
G
R

Q

C
a

b

a

A
R
R
A
A

K
A
Q
M
Q

1

a
v
2
(
M
t
(
i
m
2
i
i

0
d

ARTICLE IN PRESS Model
UMIN-4022; No. of Pages 7

Small Ruminant Research xxx (2011) xxx– xxx

Contents lists available at ScienceDirect

Small  Ruminant  Research

jou rn al h om epa ge: www. elsev ier .com/ locate /smal l rumres

TL  for  mohair  traits  in  South  African  Angora  goats

.  Vissera,∗,  E.  Van  Marle-Köstera,  H.  Bovenhuisb,  R.P.M.A.  Crooijmansb

Department of Animal & Wildlife Sciences, University of Pretoria, South Africa
Animal Breeding and Genomics Centre, Wageningen University, Wageningen, The Netherlands

 r  t  i c  l  e  i n  f  o

rticle history:
eceived 6 April 2011
eceived in revised form 20 May  2011
ccepted 26 May  2011
vailable online xxx

eywords:
ngora goats
TL
ohair
uality traits

a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to  identify  QTL  associated  with  mohair  production  and  quality
traits in  South  African  Angora  goats.  Limited  research  has  been  performed  on  QTL  influ-
encing  the  economically  important  mohair  traits  of Angora  goats.  Twelve  half-sib  Angora
goat families  with  an average  of  58  offspring  per  sire  were  genotyped  for  88  microsatel-
lites  covering  22  autosomes.  Phenotypic  data  was  collected  at second  and  third  shearing
for males  and  females  respectively.  A  linkage  analysis  was  performed  under  the  half-sib
model  using  the  least  squared  regression  approach  of GridQTL.  Three  putative  QTL  were
detected for  fleece  weight  on  CHI  2, 5 and  24,  which  corresponds  with  the  locations  of  ker-
atin  and  keratin-associated  proteins.  This  study  detected  two putative  QTL  associated  with
mohair  fibre  diameter  (on  CHI  4 and  24,  respectively),  which  is  the  most  important  price-

determining  trait.  Four  QTL  were  detected  on  CHI  8, 13, 18 and  20 which  influence  both
comfort factor  and  spinning  fineness.  The  variance  explained  by  the  QTL  ranged  between
6.9%  for  fibre  diameter  and  33.6%  for standard  deviation  along  the length  of  the  staple.  These
results  reveal  segregation  of  QTL  influencing  mohair  production  and  quality,  and  contribute
to the  understanding  of the  genetic  variation  of mohair  traits.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

DNA technology has resulted in the identification of loci
nd chromosomal regions that contribute to phenotypic
ariation in economically important traits (e.g. Dekkers,
004). Identifying and confirming Quantitative Trait Loci
QTL) is the first step in the process that could lead to

arker Assisted Selection (MAS) or Gene Assisted Selec-
ion (GAS). Since the first QTL mapping studies in livestock
Georges et al., 1995) the advantages and complications of
mplementing genomic information in genetic improve-

ent programs have been well documented (Dekkers,
Please cite this article in press as: Visser, C., et al., QTL for moh
Res. (2011), doi:10.1016/j.smallrumres.2011.05.007

004; Alan & Smith, 2008; Goddard, 2009). Using genomic
nformation in selection especially has the potential to
ncrease the rate of genetic progress for traits with low
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heritability, sex-limited traits and those that are difficult
to measure (Pollak, 2005). Over the past two  decades QTL
have been confirmed in several farm animal species and
some are applied in MAS, i.e. meat tenderness and mar-
bling in beef cattle and meat quality and feed intake in
pigs (Jeon et al., 2006). The benefits of MAS  are driven by
an increased selection accuracy, and the successful imple-
mentation thereof is dependent amongst others on the
economic relevance of the trait studied (e.g. Van der Werf,
2007).

