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Abstract

The keratin-associated proteins (KAPs) are structural components of wool fibers and variation in the genes encoding the
KAPs can affect wool traits. In this study, sequence variation in the ovine KAP7-1 gene (KRTAP7-1) was investigated in 222
sheep across 5 different Pakistani breeds and breed crosses. Two previously identified variants (A and B) of the KRTAP7-1
coding sequence were identified. The frequency of the genotypes AA and AB was 76% and 23%, respectively, and that of BB
was 1%. The association of sequence variation with various wool traits and measurements included yield (the proportion
of greasy fleece weight that is clean fleece), mean staple length (MSL), wool bulk, mean fiber diameter, fiber diameter SD,
the coefficient of variation of fiber diameter, medullation, the SD of medullation, the coefficient of variation of medullation,
fiber opacity, the SD of opacity, and the coefficient of variation of opacity. Variation in KRTAP7-1 was found to be associated
with yield (P = 0.017). The adjusted mean yield of sheep of genotype AA (n = 169) was 79.9 + 2.72%, while that of genotype
AB (n=51) was 81.9 + 3.37%. There was also an association between variation in KRTAP7-1 and MSL (P = 0.024), with sheep
of genotype AA (n = 169) having an adjusted mean MSL of 47.3 + 0.57 mm compared with sheep of genotype AB (n =51,
50.9 + 0.65 mm). Yield and MSL are both important wool production traits, hence variation in KRTAP7-1 needs to be further
investigated in more sheep of differing breed.
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Introduction

Pakistan is an agricultural country, where 28 breeds comprising
both fat- and thin-tailed sheep exist. These sheep are mainly
kept for meat purposes while wool is a secondary product
(Younas and Yaqoob, 2019). There are 30.9 million head of
sheep, and these produce 46.2 million tons of wool per annum
(Economic Survey of Pakistan, 2018-2019). This gives an average

wool production of 0.8 to 2.0 kg/animal/year (Akram et al., 2016),
which is typically less than the wool produced in other parts of
the world (0.9 to 13.6 kg) (Schoenian, 2019).

Wool fiber is comprised primarily of keratins and keratin-
associated proteins (KAPs) (Powell and Rogers, 1994). The
keratin proteins form intermediate filaments, which are a
major structural component of the wool fiber, and have an axial
arrangement in the fiber cortex. The KAPs are also found in the
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cortex and form a matrix, which cross-links the intermediate
filaments through disulfide bonds. As a consequence of their
effect on keratin assembly, the KAPs can affect wool strength and
rigidity (Parry and Steinert, 1995). The KAPs are loosely grouped
into 3 categories: the high-sulfur (HS) KAPs, the ultra-high sulfur
(UHS) KAPs, and the high glycine/tyrosine (HGT) KAPs (Rogers
et al., 2005). Different KAPs are encoded by different KAP genes,
and a large number of KAP genes have been described, with these
being clustered on different chromosomes (Gong et al., 2012a).

Wool can be improved by routine evaluation of fiber traits
and the use of that information for making decisions in breeding
programs. This can result in the production of wool of a higher
market value (Angel et al., 1990; Kelly et al., 2007; Holman and
Malau-Aduli, 2012). Many different wool traits can be assessed,
but 1 trait of importance is wool yield (yield) or the proportion
of greasy fleece weight (GFW) that is clean fleece after washing
or scouring of the wool. It is accordingly a function of the non-
fiber constituent levels within a fleece (Thornberry and Atkins
1984, Preston et al., 2016). Knowing wool yields helps farmers,
because it affects the value of their wool (Banks and Brown,
2009; Mortimer et al., 2010) and wool of similar fiber diameter,
but with greater clean fleece weights (CFWs) are typically more
valuable (Holman and Malau-Aduli, 2012).

The HGT-KAPs are predominantly present in the orthocortex
of wool fibers (Powell and Rogers, 1990). In the wool follicle, the
expression of the HGT-KAPs follows shortly after expression of
the keratins, but before the expression of the HS and UHS KAPs
(Rogers, 2006). The content of HGT-KAPs in wool fiber varies in
sheep, ranging from <3% in Lincoln sheep wool, through to 4% to
12% in Merino wool (Gillespie, 1990). The HGT-KAP content also
appears to be influenced by dietary, physiological, and genetic
factors (Gillespie, 1990).

