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Abstract

The availability of accurate linkage maps is an
important step for the localization of genetic variants
of interest. However, most studies in livestock as-
sume the published map is applicable in their popu-
lation despite the large differences between the
breeds of a species. A region of sheep Chromosome 1
was previously identified as providing evidence for a
marker order inconsistent with the published linkage
map. In this study the identified region was investi-
gated in more detail. Four microsatellite markers
covering the central 5 ¢cM of the inconsistent region
and two flanking markers were genotyped in three
sheep breeds, a commercial population (Charollais),
an experimental population (Scottish Blackface), and
a feral population (Soay). With the inclusion of the
published linkage map, this provided evidence for
three different marker orders across four sheep pop-
ulations. Evidence for selection in this region was
investigated using both a single-point allelic compe-
tition model and a multipoint allele-sharing statistic.
Only the Charollais population provided evidence for
selection, with significant transmission bias ob-
served at marker BM7145. The implications of vari-
ation in linkage maps on the design and analysis of
fine-mapping studies are discussed.

Introduction

The advent of molecular markers has seen the
construction of linkage maps for a variety of com-
mercially important livestock species including
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cattle (Barendse et al. 1997; Kappes et al. 1997,
Thara et al. 2004), chicken (Groenen et al. 2000;
Schmid et al. 2000), deer (Slate et al. 2002), pig
(Archibald et al. 1995; Rohrer et al. 1996), and
sheep (de Gortari et al. 1998; Maddox et al. 2001).
The primary purpose of such linkage maps is to
provide a framework to locate genes of commercial
importance, either through linkage mapping or
comparative analysis. In a typical linkage study,
the published linkage map is used, rather than
constructing separate linkage maps for each popu-
lation studied, because this allows for comparisons
across studies and removes the need to publish
similar linkage maps for each population studied.
This approach of using published linkage maps is
also justifiable given the more comprehensive
coverage of the genome in the mapping popula-
tions.

The use of linkage maps in breeds of animals
other than those that were used in the construction
of the published map requires recognition of the
limitations of the methods used in their construc-
tion. The map distances provided depend on the
mapping function used and are an average over the
pedigree(s) investigated, thus averaging any variation
between individuals. As some of the variation in
recombination has been shown to be heritable (Kong
et al. 2004), it is likely that differences in map dis-
tances exist between populations. Such differences
have been observed between ethnic groups in human
populations (Jorgenson et al. 2005). However, differ-
ences between the actual map distances and those
used in linkage analysis have little effect in practice
(Dodds et al. 2004) and are difficult to detect statis-
tically.

The map order is fundamentally more important
in gene mapping, especially when trying to physi-
cally locate the underlying polymorphism control-
ling the trait of interest. As such, the map order is
generally the primary focus of linkage map con-
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struction with map distances being estimated only
as a secondary consequence. This is evident in the
published maps that, in general, provide a frame-
work map where the likelihood of the order given is
greater than the likelihood of any other order by at
least some predefined threshold, but provide no
standard errors on distances. A typical threshold of 3
LOD (logarithm of the odds) is based on a recom-
mendation given by Morton (1955) for a correction
for the multiple testing involved in linkage analysis.
Given that the latest linkage maps for the major
livestock species now contain more than 1000 loci, a
situation clearly not considered by Morton, the
continued use of this threshold is likely to result in
some errors in the estimated marker order.