In goats QTL studies have been mainly limited to disease
resistance and milk proteins. Implementation of MAS  in
goats has been limited to the selection against diseases like
scrapie, CAEV and Johne’s disease (Dodds et al., 2007) and
for casein genes (Van der Werf, 2007). Wool and fibre traits
air traits in South African Angora goats. Small Ruminant

seem to remain a challenge, despite moderate to high heri-
tability for economically important traits like fleece weight
and fibre diameter. The unfavourable genetic correlation
that exists between fleece weight and fibre diameter as

dx.doi.org/10.1016/j.smallrumres.2011.05.007
dx.doi.org/10.1016/j.smallrumres.2011.05.007
http://www.sciencedirect.com/science/journal/09214488
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well as with body weight in wool sheep and mohair goats
have prompted several studies on candidate genes (Purvis
& Franklin, 2005).

The genetic improvement of production and quality
mohair traits of Angora goats in South Africa has been
based on phenotypic information for the past two  decades.
Emphasis was originally placed only on fibre diame-
ter, but the unfavourable positive correlation with body
weight resulted in small, unthrifty animals with low sur-
vivability. The national selection strategy was changed to
include three primary traits, namely fibre diameter (the
most important price-determining trait), fleece weight and
body weight which were combined into a selection index
(Snyman & Olivier, 1996). This strategy was evaluated
in 2002 (Snyman, 2002) and confirmed to be successful
in improving production and quality of the national clip,
while maintaining body weight. If QTL explaining signifi-
cant fractions of the genetic variance in these traits could
be identified, it should however lead to increased accu-
racy of EBVs with a corresponding faster rate of genetic
improvement (Van der Werf, 2007). QTL mapping should
also lead to increased knowledge of the underlying molec-
ular mechanisms of fibre and fleece characteristics which
could result in more efficient selection programs on the
long term (Purvis & Jeffery, 2007).

Although several QTL identification studies have been
undertook for wool sheep (Allain et al., 2006; Bidinost et al.,
2006, 2008; Roldan et al., 2010), relatively few studies have
been conducted to identify linkage with goat fibre traits.
Chromosome segments that affect mohair were identified
by Cano et al. (2007) in Argentinean Angora goats and
this resulted in further investigation into goat chromosome
19 (Cano et al., 2009a).  These results, together with the
QTL affecting conformation traits in Angora goats (Marrube
et al., 2007) paved the way for a candidate gene approach
by Mohammed Abadi et al. (2009) for improved cashmere
yield in Rayini goats. Recently QTL affecting fleece traits
were identified by Debenedetti et al. (2010) on CHI 5 in
a backcross Angora × Creole population. Only one study
(Cano et al., 2009b)  has identified QTL for fleece weight
and fibre diameter which are the most important price-
determining traits of mohair. As new technology (i.e. OFDA
measurements) was developed, it became clear that newly
measured quality traits (e.g. coefficient of variation, com-
fort factor, spinning fineness) could possibly play a role in
breeding objectives (Visser et al., 2009). Traits that could
result in a more uniform, fine mohair staple are especially
of increasing importance and are currently being consid-
ered for inclusion in the South African Angora goat selection
index. Very few of these quality traits have been included
in any of the previous studies.

Candidate genes for wool production have been stud-
ied quite extensively (Itenge-Mweza et al., 2007; Gong et
al., 2010; Jin et al., 2010). This is due to the unfavourable
genetic correlation between fibre diameter and fleece
weight (the two most important price-determining factors
in natural animal-produced fibres) and the need for natural
Please cite this article in press as: Visser, C., et al., QTL for moh
Res. (2011), doi:10.1016/j.smallrumres.2011.05.007

fibres with novel properties (Purvis & Franklin, 2005). The
same motivation applies to the study of genes influencing
mohair traits. The South African mohair clip contributes in
excess of 50% to the global market. The constant pressure
 PRESS
search xxx (2011) xxx– xxx

from synthetic fibres necessitates the need for a high qual-
ity clip with little variation within and between fleeces. The
production of mohair with new and novel properties might
expand the niche market for this quality product. This study
aimed to identify chromosome segments associated with
product and quality traits of mohair.

2. Materials and methods

2.1. Animals and phenotypic data

The data resource consisted of a total of 695 offspring from twelve
Angora bucks originating from four different farms. Family sizes were
on average 58 and ranged between 16 and 130 offspring per sire. Fam-
ilies  were generated over a three-year period (2004–2006) during which
blood samples were routinely collected and stored in a DNA bank for small
stock research (Grootfontein Agricultural Development Institute, National
Department of Agriculture).

