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ABSTRACT: The keratin-associated proteins (KAPs)
are important constituents of wool fibers. Of the
many mammalian KAP genes (KRTAPs) identified,
KRTAP20-1 has been described in humans, but it
has not been described in any other species. A search
of the sheep genome using the human KRTAP20-1
sequence revealed a homologous open reading frame
on chromosome 1, which would encode a high gly-
cine-tyrosine KAP. PCR-single-stranded conforma-
tional polymorphism (PCR-SSCP) analysis identified
8 different banding patterns representing 8 unique
DNA sequences (named 4 to H). The sequences
had highest similarity to the human KRTAP20-1
sequence, and this suggests that they are variants of
ovine KRTAP20-1. Among these variants, a 12-bp

msertion/deletion and 6 single nucleotide poly-
morphisms (SNPs), including one 5 untranslated
region (UTR) SNP, one 3 UTR SNP, and 2 nonsyn-
onymous SNPs, were detected. Variant 4 was found
to be associated with a decrease in mean fiber diame-
ter, fiber diameter standard deviation, and prickle fac-
tor, whereas variant C was associated with increased
greasy fleece weight and decreased wool yield. These
associations persisted after adjusting for the effect of 2
nearby KRTAPs (KRTAP6-3 and KRTAP22-1) that
have also been reported to associate with these wool
traits. This suggests that variation in KRTAP20-1
affects wool yield and mean fiber diameter—associated
traits, and that this effect is unlikely to be the result of
the clustering of these KRTA Ps on chromosome 1.
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INTRODUCTION

Sheep are raised principally for their meat,
milk, and wool. Wool production is particularly
important in fine wool breeds like the Merino,
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and the value of the wool produced by a sheep
depends on wool characteristics, with fiber diam-
eter and fleece weight being the most economi-
cally important characteristics (Holman and
Malau-Aduli, 2012). Wool is a natural fiber
and principally made of keratins and keratin-
associated proteins (KAPs). Keratins are assem-
bled into keratin intermediate filaments (KIF),
whereas KAPs form a matrix that cross-links
these KIFs. The KAPs are therefore believed to
play an important role in determining the charac-
teristics of the wool fiber.
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The KAPs are either rich in cysteine or have
a high content of glycine and tyrosine. They can
be categorized into 3 broad groups: high sulphur
KAPs (HS; <30 mol% cysteine), ultra-high sulphur
KAPs (UHS; >30 mol% cysteine), and high gly-
cine-tyrosine KAPs (HGT; 35 to 60 mol% glycine
and tyrosine). The KAPs can further be placed into
families based on their sequence similarities, and
in humans, 25 families (KPA1-KAPI13, KAP15—
KAPI17, and KAP19—KAP27) have been described
(Rogers and Schweizer, 2005; Rogers et al., 2007;
Rogers et al., 2008).

The KAPs are encoded by small intron-
less genes called KRTAPs. There are 88 func-
tional KRTAPs described in humans (Rogers
and Schweizer, 2005; Rogers et al., 2007; Rogers
et al., 2008), but to date, only 33 KRTAPs have
been reported in sheep (Gong et al., 2016; Liet al.,
2017a, 2017b; Wang et al., 2017b; Bai et al., 2018),
a species for which research in KAPs was pre-
viously focused, due to the economic importance
of wool. Despite the near accomplishment of a
complete sheep genome sequence, many of the
human KRTAP homologs remain to be identified
and their effect on wool characteristics remains
under investigation.

KAP20 is a member of the HGT-KAP fami-
ly, and in humans this KAP family contains
2 proteins, KAP20-1 and KAP20-2 encoded
by KRTAP20-1 and KRTAP20-2, respectively
(Rogers and Schweizer, 2005). KRTAP20-2 has
been recently identified in sheep and goats (Wang
et al., 2017a; Bai et al., 2018), and a nonsense
mutation in the ovine KRTAP20-2 has been
shown to affect wool fiber curvature (Bai et al.,
2018), whereas variation in caprine KRTAP20-2
affects cashmere fiber weight and length (Wang
et al., 2017a). KRTAP20-1 has not been reported
in any other species.

In this study, we describe the identification of
ovine KRTAP20-1, reveal variation in this gene,
and investigate associations between this genetic
variation and variation in wool traits.