Despite these limitations in linkage map con-
struction, differences in linkage map order have not
been forthcoming. However, a large number of
chromosomal rearrangements have been detected in
individual animals and, in some cases, their imme-
diate relatives, using chromosome staining in pigs
(Henricson and Bickstrom 1964; Popescu and
Boscher 1986; Ducos et al. 2002), cattle (Christensen
et al. 1992; Pinton et al. 1997; Joerg et al. 2001), and
chickens (Ramos et al. 1999). The primary reason
why chromosomal abnormalities are not detected in
linkage studies is the associated reduction in fertility
of carriers (Gustavsson 1980). This can be mediated
by prezygotic mechanisms such as an increase in
nondisjunction of chromosomes or chromosome
segments at meiosis that result in gametes with
abnormal cytology and by a reduction in sperm fer-
tility through decreased motility and abnormal
morphology (Guttenbach et al. 1997), or by post-
zygotic mechanisms including an increase in spon-
taneous abortions of fetuses (Kalousek and Lau
1992). During meiosis, selection against a chromo-
somal inversion can be reduced through the forma-
tion of a loop structure during the first metaphase
(McClintock 1931, 1933) or the suppression of
recombination in the region (e.g., Martin et al. 1994;
Brown et al. 1998). Such suppression due to the
presence of a small inversion has previously been
demonstrated to be the cause of a fine-scale differ-
ence in recombination rate between bulls (Park et al.
1995, 1999). It follows that selection against an
inversion may occur primarily at a postzygotic level.
This may be detected as the unequal transmission of
alleles in the inverted segment of a heterozygous
animal.

Recently, McRae et al. (2005) reported the
detection of an inconsistency between the published
sheep linkage map (Maddox et al. 2001) and the
linkage map in a commercial population of Charol-
lais sheep. When compared with the published

linkage map, markers MCM137 and BM6506 on
Chromosome 1 were in an inverted order relative to
the flanking markers BMS527 and BM8246. This
article examines this region with more detail in the
Charollais population with the genotyping of two
further markers. The region is also examined in an
experimental sheep population and a feral sheep
population.

Materials and methods

Animals. Three sheep breeds were examined at
the markers of interest. One of theses breeds, the
Charollais, was studied through sire referencing
schemes in commercial populations from the United
Kingdom. The second, the Scottish Blackface, was
an experimental sheep population at Roslin Insti-
tute. The third breed examined was a feral Soay
sheep population from St. Kilda, Scotland [see
Chapter 2 of Clutton-Brock and Pemberton (2004) for
a description of this population]. The Charollais
sheep pedigree has been described elsewhere (McRae
et al. 2005). Briefly, a complex pedigree of 570 ani-
mals derived from the descendants of five widely
used sires was selected for a QTL mapping study. Of
the 570 animals, 420, mainly descendants, were
genotyped. The Scottish Blackface sheep pedigrees
consisted of nine half-sib families of sizes ranging
from 11 to 145, averaging 72 sheep. The Soay sheep
pedigree was selected from a larger pedigree con-
structed using molecular techniques with the aim of
maximizing power for QTL detection. First, half-
sibships of 12 or more animals and their common
parent were selected followed by the addition of half-
sibships of at least 10 animals that were linked to
previously selected animals. This selected 588 ani-
mals for genotyping. The pedigree was extended
further by including all available ancestral informa-
tion for the selected individuals resulting in a total
pedigree size of 868 animals.

Genotyping. The region of Chromosome 1
showing a marker order inconsistency in the
Charollais sheep population was further investigated
with the genotyping of two additional microsatellite
markers, BM7145 and BMS4008. The markers
BM6506 and MCM137, which originally indicated
the marker order inconsistency, were also regeno-
typed to verify the accuracy of the commercial
genotyping service. All four of these markers, as well
as two flanking markers from the Charollais sheep
map, BM8246 and BMS527, were genotyped in the
Scottish Blackface and Soay sheep pedigrees. Addi-
tional flanking markers (DB6, TGLA415, and SOX2)
were genotyped in the Scottish Blackface pedigree to
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increase the precision of estimation of marker order
as not all families were informative for the flanking
markers. This was especially true for marker
BM8246 where only one family was informative.
Because no significant deviation from the published
map order was observed in the extra flanking
markers, only the positions of the flanking markers
common to all populations are reported. Microsat-
ellite allele lengths were determined using an ABI
3730 DNA analyzer. Genotypes were automatically
determined using GeneMapper followed by manual
checking of the results. Genotype information is
summarized in Table 1. The lower number of
informative meioses in the Soay population com-
pared with that in both the Charollais and Scottish
Blackface is expected since the Soay population
history has involved a number of bottlenecks
(Clutton-Brock and Pemberton 2004). Based on the
published map distances and the observed number of
informative meioses, the resolution of marker order
is theoretically achievable in all populations but is
approaching the limits of resolution in the Soay
pedigree.