Phenotypes were recorded on second (8–12 months) or third (16–18
months) shearings. Bucks were sheared at eight to 12 months, while the
does were sheared at 16–18 months. Only one shearing record per ani-
mal  was  included in the analysis. Greasy fleece weight (measured to the
nearest 0.1 kg) was determined just after shearing. Individual midrib sam-
ples were taken and a single sub-sample (prepared from three different
locks) was  analysed for each individual for determination of average fibre
diameter (FD; �m),  coefficient of variation of fibre diameter (CVFD; %),
standard deviation of fibre diameter (SDFD; �m), comfort factor (CF; %),
spinning fineness (SF; �m) and standard deviation of fibre diameter along
the length of the staple (SDA; �m). The quality traits were measured using
OFDA2000 technology, as previously described in Visser et al. (2009). One
breeder did not send in samples for further testing, and thus the number
of  records used for the quality traits were less than for FW and FD.

2.2. DNA and genotyping

DNA was  extracted from 100 �l whole blood samples using respec-
tively the Qiagen DNEasy Tissue kit and the Invisorb blood mini HTS kit
(Invitek) for the XtractorGene (Corbett Robotics) according to the proto-
cols of the respective manufacturers.

One hundred and thirty four microsatellite markers were selected
from the existing goat map database (http://locus.jouy.inra.fr/cgi-
bin/lgbc/mapping/common/intro2.pl?BASE=goat) and previously pub-
lished literature to obtain sufficient genome coverage. Eighty-eight
markers spaced over 22 autosomes were finally selected based on level of
polymorphism, heterozygosity levels, allele size range and amplification
success (a complete list of these parameters were reported in Visser et al.,
2010). Poor amplification and little informativeness of some markers lim-
ited the aim of at least three markers per chromosome. The markers were
divided into eight genotyping sets, averaging twelve markers per set. PCR
reactions were performed in a 384 well i-cycler (Bio-rad) or Ti Thermo-
cycler (Biometra) in a 6 �l final volume using 100 ng DNA, 2.94 �l of the
ABgene® PCR Master Mix  (ABGene, UK) and 0.03 �l reverse and forward
primer each of 40 pmol/�l. The PCR amplification was conducted at the
following conditions: 95 ◦C for 5 min, followed by 35 cycles of 96 ◦C for
30  s, 45 s at annealing temperature and 90 s at 72 ◦C with a final extension
step  of 10 min  at 72 ◦C. PCR products were analysed using an automated
ABI 373/377 sequencer (Perkin-Elmer) and allele calling was performed
with GeneMapper (Applied Biosystems).

2.3. Statistical analysis

Phenotypic records were pre-adjusted for herd (levels 1–4), year of
birth (2004, 2005 or 2006), birth status (single or twin) and sex. QTL
analysis was performed using half-sib regression (Knott et al., 1996) as
implemented in the GridQTL software (Seaton et al., 2006). The following
least-squares regression model used was:

yij = Sirei + ˇixij + eij
air traits in South African Angora goats. Small Ruminant

where yij is the phenotype (corrected for fixed effects) of individual ij, off-
spring of sire i, Sirei is the mean of sire family i, ˇi is the allele substitution
effect of the QTL within family i, xij is the probability that the animal ij
inherited the first allele of sire i and eij is the residual.

dx.doi.org/10.1016/j.smallrumres.2011.05.007
http://locus.jouy.inra.fr/cgi-bin/lgbc/mapping/common/intro2.pl%3FBASE=goat
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Table 1
Summary statistics (means ± SD) for the fleece traits of the 12 Angora goat families.