In sheep, there are 3 known HGT-KAP families, KAP6, KAP7,
and KAPS8; with these being located on chromosome 1. The KAP6
family is a multigene family with 5 members (Zhou et al.,, 2016).
On the other hand, 2 genes (KRTAP8-1 and KRTAP8-2) have been
described for the KAP8 family (Gong et al., 2014), and only 1 gene
(KRTAP7-1) has been identified for KAP7 (Kuczek and Rogers, 1987).
The chromosomal location for KRTAP7-1 is aOar_rambouillet_v1.0,
GCF_002742125.1. Other KAP genes (KRTAP8-2, KRTAP6-1, and
KRTAP6-3) adjacent to KRTAP7-1 on chromosome 1 have been found
to be associated with variation in wool characteristics like wool
crimping and growth, mean fiber diameter (MFD), fiber diameter SD
(FDSD), and prickle factor (Zhou et al., 2015; Tao et al., 2017; Liet al.,
2017b). This along with the observed variation in HGT-KAP content
of wool in different sheep breeds (Gillespie et al., 1990), and the
polymorphism reported for the HGT-KAP genes (Gong et al., 2011,
Zhou et al,, 2016), suggests that KRTAP7-1 is worth investigating to
ascertain if it is associated with wool traits in Pakistani sheep.

Materials and Methods

Ethical statement

The authors confirm that the ethical policies of the journal,
as noted on the journal’s author guidelines page, have been
adhered to. No ethical approval was required as only standard
samples (wool and blood samples) were obtained from healthy
sheep. No experimentation on the animals was performed.

Sampling and wool testing

A total of 222 wool samples were collected from the mid-side
of 5 different breeds from Malakand Division of the Khyber

Pakhtunkhwa Province of Pakistan. The wool characteristics
measured were yield, mean staple length (MSL), wool bulk, MFD,
medullation, and opacity.

MSL was measured following the IWTO-30-2007 procedure
(TWTO, 2007). Briefly, 3 randomly chosen staples of each sample
of the wool were selected for measurement of MSL. The staples
were straightened, and the length was measured using a ruler.
The mean of the 3 length measurements was taken as the MSL.

The yield of the wool samples is the difference between the
CFW and the GFW. Wool samples were scoured as described by
Ullah et al. (2019). First GFW was measured using a balance, then
the wool samples were scoured in a bowl scouring unit. In the
first bowl, the sample were placed in water and allowed to warm.
Chemirite Ni 400 (detergent) was added and the temperature
was allowed to rise up to 70 °C with the samples being gently
agitated for 30 min. The sample was then transferred to new
bowl and the wash repeated for another 30 min in water heated
to 70 °C. Following this treatment, the samples were rinsed in
water at room temperature. After rinsing the samples were dried
at 37 °C overnight. Next day, the clean samples were weighed
again and yield was calculated using the following formula:
YIELD = CFW/GFW x 116% (Khan et al., 2007).

The MFD, medullation, and opacity were measured using an
Optical Fibre Digital Analyser (OFDA 100) following IWTO-47-98
and IWTO-57-2000 (IWTO, 1998, 2000). Briefly, the cleaned wool
sample was equilibrated at standard atmospheric conditions
(temperature =20+ 2 °C and humidity = 65 +2%) for 24 h. It
was then placed in a minicore, and 1.8 to 2.0 mm snippets were
cut and spread on a glass slide. The slide was placed under the
OFDA camera to ascertain MFD, medullation, and opacity along
with their SDs.

The bulk of the carded wool samples was measured following
the method of NZS-8716 (NZS 8716, 1994). The bulk of each
sample was measured using a bulkometer. First, the clean wool
samples were hand carded using a small drum carder, then 10 g
of carded wool was placed in the cylinder of the bulkometer for
the measurement of wool bulk. The wool sample was subjected
to full pressure (30 g force per square cm) for 30 s by lowering the
piston (weight 500 g) and added load (weight 1,000 g). Next, the
piston plus load was removed, and the wool sample was allowed
to relax for 30 s. The sample was again subjected to full pressure,
and the height of the wool sample was measured. The load was
removed and piston alone (10 g force per square cm) was allowed
to exert pressure on the wool sample for 30 s, followed by the
sample being allowed to relax for 30 s. The height of the wool was
measured for a second time in millimeters. The second measured
value was divided by 2, to give a wool bulk measurement.