MATERIALS AND METHODS

All research involving animals were carried out
in accordance with the Animal Welfare Act 1999
(New Zealand Government), and the collection of
sheep blood drops by the nicking of their ears is
covered by Section 7.5 Animal Identification, in
Code of Welfare: Sheep and Beef Cattle (2016), a
code of welfare issued under the Animal Welfare
Act 1999 (New Zealand Government).

Sheep Blood and Wool Samples

A total of 579 sheep were used to search for
variation in KRTAP20-1. These included 89 New
Zealand (NZ) Romney sheep (sourced from 5
farms), 92 Merino sheep (sourced from 5 farms),
and 398 Southdown X Merino-cross sheep (sourced
from the same farm, but from 6 sire-lines).

Among these, only the 398 Southdown X Merino-
cross sheep had wool data collected, and hence asso-
ciation study was only carried out on the Southdown
X Merino-cross sheep. All the lambs were ear-tagged
with unique identification number within 12 h of
birth, and their birth dates, birth weights, birth ranks
(i.e., whether they were a single, twin, or triplet), gen-
der, and dam identity were recorded. All sheep were
managed as a single mob on the same farm and were
shorn at 12 mo of age. At shearing, greasy fleece
weight (GFW) was measured, and a wool sample
was collected from the mid-side region of each sheep
for wool trait measurement at the New Zealand
Wool Testing Authority Ltd. (NZWTA, Napier,
New Zealand) using International Wool Testing
Organization (IWTO) standardized methods. This
included measurement of wool yield (Yield), mean
staple length (MSL), mean staple strength (MSS),
mean fiber diameter (MFD), fiber diameter standard
deviation (FDSD), coefficient of variation of fiber
diameter (CVFD), mean fiber curvature (MFC), and
prickle factor (PF; the percentage of fibers of diam-
eter greater than 30 microns). Clean fleece weight
(CFW) was calculated from the GFW and Yield.

A blood sample from each sheep was collected
onto TEN paper (Munktell Filter AB, Sweden) and
genomic DNA was purified using a two-step wash-
ing procedure as described in Zhou et al. (2006).

Search for the Human KRTAP20-1 Homolog in the
Sheep Genome

The coding sequence of a human KRTAP20-1
sequence (GenBank accession NM_181615) was used
to BLAST search the Ovine Genome Assembly v4.0.
A genome sequence that showed the highest homo-
logy with the human KRTAP20-1 coding sequence
was presumed to be the notional ovine KRTAP20-1,
and the sequences flanking this segment were used to
design PCR primers for amplifying the notional gene.

PCR Amplification of Ovine KRTAP20-1

Two PCR primers (5-TCATATTCTGCAA
GCAAAGGC-3"and 5-GCTGATGGGTCTCAG
TCAC-3") were designed to amplify a fragment
of notional length of 290 bp from the putative
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KRTAP20-1, based on the sequence information
obtained above. These primers were synthesized by
Integrated DNA Technologies (Coralville, TA).

PCR amplification was performed in a 15-pL
reaction containing the genomic DNA on one 1.2-
mm punch of TFN paper, 0.25 uM of each primer,
150 uM of each dNTP (Eppendorf, Hamburg,
Germany), 2.5 mM of Mg*, 0.5 U of Tag DNA
polymerase (Qiagen, Hilden, Germany), and 1X%
reaction buffer supplied with the enzyme. The ther-
mal profile consisted of an initial denaturation
for 2 min at 94 °C, followed by 35 cycles of 30 s
at 94 °C, 30 s at 60 °C, and 30 s at 72 °C, and with
a final extension of 5 min at 72 °C. Amplification
was carried out in S1000 thermal cyclers (Bio-Rad,
Hercules, CA).

Screening for Sequence Variation, Variant
Sequencing, and Sequence Analyses

PCR amplicons of ovine KRTAP20-1 were
subject to single-stranded conformational poly-
morphism (SSCP) analysis to screen for potential
variation in the gene. A 0.7-uL aliquot of each
amplicon was mixed with 7 pL of loading dye (98%
formamide, 10-mM EDTA, 0.025% bromophenol
blue, and 0.025% xylene-cyanol). After denatu-
ration at 95 °C for 5 min, samples were rapidly
cooled on wet ice and then loaded on 16 X 18 cm,
14% acrylamide:bisacrylamide (37.5:1; Bio-Rad)
gels with addition of 1% glycerol. Electrophoresis
was performed using Protean II xi cells (Bio-Rad),
at 390 V for 18 h at 8 °C in 0.5 x TBE buffer. The
gels were silver-stained according to the method of
Byun et al. (2009).