Family n FW (kg) FD (�m) n SDFD (�m) CVFD (%) CF (%) SF (�m) SDA (�m)

1 67 1.27 ± 0.40 28.24 ± 3.16 4 8.15 ± 1.74 31.88 ± 4.17 78.78 ± 14.97 27.63 ± 4.15 1.68 ± 1.23
2  86 1.20 ± 0.29 26.80 ± 2.51 25 7.76 ± 0.99 28.64 ± 3.01 71.52 ± 13.06 28.44 ± 2.82 1.18 ± 0.42
3  79 1.27 ± 0.40 27.09 ± 2.61 11 7.99 ± 0.99 28.11 ± 3.44 68.45 ± 13.78 29.66 ± 2.14 1.51 ± 1.00
4  91 1.35 ± 0.43 25.84 ± 3.24 40 8.35 ± 1.05 31.66 ± 2.99 73.45 ± 12.82 28.55 ± 3.12 1.52 ± 0.68
5 130 1.64 ±  0.44 29.84 ± 2.53 129 7.72 ± 0.89 25.98 ± 2.85 58.57 ± 13.50 30.41 ± 2.44 1.27 ± 0.38
6 80 2.10 ±  0.56 32.60 ± 2.99 80 8.71 ± 1.14 26.80 ± 3.15 46.34 ± 15.20 33.47 ± 2.95 1.60 ± 0.50
7  16 1.73 ± 0.45 29.08 ± 2.10 0 – – – – –
8  17 2.10 ± 0.37 29.46 ± 2.82 0 – – – – –
9  29 1.59 ± 0.42 28.28 ± 2.01 0 – – – – –
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10  23 2.47 ± 0.47 29.83 ± 1.94 0 – 

11  33 1.22 ± 0.18 25.67 ± 2.12 32 7.22 ±
12  44 1.32 ± 0.23 25.14 ± 2.13 44 6.33 ±

The 10,000 permutations were used to generate a test-statistic under
he  null hypothesis and to determine thresholds for both chromosome-
ide and experiment-wide Type 1 error rates. The confidence intervals of

he  QTL locations were estimated using 2000 bootstraps. The QTL variance
as calculated according to Knott et al. (1996).

. Results

The phenotypic averages for the mohair product and
uality traits of the 12 families belonging to four different
reeders are shown in Table 1. Families 7–10 were kept by
ne breeder and as no quality traits were recorded for these
nimals only FW and FD were included for them. Families

 and 6 had the highest means for FD (coarse fibres) and
F and correspondingly the lowest means for CF. Families 8
nd 10 showed the highest means for FW,  with little vari-
tion between the herds for FD. The lowest means for FD
nd SF was recorded in families 11 and 12, with correlated
ow values as expected for FW and high values for CF.

In Table 2 the markers used in the analyses, their
ocations and genome coverage were shown. Five chro-

osomes (CHI 9, 21, 22, 28 and 29) were excluded from
he study, as only one marker was located on each of
hese chromosomes and consequently interval mapping
as not possible. The intervals between consecutive mark-

rs ranged between 1 and 51 cM with an average marker
nterval of 23.0 cM,  covering a total of 1253 cM.  The number
f informative families used in the GridQTL analysis varied
etween 11 and 12 per chromosome. The lowest average
ercentage of heterozygous sires over loci on a chromo-
ome was 53% (CHI 8), increasing to 80% on CHI 25. The
nformation content across chromosomes ranged between
5% on CHI 1 and 69% on CHI 26.

This study identified QTL for mohair traits on thirteen
hromosomes at the chromosome-wide significance level
Table 3). At least one region of interest was detected
or each trait included in the analyses. In Table 3 the F-
tatistics, location of the QTL, QTL effect and QTL variance
re given. 95% confidence intervals frequently exceeded
0 cM and usually included the whole chromosome, and
ere thus not reported.

Thirteen putative QTL regions were found in total for the
Please cite this article in press as: Visser, C., et al., QTL for moh
Res. (2011), doi:10.1016/j.smallrumres.2011.05.007

even traits. Three QTL were identified for FW on chromo-
omes 2, 5 and 24 respectively. Putative QTL for FD were
dentified on chromosomes 4 and 24. One putative QTL was
ound for CVFD, SDFD and SDA each on chromosomes 25,
– – – –
27.97 ± 3.12 78.08 ± 8.40 26.83 ± 2.59 1.08 ± 0.33
25.17 ± 2.70 81.71 ± 9.32 25.43 ± 2.37 1.02 ± 0.35

3 and 1 respectively. Chromosomes 8, 13, 18 and 20 each
showed segregation for a QTL for both CF and SF. On chro-
mosomes 12 and 16 two more putative QTL were identified
for CF. Only one putative QTL (for FW,  on chromosome
24) could be identified with p < 0.01 chromosome-wide
significance, while all other QTL complied to p < 0.05, at
chromosome-wide significance.