Blood sampling

Jugular venous blood samples were collected into EDTA tubes
at the time of wool sample collection. The samples were stored
at the Department of Biotechnology, University of Malakand,
Pakistan prior to being sent to the Gene Marker Laboratory,
Lincoln University, New Zealand for genotyping. About 200 pL
of the blood sample was applied to Whatman FTA classic cards
(GE Healthcare Life Sciences, Buckinghamshire, UK) and the FTA
cards were kept overnight at room temperature and allowed
to dry. Genomic DNA was extracted using a 2-step procedure
described by Zhou et al. (2006).

PCR primers and amplification

A previously described (Gong et al, 2012b) primer set
(forward: 5° ACTTGCTCTTCACATTCTATC 3’ and reverse: 5



GTAGTCATCTGGAGCCATG 3’) was used for amplification of
the entire coding sequence of KRTAP7-1 in Pakistani sheep
breeds and their crosses. This primer set amplifies 327 bp of
DNA sequence from ovine chromosome number 1 (position
122831458-122831784). The PCR amplification was performed
in a 15-pL reaction containing the genomic DNA on a 1.2-mm
punch of the FTA paper, 0.25 pM primers, 150 pM deoxynucleoside
triphosphates (ANTPs) (Bioline, London, UK), 2.5 mM Magnesium
chloride, 0.5 U of Tag DNA polymerase (Qiagen, Hilden, Germany),
and the reaction buffer supplied with the enzyme. The thermal
profile consisted of 2 min at 94 °C; followed by 34 cycles of 30 s
at 94 °C, 30 s at 60 °C, and 30 s at 72 °C; with a final extension
of 5 min at 72 °C. Amplification was carried out using S1000
thermal cyclers (Bio-Rad, Hercules, CA), and the amplicons were
visualized after electrophoresis in 1% agarose gels (Quantum
Scientific, Brisbane, Queensland, Australia), using 1x Tris/Borate/
EDTA (TBE) buffer [89 mM Tris, 89 mM boric acid, and 2 mM
ethylenediaminetetraacetic acid disodium salt (Na,EDTA)]
containing 200 ng/mL of ethidium bromide.

Detecting variation in KRTAP7-1

The PCR amplicons were screened for sequence variation using
a single-strand conformation polymorphism (SSCP) analysis.
Each amplicon (0.7 pL) was mixed with 7 pL of loading dye
(98% formamide, 10 mM EDTA, 0.025% bromophenol blue, and
0.025% xylene cyanol). After denaturation at 95 °C for 5 min,
the samples were cooled on wet ice and then loaded on 16 cm
x 18 cm, 14% acrylamide/bisacrylamide (37.5:1) (Bio-Rad) gels.
Electrophoresis was performed using Protean II xi cells (Bio-Rad)
in 0.5x TBE buffer, at 16 °C for 19 h at 280 V. The gels were silver-
stained according to the method of Byun et al. (2009). Samples
previously genotyped by Gong et al. (2012b) were run as internal
controls to identify PCR-SSCP banding patterns.

Statistical analysis

All the statistical analyses were performed using IBM SPSS
Statistics (Version 21, IBM, NY) and the significance threshold
was taken as P<0.05. Pearson correlation coefficients were
calculated to test the strength of the phenotypic relationships
among the 12 wool traits (i.e., yield, MSL, Bulk, MFD, FDSD, the
coefficient of variation of fiber diameter (CVFD), medullation,
the SD of medullation (MeSD), coefficient of variation of
medullation (CVMed), opacity, the SD of opacity (OpSD), and the
coefficient of variation of opacity (CVOp)). For each wool trait, a
univariate analysis was carried out separately, using each of the
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independent variables. Independent variables included gender,
location or district, shearing-season, and sheep age. Variables
that were potentially affecting the traits (P<0.2) were then
included in the subsequent general linear mixed-effect models
(GLMMSs). Genotypes occurring at a high enough frequency (>5%)
were included in the GLMMs for association studies. Gender had
a significant effect on 3 wool traits (MSL, MFD, FDSD, and MeSD)
and was thus included in these models. Shearing season was
included in the GLMM for yield, MSL, Bulk, MFD, medullation,
MeSD, CVMed, opacity, and OpSD. Age had an effect on yield,
MSL, Bulk, MFD, and CVFD was included in the GLMMs for these
wool traits. The location (District) had an effect on MSL, bulk and
opacity was included in GLMMs for these wool traits.