PCR amplicons representative of different
SSCP patterns from sheep that appeared to be
homozygous for KRTAP20-1 were sequenced at the
Lincoln University DNA Sequencing Facility. For
those variants that were only found in heterozygous
sheep, they were sequenced using a rapid approach
described previously (Gong et al., 2011a). In this
approach, a band corresponding to the allele was
excised as a gel slice from the polyacrylamide gel,
macerated, and then used as a template for ream-
plification with the original primers. This second
amplicon was then sequenced.

Sequence alignments, translations, and com-
parisons were carried out using DNAMAN (ver-
sion 5.2.10, Lynnon BioSoft, Vaudreuil, Canada).
A phylogenetic tree was constructed based on
the predicted amino acid sequence for the coding
regions using MEGA version 7.0. The BLAST
algorithm was used to search the NCBI GenBank

(www.ncbi.nlm.nih.gov/) databases for homolo-
gous sequences.

Genotyping of KRTAP6-3 and KRTAP22-1

The 319 Southdown X Merino-cross sheep
used for association study were also geno-
typed for KRTAP6-3 and KRTAP22-1 using a
PCR-SSCP technique described previously for
these 2 genes (Li et al., 2017b, 2017c). Briefly,
KRTAP6-3 was amplified using the PCR pri-
mers 5-CCGAGAACAACCTCAACTAC-3" and
5-GTAGAGGATGAGAGTCTTTCT-3 that
would notionally produce a fragment of 236 or
281 bp in length [KRTAP6-3 has been described
to have length variation (Li et al., 2017b)], whereas
KRTAP22-1 was amplified using the primers
5-CCGAGAACAACCTCAACTAC-3 and
5-GTAGAGGATGAGAGTCTTTCT-3,  which
would notionally produce a fragment of 305 bp in
length. After denaturation, the KRTAP6-3 ampli-
cons were electrophoresed using 12% acrylamide:
bisacrylamide (37.5:1; Bio-Rad) gels containing
3.5%vol/vol glycerol,at 17°C, 350V for 18 h, whereas
amplicons of KRTAP22-1 were electrophoresed
using 14% acrylamide: bisacrylamide (37.5:1; Bio-
Rad) gels at 18 °C, 300 V for 16 h. For each gene,
PCR amplicons of the previously described variants
(Li et al., 2017b, 2017¢) were included as references
to determine sample genotypes in each gel.

Statistical Analyses of Associations

Statistical analyses were undertaken using
Minitab version 16 (Minitab Inc., State College,
PA). Unless indicated, all P values were considered
statistically significant when P < 0.05. Trends were
noted when 0.05 < P <0.1.

General Linear Mixed Models (GLMMs)
were used to evaluate the effect of the presence/
absence (encoded as 1 or 0, respectively) of 3 of §
KRTAP20-1 variants (those present at a frequency
of >5%) detected on the wool traits that had been
measured (or calculated). In these models, gender
and sire were found to affect (P < 0.05) all the wool
traits, and so they were included in the models as
fixed and random factors, respectively. Birth rank
was not found to affect (P > 0.1) wool traits, and
therefore, it was not included in the models.

For those wool traits where associations
were found between the presence/absence of the
KRTAP20-1 variants and variation in the trait in
the above models, a second series of “multi-gene
GLMMs” that included the genotype of 2 nearby
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KAP genes (KRTAP6-3 and KRTAP22-1), which
have previously been described to affect wool traits
(Li et al., 2017b, 2017¢c), were undertaken. Only
those KRTAP6-3 and KRTAP22-1 genotypes with
a frequency of over 5% and that affected the wool
traits (P < 0.05) were fitted as factors in these mod-
els, and gender and sire were again included in the
models as fixed and random factors, respectively.

RESULTS

Identification of KRTAP20-1 in the Sheep Genome

A BLAST search of the Ovine Genome
Assembly (Oar_v4.0) using a human KRTAP20-1
coding sequence (NM_181615) identified a region
with 73% identity on chromosome 1. Analysis of
the sequence in this region led to the identification
of a 192-bp open reading frame (ORF; NC_0194
58.2:123265164_123265355). This ORF was clus-
tered with 15 previously described KRTAPs, with
KRTAPI11-1, KRTAP7-1, KRTAPS-1, KRTAPS-2,
KRTAP20-2, KRTAP6-5, KRTAP6-2, KRTAP6-
4, KRTAP6-1, KRTAP22-1, and KRTAP6-3 being
located upstream and KRTAPI5-1, KRTAPI3-3,
KRTAP26-1, and KRTAP24-1 being positioned
downstream (Figure 1).

