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ABSTRACT. High glycine-tyrosine proteins (HGTPs), also known as
keratin-associated proteins (KAPs), play a key role in the major structures
and mechanical properties of wool fiber. Sheep HGTPs consist of three
multigene families: KAP6, KAP7, and KAPS8 genes. Polymorphisms of
these three genes have been proposed to have important effects on wool
fiber traits. The aim of the present study was to identify polymorphisms
of the KAP6, KAP7, and KAP8 genes in four sheep breeds, including
Chinese Merino superfine wool sheep, Hu sheep, a Merino x Hu crossed
breed, and Romney sheep. Polymerase chain reaction (PCR) product
direct sequencing, PCR-single-strand conformation polymorphism,
and cloned sequencing methods were used to find genetic variation and
identify polymorphisms in these genes. The Mutation Surveyor v3.97
software was used to analyze the sequences. These methods revealed six
different sequences of the KAP6 gene, two different sequences of the
KAP7 gene, and five different sequences of the KAP8 gene. Accordingly,
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three (with frequencies >1%) single nucleotide polymorphisms (SNPs)
of the KAP6 gene, one SNP of the KAP7 gene, and five SNPs of the
KAP8 gene were detected. Interestingly, some of these sequences were
present in only certain sheep breeds, thereby suggesting that these special
allele sequences could be used as candidate genes of wool characteristics
in further studies.
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INTRODUCTION

Wool fiber is a highly organized structure, whose main histological components include
the cuticle, the cortex (orthocortex, paracortex, and mesocortex), and the medulla (Plowman et
al., 2009). Almost all of the fiber (90%) is composed of the cortex, which consists of keratin in-
termediate filaments embedded in a matrix of keratin-associated proteins (KAPs) (Kuczek and
Rogers, 1987; Itenge-Mweza et al., 2007). KAPs cross-link the keratin intermediate filaments
with inter-chain disulfide-bonding, and form the wool fiber after keratinization (Gong et al.,
2011). Wool fiber characteristics, such as diameter, crimps, and length, are essential parameters
of the wool trait, as well as important indications of the spinning efficiency of the wool (Plow-
man et al., 2009). Previous studies have shown that variations in the protein compositions of
the orthocortex and paracortex, which make up nearly the whole wool fiber, were highly related
with wool trait parameters (Marshall et al., 1991; Plowman et al., 2000). Particularly, the forma-
tion of KAP composites gives the wool special mechanical attributes of strength, inertness, and
rigidity (Parry and Steinert, 1992; Powell et al., 1994; Plowman, 2003; Plowman et al., 2009).

Sheep KAPs are characterized based on their high proportions of cysteine residues or
glycine and tyrosine residues (Powell and Rogers, 1997; Gong et al., 2011). According to their
amino acid compositions, the wool matrix of KAPs are divided into three groups: the high-
sulfur proteins, the ultra-high-sulfur proteins, and the high-glycine-tyrosine proteins (HGTPs)
(Cockett et al., 2001). The amount of protein from different groups varies both spatially and
developmentally within the wool fiber (Powell and Rogers, 1990). Specifically, the most sig-
nificant variation was found with respect to HGTP contents, which varied both within and
between species, ranging from less than 3% in human hair and in the wool of Lincoln sheep, to
13% in Merino sheep, and up to 30-40% in echidna quill (Gillespie and Broad, 1972; Parsons
et al., 1994).

HGTPs are the smallest of the sheep wool keratin proteins (Mr = 6000-9000), and
consist of three gene families: KAP6, KAP7, and KAPS. KAP genes are 0.6-1.5 kb in size
and do not contain introns (Cockett et al., 2001). KAP7 and KAPS are each coded by a single
gene, whereas KAPG6 is encoded by a multigene family (Kuczek and Rogers, 1987). To date,
abundant polymorphisms have been detected in sheep KAP6, KAP7, and KAP8 genes, which
showed possible associations with variations in fiber diameter, staple strength, and brightness
(Powell et al., 1983; Beh et al., 2001, 2002).