Construction of linkage maps. Linkage maps
were constructed using CRIMAP (Green et al. 1990).
CRIMAP is widely used in the construction of
linkage maps in livestock populations because of its
ability to handle large pedigrees from outbred popu-
lations. This is achieved by the simplification of the
full-likelihood model through the exclusion of indi-
viduals who are uninformative or potentially unin-
formative for linkage (i.e., individuals that are
homozygous at a locus or those that have a missing
genotype that could possibly be homozygous). This
simplifies the likelihood by avoiding the summation
over all possible genotype probabilities in individu-
als with missing data. As the information ignored is
consistent across all marker orders, the likelihoods
of different orders are still able to be compared.

Because potential false ‘““double recombinant”
individuals may result in a bias in linkage map
construction, these need to be removed before link-
age map construction. This is especially important
in the central markers of the region studied because
these cover only a few centiMorgans and are very
unlikely to contain true double recombinants.
However, the detection of such individuals requires
prior knowledge of the linkage map order. This was
accounted for using the following multistage proce-
dure. Initially, the published linkage map order was
assumed and individuals with potential double re-
combinant genotypes in the central markers were
detected using the ‘“chrompics’’ option of CRIMAP
and removed from the pedigree. On average this re-

moved five individuals from the pedigree. Then the
likelihood of all permutations of nonflanking marker
orders was calculated. If a more likely marker order
were detected, the removed individuals were re-
placed in the pedigree and the process was repeated
using the new marker order. Once the best marker
order had been found using this method, all other
orders having a log-likelihood within 3 LOD from
that of the best marker order were recorded so that
potential type I error could be assessed. All map
likelihoods in this study were calculated using sex-
averaged recombination distances, although this re-
duced to the male linkage map in the case of the
Scottish Blackface population where recombination
information was available from only male individu-
als. In the other populations, specifying a linkage
map for each sex provided the same results (data not
shown).

The current best estimate of the linkage map
from the (AgResearch) International Mapping Flock
(IMF) used in the construction of the published map
was obtained from the framework given in Maddox
et al. (2001) with distances as given on the Austra-
lian Sheep Genetics web site (Maddox 2003). Only
the central markers used in this study were placed at
specific points on the published framework map, but
the potential positions shown for the flanking
markers were both outside this region. This indi-
cates that the IMF population has no other marker
order with likelihood within 3 LOD of the order
considered here.

Detection of transmission distortion. As out-
lined above, postzygotic selection against a chro-
mosomal rearrangement can result in unequal
transmission of chromosome types to a heterozy-
gous individual’s offspring. The detection of trans-
mission distortion was achieved in two ways. The
first approach involved an application of the Brad-
ley-Terry model for ranking sports teams (Bradley
and Terry 1952). In this case, the alleles at a marker
locus are ranked according to an indicator of
transmission potential and tested for deviation from
equality (Sinsheimer et al. 2000). The analysis was
performed using the ‘““Gamete_competition’”’ mod-
ule of Mendel (v5.7; Lange et al. 2001). Alleles with
low frequencies in the population (>5%) were
pooled to remove potential bias associated with the
use of large sample results in evaluating signifi-
cance. Because this single marker analysis poten-
tially loses power as a result of not incorporating
transmission information from multiple markers,
an additional multipoint test for transmission dis-
tortion was also performed. The basis for the mul-
tipoint statistic is the observation that preferential
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Table 1. Summary of marker information in the three examined populations