The ORF identified above would encode a 63
amino acid protein, which would possess a high
content of glycine and tyrosine (31.8 mol% and
28.6 mol%, respectively). Phylogenetic analysis of
the predicted amino acid sequences of this ORF
and all of the sheep HGT-KAP genes identified
to date, together with the KAP20-n amino acid
sequences from goats and humans, revealed that
this ORF was different from all known ovine HGT-
KAP genes, but was more related to KAP20-1
gene from human than any other known HGT-
KAP from sheep (Figure 2). This suggests that the
OREF represents the ovine ortholog of the human
KAP20-1 gene.

OAR1
~266 kb
11.1 7.1 8.1 82 20.2 6.5
62 6.1 63

6.4(22.1

Sequence Variation Identified in Ovine KRTAP20-1

By optimizing SSCP conditions, 8 different
SSCP banding patterns representing 8 variants were
detected for the KRTAP20-1 amplicons (Figure 3).
One of the variant sequences (SHEEP-KRTAP20-
1*A4) was identical to the sheep genome assem-
bly sequence, whereas the others were unique, but
shared high sequence identity to the genome assem-
bly sequence. These variants were named SHEEP-
KRTAP20-1*A to SHEEP-KRTAP20-1*H in
accordance with the latest KAP/KRTAP nomen-
clature (Gong et al., 2012), and the sequences
were deposited in GenBank with accession num-
bers MH243552—-MH243559, for variants 4 to H,
respectively.

Sequence analysis revealed a 12-bp insertion/
deletion (indel) and 6 SNPs in the gene, including
4 coding SNPs, one 5" untranslated region (UTR)
SNP, and one 3 UTR SNP (Figure 4). Two of 4
coding SNPs were nonsynonymous and would
result in amino acid changes of p.Glyl0OSer and
p.Gly20Asp. The 5 UTR SNP was located 17 bp
upstream of the ATG start codon, whereas the 3
UTR SNP was located 24 bp downstream of the
stop codon. The indel occurred in the middle of
the coding region and would lead to the gain/loss
of 4 amino acids “Asn-Tyr-Gly-Cys,” in the middle
region of the protein.

Association of Ovine KRTAP20-1 Variants with
Variation in Wool Traits

In the 398 Merino-cross sheep used for the
association study, while all of the 8 variants were
detected, only 3 variants occurred at a frequency
of over 5%, these being A (70.4%), B (6.7%), and
C (12.9%). All of the other variants (D to H) were
observed at a frequency lower than 5%, and the
sheep containing these rare variants were removed
from the association study. This left 319 sheep for
the statistical analyses.

~293 kb > >

. N | | |
1l | |
15.113.3 261 241
—

30 kb

Figure 1. KRTA Ps identified on sheep chromosome 1 including the newly identified KRTAP20-1 (boxed). Vertical bars represent the approxi-
mate location of the different KRTA Ps and the arrowheads indicate the direction of transcription. The numbers below the bars indicate the name
of the respective KAP genes (i.e., 11.1 is KRTAPI11-1). The nucleotide distances are approximate and refer to NC_019458.2.
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Figure 2. Phylogenetic tree of the HGT-KAPs identified in sheep, together with human and goat KAP20-n sequences. The tree was constructed
using the predicted amino acid sequences for the genes. The numbers at the forks indicate the bootstrap confidence values and only those equal to,

or higher than 50%, are shown. The sheep KAPs are indicated with a prefix

[7yeEt)

o
S.

,” whereas the sequences from human and goat are indicated with “h”

and “g,” respectively. The newly identified sheep KAP20-1 sequence is indicated with an arrow. The GenBank accession numbers for the other HGT-
KAP gene sequences are NM_001193399 (sKAP6-1), KT725832 (sKAP6-2), KT725837 (sKAP6-3), KT725840 (sKAP6-4), KT725845 (sKAP6-5),
X05638 (sKAP7-1), X05639 (sKAP8-1), KF220646 (sKAP8-2), MH071391 (sKAP20-2), KX377616 (sKAP22-1), NM_181615 (hKAP20-1),

NM_181616 (hKAP20-2), and MEF973462 (2K AP20-2).