The objective of this study was to investigate the polymorphisms of the KAP6, KAP7,
and KAPS8 genes in four Chinese sheep breeds, which may be helpful in the process of identi-
fying candidate genes for wool traits and in cultivating fine wool sheep breeds.
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MATERIAL AND METHODS
Sample collection and DNA extraction

In this study, a total of 200 samples of Chinese Merino sheep, Romney, and a Merino
x Hu crossed breed were collected from the Key Laboratory of Sheep Breeding and Reproduc-
tion Biotechnology in the Xinjiang production and construction group, and Hu sheep samples
were collected from the Zhejiang Province. Notably, the Chinese Merino breed is a superfine
wool sheep breed, which has a smaller wool fiber diameter than the other three breeds.

Skin samples were collected from sheep ears and transported to the laboratory at 4°C.
Genomic DNA was extracted using the standard phenol-chloroform method.

Primers and polymerase chain reaction (PCR) amplifications

Primers used in this study were designed by the Primer5.0 software, according to
the published nucleic acid sequences of KAP6, KAP7, and KAPS genes (M95719, X05638,
X05639). Amplified fragments covered the whole 5'-untranslated region (UTR), the whole
coding sequence (CDS) region, and part of the 3'-UTR of these three genes. All primers were
synthesized by Invitrogen Biotechnology Co., Ltd.

PCR amplifications of all detected loci were performed in a total 20-puL reaction system,
containing 2 pL 10X buffer, 1.6 pL 2.5 mM dNTP mixture, 0.4 pL 10 pM of each primer, 0.2 pL
Taq polymerase, 1 uL DNA template, and 14.8 uLL. ddH,O. The thermal profile consisted of the
following: 5 min at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at 54°-57°C, and 40 s at
72°C, with a final extension for 10 min at 72°C. Amplifications were carried out in S1000 (Bio-
Rad, Hercules, CA, USA). The primer sequences and some PCR conditions are shown in Table 1.

Table 1. Sequences of primers and amplification conditions.

Gene name Primer sequence (5'-3') Annealing temperature (°C) Amplicon length (bp)
KAP6 Forward: GGCTACTACGGAAACTACTATGGCG 55 498
Reverse: ATAGCCACAGCCCAGCCTGC
KAP7 Forward: GCGGAAGCTACTTCCCAGGCTA 57 681
Reverse: TGCTAAAGCTGCTTCCACCGAAACC
KAPS Forward: CCAGCACCGTCTTCCCAGGTT 54 525

Reverse: CATAGCCGAAGCCATAGCCCAC

PCR-single-strand conformation polymorphism (SSCP) analysis

Vertical 10% polyacrylamide (37.5:1 acrylamide:bis-acrylamide) gels (18 x16 cm, 1
mm thick spacers, 28-well comb) were prepared containing 0.5X TBE (44.5 mM Tris, 44.5
mM orthoboric acid, 1 mM Na,EDTA, pH 8.0) and 0.2% glycerol, which were polymer-
ized using 10% ammonium persulfate and N,N,N’,N’-tetramethylethylenediamine. Gels were
pre-electrophoresed for 30 min at 60 V. Three-microliter aliquots of each amplification were
mixed with 15 pL loading dye (95% formamide, 10 mM Na EDTA, 0.025% bromophenol
blue, 0.025% xylene cyanol), denatured by heating at 95°C for 5 min, and immediately placed
on ice water before loading the whole aliquots. The gels were then electrophoresed at 250 V
for 18 h at 4°C with 0.5X TBE running buffer, followed by silver staining, according to the
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method described in Byun et al. (2009).
Sequencing and analysis

The homogenous PCR fragments of different SSCP patterns in different breeds were
directly sequenced by the Shanghai Sunny Biotechnology Co., Ltd., and the heterogeneous
PCR fragments were cloned into a pGEM-T vector before sequencing. Sequence alignments,
translations, and comparisons were carried out using Mutation Surveyor v3.97. Single nucleo-
tide polymorphisms (SNPs) were determined through sequence alignment. Any mutation with
a frequency of less than 1% was not regarded as an SNP locus.