Population Marker Number of alleles PIC? Informative meioses
Charollais BMS527 8 0.69 373
MCM137 15 0.83 494
BM7145 7 0.72 332
BM6506 6 0.70 308
BMS4008 7 0.70 366
BMS8246 9 0.82 483
Soay BMS527 5 0.42 153
MCM137 7 0.70 176
BM7145 4 0.64 112
BM6506 5 0.63 153
BMS4008 5 0.74 126
BM8246 5 0.59 128
Scottish BMS527 7 0.75 328
Blackface DB6 16 0.78 378
MCM137 15 0.89 383
BM7145 8 0.60 189
BM6506 6 0.63 343
BMS4008 9 0.73 356
TGLA415 10 0.52 191
SOX2 (LS6) 17 0.73 375
BMS8246 8 0.60 37

“PIC = Polymorphic Information Content (Botstein et al. 1980).

transmission at a locus results in an increase in
relatedness among an individual’s offspring. Thus,
an indicator of transmission distortion in a general
pedigree of size n can be constructed by

n 1
TDI :Z Z 7

i=1 j=1
where 7;; is the estimated identity-by-descent (IBD)
probability for animals and j. Multipoint IBD values
were estimated by Markov chain Monte Carlo
(MCMC) sampling using the program LOKI (Heath
1997) and assuming the most likely map order in
each population. Average IBD coefficients were cal-
culated from the mean of 10,000 samples taken at
every tenth iteration after a 1000-iteration burn-in.
The empirical distribution of the indicator statistic
was assessed by 1,000,000 gene-dropping simula-
tions. In these simulations, all founders were as-

sumed to have unique alleles because this allowed
for rapid calculation of IBD values.

Results

Linkage map construction. The estimated linkage
maps for the populations for the region examined are
given in Table 2. In the Charollais and Soay sheep
populations, the most likely map order was greater
than 3 LOD more likely than any other marker or-
der. The order of markers BMS527 and MCM 137 was
not able to be elucidated in the Scottish Blackface
population with the most likely map order posi-
tioning these markers together. The Charollais
population shows strong evidence against having the
marker order given by the IMF populations (—10.0
LOD) and the order given by the Soay sheep popu-
lation (-12.0 LOD). Similarly, the Soay sheep popu-

Table 2. Estimated marker positions for the most likely linkage map order within each population

Population

Marker IMF?* Charollais Soay Scottish Blackface
BMS527 0.0" 0.0" 0.0" 0.0"

MCM137 18.7% 18.0% 23.01%) 19.6/%/3)

BM7145 19.883 18.6% 22.61%) 19.612/3)

BM6506 20.94 15.9% 25.114 20.314

BMS4008 22.0) 19.81%) 26.41%) 22.319)

BMS8246 27210 25.6'% 34.219 29.79)

No other orders were within 3 LOD of the most likely order. The relative position of each marker is given beside the estimates.
#Marker distance is measured from BMS527, which is at position 213.9 ¢M on Chromosome 1 in the published linkage map.
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Table 3. Summary of the five most likely marker orders for each of population

Population Order Log;p-likelihood Map Ilength
IMF 1,2,3,4,5,6 _ 27.2
Charollais 1,4,2,3,5,6 —-125.97 25.6
1142536 ~129.12 26.2
1 4, 12,5,6 ~129.65 26.0
1,4,5,2,3,6 -129.79 26.8
14 36 -131.72 26.6
Soay 1,3,2,4,5,6 —124.48 34.2
1,2.3.4,5.6 ~127.63 34.8
1,3,2,5,4,6 ~130.05 35.0
154236 ~132.99 40.4
1,2,3,5,4,6 ~133.22 35.6
Scottish Blackface 1,2/3,4,5,6 -168.51 29.7
1,4,2/3,5,6 ~171.64 31.1
12,4,3,5,6 ~172.59 30.2
1,3,4,2,5,6 ~173.98 30.9
1,5,2/3,4,6 ~180.21 32.8

Locus numbers represent the order from the IMF population starting at BMS527. Markers with tied positions are indicated with a slash.

lation provides evidence against having the IMF
marker order (-3.2 LOD) and the order in the
Charollais population (—12.8 LOD). The marker or-
der obtained in the Scottish Blackface populations is
consistent with the orders given in both the IMF and
Soay populations but not the Charollais order (-3.2
LOD). A summary of the five most likely map orders
in the three populations examined is given in
Table 3.