A/A A/B F/G A/D A/E A/C H/H

Figure 3. PCR-SSCP patterns for ovine KRTAP20-1. Eight differ-
ent banding patterns representing 8 variants (4 to H) are shown in
either homozygous or heterozygous forms.

In the single gene models, where only
KRTAP20-1 itself was considered, the presence of
variant 4 was found to be associated with a decrease
in MFD, FDSD, and PF, whereas the presence of

variant C was associated with increased GFW and
decreased Yield (Table 1). No associations were
detected for other wool traits.

Given that 2 nearby KAP genes, KRTAP22-1
and KRTAP6-3, have been reported to affect wool
yield and MFD-associated traits, respectively (Li
et al., 2017b, 2017¢c), we tested whether the asso-
ciations detected for KRTAP20-1 are a result of
linkage with these genes. Accordingly, the genotype
of KRTAP22-1 or KRTAP6-3 was fitted into multi-
gene GLMMs. All of the associations detected for
KRTAP20-1 in the single-gene models persisted in
the multigene models, and the previously reported
effects for KRTAP6-3 and KRTAP22-1 were also
confirmed (Table 2).

DISCUSSION

The ortholog of human KRTAP20-1 was iden-
tified on sheep chromosome 1, in a region where
it is clustered with 15 other known KRTAPs. The
detection of 8 sequence variants in a small popu-
lation of sheep suggests that ovine KRTAP20-1 is
highly polymorphic. The level of polymorphism
appears to be higher than has been reported for the
other gene from the same family (i.e., KRTAP20-2),
and for which only 2 sequence variants resulting
from a nonsense SNP have been described (Bai
et al., 2018). The sequence variation detected in
ovine KRTAP20-1 includes SNPs and a small,
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Figure 4. Alignment of the ovine KRTAP20-1 sequence variants. Nucleotides in the coding region are shown in upper case and those in the
untranslated regions are shown in lower case. Dashes represent nucleotides identical to the top sequence, and dots represent the deletion of nucleo-
tides. The single nucleotide polymorphisms (SNPs) found in this gene are shown above the sequences, and the positions of those SNPs are shaded.
The nonsynonymous SNPs are indicated with their amino acid changes and the primer binding regions are indicated with horizontal lines.

Table 1. Associations between the absence/presence
of KRTAP20-1 variants and various wool traits

Mean + SE?
Trait! Variant? Absent Present P
GFW A 2.47+0.07 2.38+0.05 0.140
(kg) B 2.40 % 0.05 2334008 0.310
C 2.35+0.05 2.48 £ 0.06 0.028
Yield A 71.8 £ 1.00 73.0+0.71 0.222
(%0) B 72.6 £ 0.68 74.1+1.23 0.167
C 73.6 £ 0.74 71.2£0.88 0.007
MFD A 20.3+0.28 19.2 +£0.20 <0.001
(pm) B 19.5+0.20 19.7 £0.35 0.561
C 19.4 +0.22 19.6 +£0.25 0.436
FDSD A 4.32%0.10 4.01 £ 0.07 0.002
(nm) B 4.08 +0.07 4.14+0.13 0.616
C 4.09 +0.08 4.08 +0.09 0.956
PF A 4.05 £ 0.52 2.09 £ 0.37 <0.001
(%) B 2.51£0.36 3.23 £0.65 0.213
C 2.61 +0.40 2.45+0.47 0.736

'GFW = greasy fleece weight; Yield = wool yield; MFD = mean fiber
diameter; FDSD = fiber diameter standard deviation; CVFD = coeffi-
cient of variation of fiber diameter; PF = prickle factor (percentage of
fibers over 30 microns).

2A total of 319 sheep are included in the model when variants that
occurred at a frequency under 5% are excluded. Variant 4 is present in
266 sheep and absent in 53 sheep, variant B is present in 33 sheep and
absent in 286 sheep, and variant C is present in 74 sheep and absent in
245 sheep.

SPredicted means and standard error of those means are derived
from GLMMs with gender and sire included in the models as fixed and
random factors, respectively.

P <0.05 are in bold.

nonframeshift indel. The SNPs include synony-
mous, nonsynonymous, 5 UTR, and 3 UTR SNPs.
These may affect the structure and/or expression of
KAP20-1 protein and hence wool fiber traits.

