF). The presence or absence of the
ev2]-related K specific sequences in their offspring were
examined, and the results were presented in Table 4. In the
crossbreeding test results, both individuals with and without
the ev2]-related K specific sequences were observed in chicks
produced by LF (%) x EF (%) crossbreeding. Additionally, in
LF (8) x LF (%) crossbreeding, only chicks with the
ev2i-related K specific sequences were observed among the
male progeny, while both individuals with and without the
sequences were observed among the female progeny. On the
other hand, all male progeny produced by EF (8) x LF (%)
crossbreeding had the ev2/-related K specific sequences, while
none of the female progeny had the sequences. In the case of
EF (8) x EF (%) crossbreeding, none of the progeny had the

ev2]-related K specific sequences. The distribution and
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Table 2. The distribution status of early-feathering and late-feathering chickens according to chicken breeds, and comparison between
feathering phenotypes and the results of PCR using ev2i-related K-specific primers.

. Feathering No. of PCR result’ Concordance rate between
Chicken breeds | .9
phenotypes chicks + — phenotypes and PCR results (%)
EF 100 100 100
Korean Native Chicken-Red strain
LF 54 53 1 98
Korean Native Chicken-Yellow strain EF 20 20 100
White Leghorn EF 30 30 100
EF 20 20 100
Black Cornish
LF 20 20 0 100
EF 20 0 20 100
Rhode Island Red
LF 20 20 0 100
Korean Ogye EF 20 0 20 100
! “EF” denotes early-feathering chickens, while “LF” signifies late-feathering chickens.
2 The number of chicks includes both males and females.
3 In the PCR results, a “+ indicates the presence of a positive band at 230 bp, while ‘—’ indicates the absence of a band.

Table 3. Longitudinal analysis of ev2i-related K specific sequences presence in chickens at 12 and 35 weeks of age

. Feathering No. of PCR results’ by age Concordance rate of PCR results
Chicken breeds 1 .2
phenotypes chicks Week 12 Week 35  between 12 and 35 weeks of age (%)
EF 100 all — all — 100
Korean Native Chicken-Red strain

LF 53 all + all + 100
EF 20 all — all — 100

Black Cornish
LF 20 all + all + 100
EF 20 all — all — 100

Rhode Island Red

LF 20 all + all + 100

! “EF” denotes early-feathering chickens, while “LF” signifies late-feathering chickens.

2 The number of chicks includes both males and females.

C_»

* In the PCR results, a “+* indicates the presence of a positive band at 230 bp, while ‘—’ indicates the absence of a band.

frequencies of the ev2i-related K specific sequences in the
chicks produced from several crossbreeding combinations
were found to be consistent with the phenotypic patterns

determined by feather-sexing, showing a 100% match.

DISCUSSION

The avian leukosis virus (ALV) is categorized as a retrovirus,
with distinctions between exogenous and endogenous viruses
(Payne, 1998; Mo et al., 2022; Yang et al., 2022). Within ALV
subgroups, ALV-E is recognized as a non-pathogenic or
low-pathogenic endogenous retrovirus in chickens. The ev

insertion locus on the Z chromosome is closely linked to the

late-feathering gene K (GenBank: AB610980.1), and the
prolactin receptor (PRLR) gene (Johnson and Heneine, 2001;
Luo et al.,, 2012; Su et al., 2018; Mays et al., 2019; Borodin
et al., 2022). The presence or absence of the ev2/ gene allowed
for the distinction between early-feathering and late-feathering,
making it a molecular marker for identifying late-feathering
chickens (Bacon et al., 1988; Iraqi and Smith, 1994; Smith and
Fadly, 1994; Tixier-Boichard et al., 1994; Zhang et al., 2018).
However, recent studies have reported that the ev2/ gene may
not be an absolute marker for identifying late-feathering
chickens (Elferink et al., 2008; Bu et al., 2013; Zhao et al.,
2016; Takenouchi et al., 2018; Okamura et al., 2019; Shen et
al., 2023). Levin and Smith (1990) reported the loss of the
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Table. 4. Genetic transmission pattern of ev2/-related K specific sequences through crossbreeding test between early- and late-feathering