RESULTS AND DISCUSSION
KAP6 gene polymorphisms

The KAP6 gene is known to be a complicated and highly polymorphic family of sheep
HGTPs. Multiple-protein spots were separated from total glycine/tyrosine-rich HGTPs using
auto-radio graphs of two-dimensional polyacrylamide gels (Powell and Rogers, 1990). Subse-
quently, Northern blot analysis showed that more than one member of the KAP6 family was
expressed in sheep skin (Fratini et al., 1993). Therefore, it was suggested that the KAP6 gene
contained multiple-family members. Recently, five different ovine KAP6 sequences were de-
tected, and these sequences were divided into three groups: KAP6-1, KAP6-2, and KAP6-3
(Gong et al., 2011).

The proportions and spatial arrangement of orthocortical and paracortical fibers,
which are believed to be highly relevant to the crimps and curls of wool fiber, are the two
major types of cortical keratinocytes (Powell and Rogers, 1990). The results of an in sifu hy-
bridization study suggested that the KAP6 gene family was expressed in cells of the hair shaft
cortex after transcription of the hair keratin intermediate filament gene (Fratini et al., 1993;
Powell and Beltrame, 1994; Powell et al., 1994). This spatial and timely arrangement in its
expression pattern indicated that KAP6 family genes might play an important role in determin-
ing wool trait characteristics, such as diameter and crimps.

In the present study, six different sequences of the KAP6 gene were obtained and desig-
nated as O, A, B, C, D, and E. However, not all of the six different sequences were found in all
four sheep breeds; sequences O, A, B, and C were found in Chinese Merino sheep, sequences
0O, A, D, and E were found in the Hu sheep breed, sequences O and A were found in Romney
sheep, and sequences O, A, B, C, D, and E were found in the Chinese Merino x Hu sheep
crossed breed. The results of sequence alignment revealed that sequence O was similar to the
reported KAP6 gene (GenBank No. M95719). The other sequences, A-E, were different from
each to varying degrees, and these five sequences were deposited into GenBank under accession
Nos. JQ043155-JQ043159. Based on sequence alignment analysis, sequences O and D shared
nearly the same sequence with that of the KAP6-1 allele. Sequence A was identical to that of the
KAP6-2 allele within the corresponding parts, with the exception of two bases. Sequences B,
C, and E showed great difference from the previously reported KAP6 gene sequences. Interest-
ingly, sequences B and C were found in Chinese Merino sheep and in the Chinese Merino x Hu
crossed breed, but not in Romney or Hu sheep. In addition, Chinese Merino x Hu crossed sheep
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had smaller wool diameters than those of Hu sheep, but larger diameters than those of Chinese
Merino sheep. Therefore, it was suggested that these two sequences might be unique to Chinese
Merino sheep. Considering this, further study is required to determine whether sequences B and
C are associated with variations in wool diameter. Comparisons with the reported sequence of
M95719 revealed that whereas mutations in sequences B and C were identical in the noncoding
region, they were different in the CDS region (Table 2). Statistical analysis revealed that these
mutations were found in the CDS region with lower frequencies (<1%), which suggested that
these mutations might be meaningless with respect to wool traits. Moreover, previous studies
have shown that the 5'- and 3'-UTRs played critical roles in post-transcriptional regulation of
gene expression (Kohler, 2007; Piccone et al., 2009; Zhou et al., 2011; Song et al., 2012). Thus,
the effects of the mutations in the UTRs on expression of the KAP6 gene, and its association
with wool need further study.

Table 2. Alignment of the KAPG6 allele sequence (A-E).
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S = position of a substituted nucleotide in this study. The shaded area represents the coding region while the un-
shaded area represents the noncoding region and a dash represents the same nucleotide as the control sequence. The
contents in brackets indicate that the substitution of nucleotide base results in amino acid change. The SNP sites are
shown in bold and italic (the same an the following tables).