SNPs and small nonframeshift indels are
observed for other KRTAPs, including KRTAPI-1
(Rogersetal., 1994), KRTAP5-4 (Gongetal., 2010),
KRTAP6-1 (Gong et al., 2011a), and KRTAP6-3
(Zhou et al., 2016). This variation appears to be a
characteristic feature of the KRTA Ps.

Typically the KRTAPs appear to be clustered
in chromosome regions with structures that appear
to be conserved between sheep and humans (Gong
et al., 2016; Rogers et al., 2006), but the location of
KRTAP20-1 is quite different in these 2 species. In
humans, KRTAP20-1 is paired with KRTAP20-2
(within a distance of approximately 19 kb) and
these genes are located between KRTAPS-1 and
KRTAP6-n (Rogers et al, 2002). In sheep,
KRTAP20-1 appears to be located between
KRTAP6-n and KRTAPI5-1, and it is sepa-
rated from KRTAP20-2 by approximately 131 kb
(Figure 1). In addition, the direction of transcrip-
tion of KRTAP20-1 relative to the other KRTAPs
is also different between these 2 species. This suggests
that KRTAP20-1 may have evolved via different path-
ways in sheep and humans. What drives this evolution is
currently unknown, but investigations into the biological
functions of the genes may shed some light on this.
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Table 2. Effect of KRTAP20-1 on selected wool traits adjusted for the effect of KRTAP6-3 or KRTAP22-1

Other KRTAP effect KRTAP20-1 effect?
Trait! Variant? Gene P Absent Present P
GFW, (kg) A KRTAP22-1 0.141 2.51 £0.07 2.40 £ 0.05 0.147
B KRTAP22-1 0.053 2.43 +0.05 2.31 +£0.09 0.120
C KRTAP22-1 0.105 2.38 £ 0.05 2.52 +0.07 0.027
Yield, (%) A KRTAP22-1 0.074 71.7+1.11 72.5+£0.77 0.442
B KRTAP22-1 0.031 72.2%0.74 74.1 £1.28 0.106
C KRTAP22-1 0.051 72.2+0.79 70.6 + 0.98 0.006
MFD, (um) A KRTAPG6-3 0.002 20.5 +0.31 19.5+0.23 0.001
B KRTAPG6-3 <0.001 19.7£0.22 20.0 £ 0.38 0.482
C KRTAP6-3 <0.001 19.6 +0.24 19.9 +0.28 0.232
FDSD, (um) A KRTAPG6-3 0.071 4.39 £ 0.11 4.08 + 0.08 0.003
B KRTAPG6-3 0.014 4.15+0.08 423+0.14 0.510
C KRTAP6-3 0.014 4.14 +0.09 4.18+0.10 0.659
PF, (%) A KRTAP6-3 0.007 4.56 + 0.56 2.61 £0.42 <0.001
B KRTAP6-3 <0.001 3.05+0.41 3.88 £ 0.69 0.149
C KRTAP6-3 0.001 3.04 £ 0.44 3.14£0.52 0.823

!GFW = greasy fleece weight; Yield = wool yield; MFD = mean fiber diameter; FDSD = fiber diameter standard deviation; PF = prickle factor
(percentage of fibers over 30 microns).

*After removal of the sheep that contained the rare variants of ovine KRTAP20-1, there are 319 left for association analyses. When corrected for
KRTAP22-1, ten sheep that had rare KRTAP22-1 genotypes are removed, leaving 309 for these association analyses. Of these, variant 4 is present
in 262 sheep and absent in 47 sheep, variant B is present in 33 sheep and absent in 276 sheep, and variant C is present in 68 sheep and absent in 241
sheep. When corrected for KRTAP6-3, 8 sheep that contained rare KRTAP6-3 genotypes are removed, leaving 311 for these association analyses.
Of these, variant 4 is present in 264 sheep and absent in 47 sheep, variant B is present in 33 sheep and absent in 278 sheep, and variant C is present
in 68 sheep and absent in 243 sheep.

*Predicted means and standard error of those means are derived from GLMMs with gender and sire included in the models as fixed and random

factors, respectively.
P <0.05 are in bold.