The sheep studied were reared in Malakand Division in
private flocks where the farmers keep varying numbers of rams
for breeding purposes. Sire/parentage data were not available
for these farms. In this context, we chose “flock” as a variable
that would accommodate the genetic effect of sire, it being a
useful proxy, as no ram would be used on more than 1 farm.
Flock was tested against the wool traits in univariate models
and was found to affect them all. Breed was also found to affect
all the wool traits in the univariate model. In order to check
the effect of both flock and breed, these factors were adjusted
together (breed + flock) in such a way that flocks that had more
than 1 breed, can represent both the effects of flock and breed
at the same time. If a flock consisted of a single breed, then the
factor represents both the flock and breed. This factor was run
in the univariate models and was found to affect all the wool
traits; thus, it was included in the GLMMs as a random factor.
Fitting all the potentially significant variables in GLMMs, “the
best fitted model” was obtained by backward selection method
(Zuur et al., 2009).

Results

Correlation results

The Pearson correlation coefficients for the relationships
between the wool traits are presented in Table 1. A significant
correlation (P < 0.05) was found between yield and medullation
while no correlation was found between yield and MSL, bulk,
MFD, and opacity. A significant correlation (P<0.05) was
noted between MSL and bulk (r = -0.183), MFD (r = -0.167),
medullation (r=0.159), and opacity (r =0.134). Furthermore, a
significant correlation (P <0.001) was also observed between

Table 1. Correlations between different wool traits! in Pakistani sheep breed and breed crosses

YIELD! MSL Bulk MFD FDSD CVFD Med MeSD CVMed  Opacity OpSD
MSL 0.012
Bulk -0.081  -0.183*
MFD 0.064  -0.167*  -0.199*
FDSD 0.185* 0.107 -0.123 0.302*"
CVFD 0.180* 0.143*  -0.088 0.099 0.975"*
Med 0.169* 0.159*  -0.125 0.288"* 0478  0.452"*
MeSD 0.128 0.240"*  0.023 0.010 0.282"*  0.308™ 0448
CvMed 0.093 0.218*  0.042 -0.062 0.177* 0.210% 0.189*  0.959"*
Opacity 0.123 0.134* 0.122 0.077 0.097 0.095 -0.153* 0.022 0.067
OpSD 0.197*  -0.061 -0.208" 0.241"*  0.182" 0.139" 0.124 0.045 0.026 -0.069
CVOp 0.057  -0.078 -0.097 0.068 0.041 0.026 0.067 0.004 -0.010 -0.545"* 0.353"*

Yield, yield percentage; MSL, mean staple length; MFD, mean fiber diameter; FDSD, fiber diameter standard deviation; CVFD, coefficient of
variation of fiber diameter; MeSD, medullation SD; CVMed, coefficient of medullation; OpSD, opacity standard deviation; CVOp, coefficient of
opacity. * P < 0.05, * P < 0.005, ** P < 0.001. |r|> 0.7 bold, 0.3 <|r| < 0.7 italicized.
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MFD and medullation (r = 0.288). However, a significant negative
correlation (P=0.012) was noted between medullation and
opacity (r = -0.153) (see Table 1).

Polymorphism of KRTAP7-1 in Pakistani sheep
breeds and crosses

Three different banding patterns were revealed in the
SSCP analysis (Figure 1). Two patterns appeared to be from
homozygous sheep, while the third pattern appeared to be
for heterozygous sheep. The PCR-SSCP patterns obtained in
the Pakistani sheep breeds were compared with the patterns
previously identified by Gong et al. (2012b) and were found to be
identical to the patterns produced by the A and B variants. The
frequency of the genotypes AA, AB, and BB in the total 222 sheep
studied was 76.1%, 23.0%, and 1.0%, respectively. The frequency
of genotype AA was the highest (90.2%) in the Ramghani-cross
sheep, and lowest in the Balkhi-cross sheep (75%). The frequency
of genotype AB was the highest in Kutta (36.9%) and the lowest
in the Ramghani-cross (9.8%). Genotype BB was only present
in Balkhi-cross with a very low frequency (4.2%), as shown in
Table 2.