Detection of transmission distortion. The sig-
nificances of the single-point analysis of allele
transmission are given in Table 4. Only the
Charollais population shows any evidence of trans-
mission distortion with marker BM7145 being sig-
nificant at the 5% level. While this result could
potentially be caused by problems with the PCR,
e.g., uneven amplification of alleles, such problems
were not apparent during the scoring of genotypes.
Also, there was no excess in Mendelian inconsis-
tencies at this marker relative to other markers.
The multipoint transmission distortion indicator

statistic provides no significant results at any of
the marker positions (Table 5). However, in the
Charollais population the two flanking markers
show less allele-sharing than all the internal mark-
ers, a situation expected if transmission distortion is
occurring due to selection against chromosomal
heterogeneity in this region. Marker BMS527 in the
Scottish Blackface population approaches signifi-
cance in the multipoint analysis but not in the sin-
gle-point analysis. However, it provides no evidence
for selection on a chromosomal rearrangement be-
cause it is a flanking marker for the region of inter-
est.

Discussion

With the increasing effort to fine-map and ulti-
mately locate variants in regions detected to have an
effect on commercially important traits in previous
genome-wide scans, it is becoming increasingly
important to have dense and accurate linkage maps.
Here, a difference between the linkage maps of the

Table 4. Significance of single-point analysis of transmission distortion

Population
Marker Charollais Scottish Blackface Soay
BMS527 0.924 0.146 0.469
MCM137 0.755 0.361 0.518
BM7145 0.015% 0.453 0.625
BM6506 0.416 0.157 0.323
BMS4008 0.150 0.899 0.708
BMS8246 0.562 0.968 0.432

?Only marker BM7145 in the Charollais sheep population shows significant amount of transmission distortion at the 5% level.



A.F. McRAE AND D. BErRALDI: LINKAGE MAP DISCREPANCIES ACROSS SHEEP BREEDS 351

Table 5. Multipoint analysis of transmission distortion

Population

Marker position Charollais Scottish Blackface Soay
1(BMS527) 200 .050 0.416

2 0.12.3(BM6506) 0.237!BM7145) 638/MCM137)
3 0.132MCM137) 0.240MCM137) 0.639/BM7145)
4 0.095(BM7145) 0.314/BM6506) 0.699/BM6506]
5(BMS4008) 0.078 0.447 et

6 (BM8246) 0.176 0264 g

The proportion of gene-drop replicates having larger transmission distortion indicator values than that calculated from marker data is
shown. Although not significant, the central markers in the Charollais sheep linkage map show increased allele sharing compared to the

flanking markers.

IMF population and the Charollais and Soay sheep
populations has been demonstrated. The map orders
from the Charollais and Soay populations also differ
from each other. The estimated marker order in the
Scottish Blackface is consistent with the order given
by both Soay and IMF populations. Thus, this study
has identified a total of three different map orders
across four sheep populations.

The marker orders observed in this study require
at least two chromosomal rearrangements since the
sheep breeds last shared a common ancestor. The
most likely order in the Soay sheep population
shows a two-marker inversion (MCMI137 and
BM7145) compared with the IMF linkage map. The
relationship between the linkage map for the Cha-
rollais sheep population and that for the other pop-
ulations depends on which map is chosen as the
correct map. The most likely order in the Charollais
population is a three-marker inversion (BM7145,
MCM137, BM6506) from the order given in the Soay
sheep population and requires either two inversions
or a translocation to achieve the order given by the
IMF population. This suggests that the most parsi-
monious solution to the ancestry of these sheep
breeds is to consider the Soay sheep as an outgroup
to the IMF and Charollais populations with a dif-
ferent inversion occurring in both the IMF and
Charollais lines once these had split. This interpre-
tation is consistent with the primitive status of the
Soay sheep. Unfortunately, not all these markers
amplify in other livestock species, or, if they do
amplify, their order cannot be elucidated using the
current linkage mapping populations, so it is not
possible to further clarify the history of this region.