The estimates of QTL contributions to the phenotypic
variance ranged between 6.9% for FD on CHI 24 and 33.6%
for SDA on CHI 1. Most of the QTL variance estimates were
between 9 and 14%. The QTL effects (scaled by the stan-
dard deviation of the trait) varied from −1.4 to 4.6 standard
deviation units for different traits and families. The plots of
the F-statistics for the chromosomes with more that one
putative QTL are shown in Fig. 1.

4. Discussion

In this study out-bred populations were analysed, in
contrast to the back-cross populations often used in QTL
investigations. Findings reported therefore represent genes
segregating in the South African Angora goat population
and results can be exploited by means of selection. Her-
itability estimates reported for these traits in the South
African Angora goat population ranged between 0.14 (SDA)
and 0.63 (CF) (Visser et al., 2009). The size of the out-
bred population directly affects the statistical power of the
experimental design (Van der Werf et al., 2007). It was esti-
mated that this study (consisting of 12 sires with an average
of 58 offspring, average heritability of 0.35, Type I error of
0.05) will achieve a power of 70% to detect a QTL effect of
0.5 phenotypic SD (Weller et al., 1990). Most of the QTL
detected had larger effects than this. This design was  simi-
lar to those of Cano et al. (2007), Bidinost et al. (2008),  Cano
et al. (2009b), Mohammed Abadi et al. (2009) and Roldan
et al. (2010).

The phenotypic averages over families for FW and FD
were in the same range as those previously reported by
Snyman and Olivier (1996, 1999) and Visser et al. (2009)
on South African Angora goats. Differences between fam-
ilies are due to herd effects, breeders following different
selection strategies and placing emphasis on varying selec-
air traits in South African Angora goats. Small Ruminant

tion criteria, with limited genetic linkages between farms.
Previous reports on QTL associated with mohair traits are
limited to one research group (Cano et al., 2007, 2009a,b;
Debenedetti et al., 2010) and traits investigated varied

dx.doi.org/10.1016/j.smallrumres.2011.05.007
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Table 2
Genome coverage of microsatellite markers.

CHI N markers N informative
families

ICa Markers (position in cM)

1 6 12 0.35 BM1312 (0), BM3205 (39), CSSM19 (45), CSSM32 (92), MAF64 (113), INRA11 (137)
2  4 12 0.40 BMS2782 (0), OARFCB11 (1), INRA40 (11), SRCRSP24 (62)
3 4 11 0.47  CSSM54 (0), MCM58 (30), INRA3 (58), INRA6 (74)
4 6 12  0.50 OARHH64 (0), OARCP26 (41), MAF50 (50), OARHH35 (82), BMS1788 (97), MAF70 (129)
5 7  12 0.42 OARFCB5 (0), LSCV25 (12), BMS1248 (15), BM2830 (65), BMC1009 (90), ILSTS34 (100), BM321 (121)
6  6 12 0.58 BM143 (0), BM415 (18), BM1329 (39), BM4621 (67), ILSTS087 (74), SRCRSP08 (81)
7  3 11 0.46 INRABERN192 (0), OARAE129 (18), MCM527 (27)
8  3 11 0.57 CSSM47 (0), MCM64 (8), SRCRSP10 (26)