KAP7 gene polymorphisms
Sheep KAP7 is encoded by a single gene that does not have introns (McLaren et al.,

1997). To date, only one KAP7 gene member has been identified in all samples investigated.
In new-breeding cashmere goat, the expression of the KAP7 gene in secondary hair follicles
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was found to be 1.28 times higher than that in primary follicles (Jin et al., 2011), which sug-
gested that the KAP7 gene likely plays an important role in regulating cashmere fineness.

Only one SNP site and two different sequences were discovered in the KAP7 gene
sequence in the present study (Table 3). The statistical analysis showed that the frequency of
the AB genotype was 0.6607, and that of the AA genotype was 0.3303; no BB genotype was
found, which was perhaps due to the relatively small sample size. The SNP site was located
at base pair 489, where the substitution leads to an amino acid change. Interestingly, this SNP
site was only found in Chinese Merino sheep. These results, along with the fact that the KAP7
gene has important roles in regulating goat cashmere fineness, suggests that the role of this
special SNP site of the KAP7 gene should be the focus of further research attention.

Table 3. Alignment of the KAP7 allele sequence (A-B).

S X05638 Alleles

A B
278 279 / inG inG
290 291 / inGC inGC
292 G C C
293 G A A
294 A C C
314 T delT delT
323 T G G
324 T G G
489 c C(N—K) A
683 A delA delA
793 G C C

For explanations, see legend to Table 2.
KAPS8 gene polymorphisms

Like KAP7, KAPS is encoded by a single gene without introns. Only one member of
the KAPS gene family has been identified to date (McLaren et al., 1997; Gong et al., 2012).
Previous studies have demonstrated abundant variations in the KAP8 gene. Wood et al. (1992)
reported 11 KAPS alleles in a group of 33 unrelated sheep from various breeds based on di-
nucleotide length variation in PCR amplification of the 5'-flanking region of the gene. More
recently, five different nucleic acid sequences were found in the CDS region of the KAPS gene
(Gong et al., 2012).

Compared with the reported sequence of KAPS8 (X05639) (Kuczek and Rogers, 1987),
five different novel DNA sequences and five SNPs were acquired from the amplified sequences
of samples analyzed in the present study. These five sequences were designated as A, B, C,
D, and E, and were submitted to GenBank under accession Nos. JQ043160-JQ043164. Allelic
differences in the nucleotide sequences are presented in Table 4. These five sequences were
highly similar to each other except for one or two base differences, verifying that they are five
alleles of the KAPS gene. Furthermore, these five SNPs were detected in all of the samples,
which suggested that this gene could not reflect differences in wool traits.

In conclusion, this study revealed some new polymorphisms in the KAP6, KAP7, and
KAPS genes in four Chinese sheep breeds, which are likely to affect wool traits. Six different
sequences (O, A, B, C, D, E) were identified at the KAP6 gene locus, among which sequences
B and C were unique to the Chinese Merino sheep breed.
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Table 4. Alignment of the KAPS allele sequence (A-E).

S X05639 Alleles

A B C D E
779_780 / inT inT inT inT inT
840_841 / inAT inAT inAT inAT inAT
842 G - A - - -
849 T A A A A A
862 C - - - - T
883 G delG delG delG delG delG
914 C - - - T -
961 C - T - - -
1017 C - - T(A—YV) - -
1026 T C(V—A) C(V—-A) C(V—A) C(V—-A) C(V—A)
1095 T - - - - C(M—T)
1130 C T (P-S) T (P—S) T (P—S) T (P—S) T (P—S)

For explanations, see legend to Table 2.

The potential effects of the noncoding region on the expression of the KAP6 gene and
its associations with wool traits need further study. Two alleles (A and B) were discovered at
the KAP7 gene locus, and sequence B was only detected in Chinese merino sheep. Further
study is required to determine whether sequence B affects the expression of the KAP7 gene
and the conformation of wool proteins. Five alleles were found at the KAPS gene locus, which
were highly homologous to each other as well as to the reported KAP8 gene sequence. These
novel SNPs detected in these genes are suggested to be potential candidate markers for wool
fiber traits in sheep breeding.
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