Association of KRTAP7-1 genotypes with wool traits

In the GLMM analyses, variation in KRTAP7-1 genotype was
found to be associated with yield (P =0.017) and MSL (P = 0.024).

AB AA BB AB AA

Figure 1. SSCP patterns for KRTAP7-1 genotypes AA, BB, and AB.

Animals with the AA genotype had lower adjusted mean yields
and MSLs, when compared with AB animals. The adjusted mean
yield of the AA sheep (n=169) was 79.9 + 2.72%, while that of
the genotype AB sheep (n=51) was 81.9 + 3.37%. The adjusted
mean MSL of genotype AA sheep was 47.3 + 0.57 mm and that of
genotype AB sheep was 50.9 + 0.65 mm (Table 3).

Discussion

In this study, 5 Pakistani sheep breeds/crosses were investigated
for selected wool traits and genotyped for KRTAP7-1. Pearson
correlation coefficients were calculated to ascertain the
relationship between the different wool traits, and then GLMMs
were used to test associations between KRTAP7-1 genotypes and
the wool traits.

Correlation

The correlations found between the wool traits were similar to
previous studies (Huisman and Brown 2009; Gong et al., 2015; Li
etal, 2017c), with some exceptions. A slight negative correlation
(r = -0.167) between MSL and MFD was observed in this study,
while Li et al. (2017c) reported the correlation of -0.270 between
these wool traits. The correlation coefficient between MFD and
FDSD in this study was 0.320, which is less than that reported
by Gong et al. (2015) (r = 0.733) but is concordance with Li et al.
(2017¢) (r =0.350). In this study, a strong correlation was found
between FDSD and CVFD, with a correlation coefficient (r = 0.975)
greater than that reported by Li et al. (2017c) (r = 0.815) and Gong
et al. (2015), (r = 0.813). These correlations are strong as expected
because CVFD values are derived from FDSD.

The correlation of yield and FDSD in the present study is lower
than that reported by Li et al. (2017c), although Gong et al. (2015)
reported an even lower correlation between these 2 traits. The
absence of a correlation between yield and MFD in the present
study is in line with the findings of Wuliji et al. (2001), but contrasts
the findings of Gong et al (2015), who reported a moderate negative
correlation. The correlation between MFD and MSL was low
(r = -0.167), but contrasts the findings of Wuliji et al. (2001), who
found no correlation between these traits. The reasons for the above
differences are not clear, but they suggest that the traits explored
in the different studies, might also be affected by other factors
including breed, the age of sheep when the wool was collected,
the frequency of shearing per year, the season when shearing was
undertaken, the gender of the sheep and the number of samples
analyzed, all of which can affect correlation between wool traits. For
example, while Roldan et al. (2010) reported a moderate correlation
(r =0.390) between CFW and yield in wool samples collected at first
shearing, no correlation was found between CFW and yield in wool
samples collected at a second shearing.

Wool characteristics also vary considerably among breeds
and localities and are influenced by many factors including

Table 2. Number and frequency (%) of KRTAP7-1 genotypes (AA, AB, and BB) in 5 different sheep breeds/crosses in Malakand Division, Pakistan

Genotypes AA AB BB
Breed/cross Total Number present  Frequency, %  Number present  Frequency, %  Number present Frequency, %
Ramghani-cross 51 46 90.2 5 9.8
Kutta 65 41 63.1 24 36.9
Balkhi-cross 48 36 75 10 20.8 2 4.2
Kari 21 16 76.2 5 23.8
Balkhi 37 30 81.1 7 18.9




Table 3. Adjusted means + 95% CIs for various wool traits from
sheep of 2 KRATP7-1 genotypes derived from the general linear
mixed-effects models