11 3  11 0.36 INRA177 (0), OARCP34 (4), ILSTS45 (41)
12 5  12 0.50 BMS712 (0), INRA5 (24), BMS2252 (43), SRCRSP9 (59), ILSTS33 (77)
13  3 11 0.44 IL2RA (0), BMC1222 (25), ILSTS59 (31)
14 2 11 0.56 BM4630 (0), ILSTS11 (11)
16  3 11 0.39 BM719 (0), BM121 (18), HUJ614 (68)
17 4  12 0.52 OARVH98 (0), OARFCB48 (17), ILSTS58 (51), BM8125 (57)
18  3 12 0.64 INRA210 (0), INRA63 (11), MCM104 (26)
19  4 11 0.40 MCM210 (0), BMS745 (33), LSCV36 (44), OARFCB193 (46)
20  4 12 0.44 MAF214 (0), TGLA304 (11), BM1225 (32), BM3517 (60)
23  5 12 0.63 OARCP73 (0), OLA-DRB (8), BM1818 (19), DRBP1 (26), BM1258 (40)
24 3 12 0.48 MCM136 (0), BMS1332 (38), BMS2526 (41)
25  3 12 0.51 BP28 (0), INRA206 (12), TGLA40 (26)

172 (14
 (8), TGL
26 4  12 0.69 HEL11 (0), INRABERN
27  3 11 0.55 BM6526 (0), CSSM43

a Average information content across chromosome.

between studies. In this study several putative QTL were
identified for CF, SF, FW and FD and one each for SDA, SDFD
and CVFD. It is interesting to note that most QTL detected
in the study were segregating in families 4 (fine fibre pro-
ducers) and/or family 6 (strong fibre producers). These two
families were also amongst the largest included, and it was
thus more likely that a segregating QTL could be detected
in them.

Fleece weight remains one of the major traits that affect
Please cite this article in press as: Visser, C., et al., QTL for moh
Res. (2011), doi:10.1016/j.smallrumres.2011.05.007

profit in the Angora goat industry. Three QTL for FW (on
CHI 2, 5 and 24) were identified in this study. The putative
QTL on CHI 5 had the largest effect (0.5) on this trait and
explained 10.3% of the variance for this trait, while the QTL

Table 3
Putative QTL identified for seven traits by chromosome.

CHI Trait Position (cM) F Statistic F Threshold 

1 SDA 121 5.15 5.13*

2  FW 1 2.26 2.16*

3  SDFD 62 2.68 2.67*

4  FD 71 2.25 2.25*

5  FW 1 2.52 2.35*

8 CF  21 2.15 1.88*

SF  4 2.22 2.18*

12  CF 1 2.22 1.95*

13  CF 31 2.27 2.02*

SF  31 2.22 2.16*

16 CF  68 2.15 1.92*

18  CF 26 2.31 1.84*

SF  26 2.07 2.07*

20  CF 32 2.15 1.89*

SF  32 2.33 2.24*

24 FW 41 2.93 2.71**

FD  31 2.02 1.99*

25  CVFD 22 2.73 2.47*

a QTL allele substitution effect in significant sire family.
b % of phenotypic variance explained.
* p < 0.05 chromosome-wide significance.

** p < 0.01 chromosome-wide significance.
), LSCV52 (22), LSCV46 (42)
A179 (30)

on CHI 2 and 24 explained between 8.8% and 13.4% of the
variance respectively. Several studies have located a puta-
tive QTL for fibre yield on CHI 5 of Rayini goats (Mohammed
Abadi et al., 2009), Angora × Creole goats (Debenedetti
et al., 2010), purebred Angora goats (Cano et al., 2009b)
and on the corresponding ovine chromosome (OAR 3) of
Merino sheep (Roldan et al., 2010). QTL detecting in Rayini
goats affecting cashmere hair traits resulted in QTL on chro-
mosome 2, 5 and 13 of which those on chromosomes 2 and
air traits in South African Angora goats. Small Ruminant

5 overlap with the QTLs found on chromosome 2 and 5 for
angora yield (trait FW). Moreover the QTL found for FW on
chromosome 24 is not presented earlier and was  also not
detected in the cashmere study.