The association results suggest that variation
in KRTAP20-1 affects some wool traits including
GFW, Yield, MFD, FDSD, and PF. However, care
isneeded in interpreting these results as KRTAP20-1
is clustered with many other KRTAPs, and associ-
ation with these wool traits has also been reported
for the nearby genes KRTAP22-1 and KRTAPG6-
3 (Li et al., 2017b, 2017c). KRTAP22-1 is located
approximately 51 kb from KRTAP20-1 (Figure 1),
and it has been reported to affect wool Yield (Li
et al., 2017b). Yield is the proportion of GFW that
1s CFW, so the associations observed between varia-
tionin KRTAP20-1 and variationin GFW and Yield
were therefore adjusted for KRTAP22-1. Equally,
KRTAP6-3isapproximately 44 kb from KRTAP20-1
(Figure 1), and it has been reported to affect MFD-
associated traits (Li et al., 2017c). The associa-
tion of variation in KRTAP20-1 with variation in
MFD, FDSD, and PF was accordingly adjusted for
KRTAP6-3. The persistence of KRTAP20-1 associ-
ations in the multigene GLMMs (i.e. when adjusted
for either KRTAP22-1 or KRTAP6-3) suggests that
these effects are unlikely to be due to the linkage of
other KRTA Ps, but instead reflect the independent
effect of KRTAP20-1. The results from multigene
GLMMs also confirmed the previous findings that

KRTAP22-1 affects Yield (Liet al., 2017b) and that
KRTAP6-3 affects MFD-associated traits (Li et al.,
2017c).

Variant C of KRTAP20-1 was found to be asso-
ciated with increased GFW and decreased Yield,
but not with CFW (Tables 1 and 2). This suggests
that C does not affect the quantity of wool fibers
produced (and hence does not affect CFW), but
possibly increases the amount of other materials
present in the raw wool, such as water, wax, and
suint (which leads to a higher GFW and lower
Yield). Variant C contains a nucleotide substitu-
tion ¢.59G>A which would lead to an amino acid
change p.Gly20Asp. Aspartic acid is 1 of 2 acidic
amino acids, and its hydrophilic nature may enable
the KAP to bind more water. Acidic amino acids
are not common in other HGT-KAPs, with the
exception of sheep KAPS-2, a protein that is absent
in humans (Gong et al., 2014). Whether this sub-
stitution directly affects the Yield by allowing wool
fibers to absorb more water is certainly worthy of
further investigation.

Variant 4 was found to be associated with
MPFD-associated traits, but no associations were
detected for variants B and C (Tables 1 and 2).
Variant A4 differed from variant B by a SNP in the
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3" UTR, and from variant C by 1 nonsynonymous
SNP (Figure 4). As discussed above, this nonsy-
nonymous SNP would cause a rare amino acid sub-
stitution in the context of the known HGT-KAPs,
and it may possibly also have an impact on the
structure of the protein and/or the cross-linking of
the KAP with KIFs. This might consequently affect
the fiber diameter—associated traits. SNPs in the 3’
UTR have previously been reported to affect gene
expression, either by affecting mRNA stability and
translation or by changing a mirRNA regulation
process (Amini and Ismail, 2013).

The association results appear to be in agree-
ment with the variant frequencies found in the
different breeds studied. Although being common
in both the Merino and Romney breeds, variant
A, which was associated with favorable MFD-
associated traits (Tables 1 and 2) was found at a
higher frequency in Merino sheep (76%) than in
Romney sheep (59%). This is consistent with the
observation that Merino wool is in generally finer
and has lower FSDS and PF than Romney wool,
but it would not in any way explain all of the very
large difference in MFD between Romney and
Merino sheep wool.

Despite KRTAP20-1 being clustered with other
HGT-KRTAPs, the effects detected for KRTAP20-1
appear to be different from those reported for other
HGT-KRTAPs, including KRTAP6-1, KRTAP6-3,
KRTAP20-2, and KRTAP22-1. KRTAP6-1 and
KRTAP6-3 have been shown to affect MFD-
associated traits (Liet al., 2017¢; Zhou et al., 2015),
KRTAP22-1 has been reported to affect Yield (Li
et al., 2017b), and KRTAP20-2 reportedly affects
fiber curvature (Bai et al., 2018). This suggests that
the individual HGT-KRTAPs may play distinc-
tive roles in the fiber assembly process and hence
affect wool fiber traits in different ways. This high-
lights the importance of characterizing all of the
KRTAPs and better understanding their indivi-
dual effects, especially if they are to be of use in the
development of gene markers for improving wool
production.
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