Korean native chickens

Number of offspring

Parental mating

combinations' Families Total Males Females
EF (PCR - LF (PCR +) EF (PCR —) LF (PCR +)
LEl 16 303 50 22 6 (6)
LE2 11 1(D 22 303) 5(5)
LF (3) x EF () LE3 13 4 (4) 3 3) 2 () 4 (4)
LE4 18 4 (4) 5 (5 3 (3) 6 (6)
LE5 21 2 (2) 7(7) 4 (4) 8 (8)
LLI 15 0 (0) 9 (9 4 (4) 2 (2)
LL2 19 0 (0) 11 (11) 5(5) 3 3)
LF (&) x LF (%) LL3 21 0 (0) 10 (10) 7(7) 4 (4)
LL4 23 0 (0) 11 (11) 0 (0) 12 (12)
LL5 29 0 (0) 15 (15) 0 (0) 14 (14)
ELI 17 0 (0) 8 ®) 9 (9 0 (0)
EL2 15 0 (0 8 (®) 7(7) 0 (0)
EF (3) < LF (%) EL3 17 0 (0) 7.(7) 10 (10) 0 (0)
EL4 18 0 (0) 10 (10) 8 (8) 0 (0)
EL5 20 0 (0) 11 (11) 9 (9) 0 (0)
EEI 19 9 (9) 0 (0) 10 (10) 0 (0)
EE2 15 8 (8) 0 (0) 7(7) 0 (0)
EF (3) x EF (%) EE3 20 11 (11) 0 (0) 9 (9 0 (0)
EE4 12 7(7) 0 (0) 5 (5) 0 (0)
EES 14 6 (6) 0 (0) 8 (8) 0 (0)

! “EF” denotes early-feathering chickens, while “LF” signifies late-feathering chickens.
2 Numbers represent the number of phenotypic chickens, and numbers in parentheses represent the number of positive (PCR+) and negative

bands (PCR—) obtained by PCR.

ev2] insertion site but the presence of the ev2]/ gene in DNA
analysis of early-feathering revertant females. Takenouchi et al.
(2018) confirmed
late-feathering chickens of the Ingie breed by analyzing the
genotypes of 52 chicken breeds using qRT-PCR. Wimmers et

the absence of the ev2/ gene in

al. (1996) also reported that some late-feathering birds possess
a structural variant of ev2/, in which major parts of ev2/ are
missing. Furthermore, Boulliou et al. (1992) and Tixier-Boi-
chard et al. (1994) pointed out the existence of early-feathering
birds that have ev2l. Based on these results, the ev2/-related
K specific sequences are considered a late-feathering specific
marker regardless of the ev2/ gene region of chickens.
Comparative analyses conducted among tissues, breeds, and

ages confirmed the utility of identifying late-feathering chic-

kens using the ev2]-related K specific sequences. The results of
inter-tissue comparisons indicated applicability to all tissue
cells, with consistent outcomes among tissues from the same
chicken. Additionally, as it was specifically presented in
late-feathering chickens regardless of the breed, it was
confirmed to be a useful molecular biological marker for
late-feathering identification. Moreover, the identification of
late-feathering chickens using the ev2i-related K specific
sequences are applicable from hatched chicks to adult chickens,
making it beneficial for the establishment of feather-sexing
strains. Through various crossbreeding tests between early-fea-
thering and late-feathering chickens, we examined the genetic
transmission patterns of the ev2/-related K specific sequences

to the next generation. The results showed that offspring in all
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crossbreeding combinations exhibited phenotype segregation
patterns  according to sex-linked inheritance, and the
transmission patterns of the ev2/-related K specific sequences
were consistent with the segregation patterns of the phenotype.
Furthermore, the location of the ev2/ gene on the sex-linked
Z chromosome and its close association with the late-feathering
gene K have been reconfirmed. In the LF (%) x EF (%)
crossbreeding test, both early-feathering and late-feathering
chicks were produced in all families, indicating that the LF
paternal is presumed to have a heterozygous genotype of
Z¥7". On the LL4 and LL5 families in LF ($) x LF (%)
crossbreeding, all male and female offspring were late-fea-
thering chicks, indicating that the LF paternal is presumed to
have a homozygous genotype of Z“Z*. In the EF (3) x LF
(%) combination, the fact that all females of the produced
chicks were early-feathering and all males were late-feathering
indicated the possibility of auto-sexing by feather morphology
of chicks. In conclusion, the newly identified ev2/-related K
specific sequences are a robust and reliable molecular marker
for distinguishing between early- feathering and late-feathering
chickens, independent of breed and age. The observed genetic
transmission patterns of the ev2/-related K specific sequences
align with sex-linked inheritance, affirming its potential as an
inheritable marker for late-feathering traits. Identification of the
ev2l-related K specific sequences are a useful tool for
feather-sexing, and can greatly aid in the construction of

auto-sexing lines in the poultry industry.

SUMMARY
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