Segregating family Effect /SDa Varianceb (%)

3 −1.3 33.6
10 0.4 8.8
4 1.0 14.4
12 1.7 8.3
5 0.5 10.3
5 1.6 9.9
5 −1.3 10.5
6 0.9 10.5
6 0. 2 14.6
6 0.03 14.0
6 0.8 9.9
6 0.9 11.3
6 −1.1 9.3
4 and 6 1.3 and 1.1 9.9
4 and 6 −1.3 and −1.4 11.5
4 0.3 13.4
4 0.7 6.9
4 1.0 14.8

dx.doi.org/10.1016/j.smallrumres.2011.05.007
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Fig. 1. F-statistics depicting

Two QTL associated with FD were identified on CHI 4
nd 24 respectively in this study. A putative QTL for FD was
eported by Cano et al. (2009b) on CHI 5, which was corrob-
rated by Debenedetti et al. (2010) in an Angora × Creole
ackcross population where only CHI 5 was investigated.
TL for wool fibre diameter have also been reported by
idinost et al. (2008) on OAR 3 for FD at first shearing, and
oldan et al. (2010) on OAR 11 for FD at second shear-

ng. When comparing QTL detected for the same traits at
ifferent shearing periods, Bidinost et al. (2008) reported
hat for some fleece traits QTL were only revealed at an
arly age, and not later in life and concluded that different
enes could possibly be influencing the same trait at differ-
nt stages in life. Detecting QTL on different chromosomes
han Cano et al. (2009b) could be due to phenotypic traits

easured at either second or third shearing in the current
tudy, while samples were taken at 4 and 11 months of age
n the study by Cano et al. (2009b). It should also be noted
hat all but one of the QTL detected was at chromosome-
Please cite this article in press as: Visser, C., et al., QTL for moh
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ide significance level, as was those reported by Cano et al.
2007, 2009a,b) Further studies should focus on confirm-
ng the reported QTL at genome-wide significance levels in
xperimental designs with higher statistical power.
ations of the putative QTL.

The unfavourable positive genetic correlation between
FD and FW has been a challenge in Angora goat breed-
ing strategies. Medium to strong genetic correlations have
been reported, ranging between 0.35 (Allain & Roguet,
2003) and 0.55 (Snyman & Olivier, 1996). These traits are
the main price-determining factors in the mohair industry,
and optimisation of both has proved difficult. The detec-
tion of a QTL for FD on a separate chromosome (CHI 4) as
for FW (CHI 2, 5 and 24), might pose an opportunity to
decrease or maintain fibre diameter in Angora goats using
marker assisted selection, while increasing fleece weight.
It is however possible that a QTL affecting FW could also
reside on CHI 4, but that the statistical power in this study
was limited to detect it. The second putative QTL for FD
reported here is on the same chromosome as a QTL for FW
(CHI 24).

Processing and fabric properties are influenced signifi-
cantly by fibre diameter distribution (Qi et al., 1994; Smith
et al., 2006) which are measured using OFDA2000 tech-
air traits in South African Angora goats. Small Ruminant

nology. The use of marker assisted selection to directly
improve traits correlated with more uniform production
(CVFD, SDFD, SDA) can contribute to a higher quality
clip and improved attributes when compared to synthetic

dx.doi.org/10.1016/j.smallrumres.2011.05.007
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fibres. One putative QTL for CVFD was identified on CHI 25
in the current study. Putative QTL for CVFD on CHI 1, 2, 13
and 19 respectively were previously reported by Cano et al.
(2007, 2009a, b).

The quality traits SDA and SDFD have not been included
in previous QTL identification studies. The QTL for SDA seg-
regating on CHI 1 explains 33.6% of the variance in the
trait and is therefore the largest detected QTL effect in this
study. Similar high variance values have been reported by
Roldan et al. (2010) for fibre curvature (43.4%) and fleece
weight (28.2%). The variance value reported here could
however be an overestimation, and could be due to addi-
tional segregating QTL close to the putative position. A
two-linked-QTL hypothesis should be tested for this trait.
This trait has the lowest heritability of the quality traits
included (Visser et al., 2009) and is largely affected by envi-
ronmental and nutritional factors. Overestimation of the
QTL effect could also be due to the pre-adjustment model
of phenotypic records and herd effect. The amount of vari-
ance explained suggests that this chromosome segment
could play an important role in improving fleece uniformity
through MAS  and should be further investigated. Quanti-
tative selection for decreased variation in fibre diameter
along the staple has not been successful and MAS  can make
a significant contribution to this trait.