Mean + 95% CI

Traits AA,n=169 AB,n=51 P-value?!
Yield?, % 79.1+2.72 81.9+3.37 0.017
MSL?, mm 47.3 £0.57 50.9 + 0.65 0.024
Bulk 23.6+1.72 23.1+1.74 0.176
MFD, pm 25.8+0.88 25.3+0.98 0.286
FDSD, pm 125+£1.78 12.4+243 0.886
CVFD 44.8 +5.94 45.8 +8.13 0.778
Medullation 44.6 +2.47 449 +3.63 0.879
MeSD 19.6 £3.12 22.8+5.43 0.294
CVMed 42.3+£5.82 49.4 +10.39 0.217
Opacity 61.6 +5.61 60.9 +5.98 0.658
OpSD 14.4 £ 0.69 14.2 £0.86 0.599
CVOp 29.2+3.25 32.9+5.96 0.278

Significant differences (P < 0.05) are shown in bold.
?Adjusted for age.
3Adjusted for age and gender.

genetics, environment, disease (bacterial, viral, and fungal),
exogenous chemicals, hormones, and photo-period (Khan
et al.,, 2012). These factors also likely account for the differences
between studies.

Polymorphism in KRTAP7-1

KAP genes, in-part responsible for the mechanical properties
of hair and wool, are capable of influencing wool quality and
quantity. In this study, KRTAP7-1 was found to be variable in
Pakistani sheep breeds. The PCR-SSCP patterns obtained were
found to be similar to patterns reported previously (Gong et al.,
2012b), the frequencies of genotypes AA (76%) and AB (23%) are
similar to variants frequencies of New Zealand Romney sheep
(77% and 23%, for variants A and B, respectively). The genotype
BB was only detected in 2 Balkhi-cross sheep from different
flocks. This is a limitation in the study, and given the potential
of these 2 sheep to adversely impact the statistical models
they were not included in the various analyses. In this study,
the frequency of each genotype in each breed/cross is different
from each other as well as from the previous finding of Gong
et al. (2012b). The differences in the genotype frequencies in the
present and previous study (Gong et al., 2012b) may be breed
specific due to varying selective pressures.

The variation in KRTAP7-1 appears to be sheep specific as
opposed to breed specific, as no new variation was found in the
Pakistani sheep breeds based on the PCR-SSCP patterns obtained.
It should however be noted that the nucleotide sequences of the
KRTAP7-1 variants (accession numbers JN091630 and JN091631)
reported by previously by Gong et al. (2012b), and that gave similar
PCR-SSCP patterns to the variants detected in this study, do not
have restriction sites for restriction enzymes, Mspl and Bglll
reported by McLaren et al. (1997). One might therefore conclude
that greater variation in KRTAP7-1 is likely to exist in sheep.

Variation in KRTAP7-1 and its effect on wool traits

In this study, while variation in ovine KRTAP7-1 was found
to be associated with both yield and MSL, no correlation was
observed between yield and MSL. Yield and MSL have previously
been associated with variation in KRTAP1-1 (Itenge et al., 2010),
KRTAP1-2 (Gong et al, 2015), KRTAP1-3 (Farag et al, 2018),
KRTAP15-1 (Li et al.,, 2018), and KRTAP22-1 (Li et al.,, 2017a,
associated with yield only). The absence of correlation contrasts
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the findings of Li et al. (2017c), who reported a moderate
correlation (r = 0.341) between yield and MSL. These findings are
in line with those of Rolden et al. (2010), who reported a QTL
near KRTAP6 and KRTAP8 (which are clustered with KRTAP7).
Farag et al. (2016) reported association between growth hormone
genes and wool traits, and variation in these genes was reported
to affect CFW, which could therefore affect yield. Taken together,
it would suggest that yield and MSL may be controlled by more
than 1 gene, regardless of whether KRTAP7-1 is associated with
these traits. Other factors that may also influence yield and
MSL include breed, and the amount and quality of feed intake
(Macpherson 2012), therefore to ascertain the specific effect of
individual or grouped KRTAPs genes, studies need to be designed
to control the effects of all these factors. The findings of this
study suggest that additional genotyping of KRTAP7-1 should be
undertaken in a larger population of sheep of differing breed to
ascertain how the gene is affecting wool traits.

Conclusion

This investigation suggests that variation in KRTAP7-1 is
associated with yield and MSL in some Pakistani sheep breeds
and crosses. Analysis of a larger population of sheep of different
breeds is required to reach to confirm the findings.
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