This study provides some evidence for selection
occurring in the region of interest in the Charollais
sheep population through the observation of unequal
transmission of alleles at BM7145 and an increase in
allele-sharing at the central marker positions com-
pared with the flanking marker positions. Both
methods used to detect possible transmission dis-
tortion have potential pitfalls that need to be

examined. The single-point analysis ranks the alleles
at a marker locus based on their transmission prob-
abilities when in competition with each other (i.e.,
in a heterozygous individual). Thus, it is a test of
association between marker alleles and the locus
causing the transmission distortion. While it is
likely that a chromosomal rearrangement occurs
initially in one individual, any association with
marker alleles is likely to be incomplete, thus
reducing the power for detecting transmission dis-
tortion. Also, the requirement of the pooling of rare
alleles for the large sample distribution of the test
statistic to be applicable may potentially combine
alleles at the opposite end of the transmission
spectrum, biasing the results toward the null
hypothesis. The multipoint test statistic has an
underlying bias induced by the methodology used to
estimate the null distribution. In the gene-dropping
simulations, all founder individuals were considered
to have unique alleles because this allowed for rapid
computation of IBD values that are otherwise com-
putationally demanding in the complex pedigrees
used. A consequence of this assumption is an in-
creased range in the simulated null distribution. It
can be shown that this increase occurs primarily at
the higher end of the distribution of the test statistic,
biasing estimated p-values upward. Thus, the evi-
dence for selection in the examined region is in-
creased by the knowledge that marker inheritance is
not fully determinable given the number of alleles at
the marker loci.

While the detection of weak transmission dis-
tortion in the Charollais sheep provides indirect
evidence for the presence of multiple linkage map
orders in a population, the methodology used in the
estimation of linkage maps assumes only a single
map order. This limitation in the methodology is
not readily removed, especially given the complex
pedigree structure in the Charollais sheep popula-
tion. The most likely map order obtained from
CRIMAP represents an ‘““average’”’ map order within
the population whose value depends on the map
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orders within the population and their relative
frequencies and thus does not necessarily represent
an order present in the population. However, such
heterogeneity in chromosome structure is also likely
to reduce the difference in likelihoods between
competing map orders. The difference of 3.19 LOD
between the two most likely orders in the Charollais
population suggests that any effect of homogeneity
on linkage map selection is relatively limited.

The observation of heterogeneity of chromosome
structure has implications for the design and analy-
sis of fine-mapping studies. Because the map cannot
be assumed to be the same as the published map,
information on linkage will also need to be collected.
Thus, fine-mapping using linkage disequilibrium in
a random sample from a population should be
undertaken with caution. Instead, designs such as
several large half-sib families are more appropriate
because all individuals provide information through
both linkage and linkage disequilibrium. The choice
of analysis methodology used in fine-mapping stud-
ies also depends on the amount of information about
linkage that is available. While single-locus methods
such as regression of trait values on genotype do not
directly require linkage information for their use, the
following attempts to characterize the underlying
genetic variants in the detected region may be
hampered without this information. Also, given the
large amount of variability in the amount of linkage
disequilibrium between pairs of loci separated by a
fixed distance in livestock populations (Farnir et al.
2000; McRae et al. 2002; Nsengimana et al. 2004),
multilocus methods that average out this variability
are likely to be more powerful than single locus
methods. All multilocus methods will require a ge-
netic map to be known accurately so the appropriate
weighting of information at each locus is achieved.
Incorrect specification of linkage maps may result
the localization of a locus to an incorrect region.
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