The putative QTL identified for CF on CHI 8 has a
relatively large effect of 1.6 which is possibly an overes-
timation. On four chromosomes (CHI 8, 13, 18 and 20)
two putative QTL influencing CF and SF respectively, were
detected. Taking into account the high genetic correlation
(−0.97) between these traits (Visser et al., 2009) and the
close proximity of the estimated positions, it is probable
that these QTL are single QTL affecting both traits. Two
additional QTL were however identified influencing only
CF (one each on CHI 12 and 16), suggesting that the two
traits are under different genetic control, and cannot be
considered as one. Spinning fineness and comfort factor
are both unfavourably correlated with fleece weight. The
identification of QTL which can be used to increase skin-
comfort traits without a negative correlated response in
yield, might lead to a significant improvement in selection
efficiency.

Mapping of keratin (KRT) and keratin-associated pro-
tein (KAP) genes were performed in sheep, as these were
expected to play an important role in wool traits. High
glycine–tyrocine (HGT) KAPs as well as trichohyalin (THH, a
wool follicle protein) were mapped to ovine chromosome
1, while the high sulphur KAP gene families were shown
to reside on OAR 3 and 19 (McLaren et al., 1997). A sig-
nificant effect between high HGT loci and wool FD was
observed by Parsons et al. (1994).  Putative QTL for wool
production and quality traits tend to cluster on OAR 1, 3, 4,
11 and 25 (Allain et al., 2006; Bidinost et al., 2008; Roldan
et al., 2010), although a few have been reported on other
chromosomes (Purvis & Franklin, 2005). The overall resem-
blance between the ovine and caprine linkage maps are
good, with OAR 1 mapping to CHI 1 and 3; OAR 3 to CHI 5
Please cite this article in press as: Visser, C., et al., QTL for moh
Res. (2011), doi:10.1016/j.smallrumres.2011.05.007

and 11; OAR 4 to CHI 4, OAR 11 to CHI 19 and OAR 25 to
CHI 28. Some of the KRT and KAP genes have been assigned
to the goat genome, specifically CHI 1 and 5 (Cano et al.,
2007), and it was expected to find fibre-associated QTL on
 PRESS
search xxx (2011) xxx– xxx

these chromosomes as well as the equivalents of the ovine
chromosomes mentioned above. The results presented in
this paper support the suggestion that KRT and KAP could
be possible candidate genes for fibre yield and quality and
should receive further attention in fibre-producing goats.

Molecular studies are performed at a high cost and
using out-bred populations often limit the potential of
having large numbers of offspring per sire with complete
phenotypic data, especially OFDA data at an additional
cost. Genotyping more offspring per family and larger
family sizes will be advantageous for further studies.
The large confidence intervals for the putative QTL were
unfavourable, and could be improved by adding more
markers and increased genome coverage. This study
was  quite robust and all but one QTL was  verified at
chromosome-wide significance level. The large QTL effect
for SDA and variance estimate for CF (CHI8) appears to
be over-estimations and could be further investigated
in QTL verification and fine-mapping studies. When SNP
arrays become available for goats, association studies could
possibly be considered as an alternative to QTL studies.
Their applicability in the South African goat industry will
however depend on overcoming financial and resource
constraints. This study presented sufficient evidence for
QTL for mohair traits to warrant further study that will
focus on fine mapping of these candidate regions.

5. Conclusion

Identifying causative mutations for economically
important traits is dependent on QTL identification and
mapping. The results of this study indicated several QTL of
medium effect influencing mohair production and quality,
and explain some of the genetic variance (ranging between
6.9% and 33.6%) in mohair traits. Two  QTL influencing FD
in mohair was  reported in this study. One of these QTL was
not linked to a QTL affecting FW,  posing an opportunity to
improve one trait without a negative correlated response
in the other. The unfavourable correlations between FW
and both SF and CF could be addressed in the same way.
Alternative hypotheses including a single QTL controlling
more than one trait and two linked QTL controlling a single
trait should be investigated. Further studies should be
conducted to fine-map these regions and detect favourable
alleles, that could be incorporated into selection strategies
through marker-assisted selection.
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