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Abstract
A linkage map comprising 194 microsatellite markers across the pig genome was
constructed with a large scale White Duroc × Erhualian resource population. The
marker order on this linkage map was consistent with the USDA-MARC reference
map except for 2 markers on pig chromosome (SSC) 3, 2 markers on SSC13 and 2
markers on the X chromosome. The length of the sex-average map (2,344.7 cM) was
nearly the same as those of the USDA-MARC and the NIAI maps. A highly
significant heterogeneity in recombination rates between sexes was observed. The
female autosomes had higher average recombination rates than the male autosomes
except for SSC1 and SSC13. However, recombination rates in the pseudoautosomal
region were greater in males than in females. These observations are consistent with
the previous reports. The recombination events on each paternal and maternal
chromosome of F2 animals were also inferred by SimWalk2. Recombination rates
were not significantly affected by the age (in the unit of day) and the parity of F1
animals. However, the recombination rates on the paternal chromosomes were
affected by the mating season of F1 animals. This could represent an effect of
environmental temperature on spermatogenesis.
To detect quantitative trait loci (QTL) for leg weakness in pigs, a total of 1,484
F2 pigs were recorded for their leg scores (at 76 d and 213 d) and gait scores (at 153 d
and 223 d) in the White Duroc × Erhualian resource population. Moreover, the lengths
of the limb bones, the areal mineral density of the femoral bone (aBMD) and the
length and the weight of the biceps brachii muscle were recorded after these F2
animals were harvested at 240 d. A whole genome scan was performed with 194
microsatellite markers in the resource population to identify QTL for these traits. A
total of 79 QTL were detected, including 35 at the 1% genome-wide significant level
and 9 at the 5% genome-wide significant level. Seventy-two of the 79 QTL showed
significant additive effects and 20 of the 79 QTL had significant dominance effects.
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At least two QTL were detected for each trait except for the leg score at 76 d, for
which no QTL was identified. Some of QTL for leg scores, gait scores and lime bone
lengths confirmed previous findings. Eighteen QTL for the weight and the length of
the biceps brachii muscle and two QTL for the aBMD were detected in present study.
To our knowledge, this was the first report about QTL for the three traits in pigs. Two
chromosome regions each on SSC4 and SSC7 showed significant and multiple
associations with leg weakness and the growth of the biceps brachii muscle and the
lime bones, which are worthwhile for further investigation.
Combined analysis of data from two or more resource populations can improve
the power and accuracy of QTL mapping and allow some cross-validation of results.
In this study, we performed a genome-wide scan using combined data from two F2
populations derived from a cross between Large White and Chinese Meishan pigs. A
total of 739 pigs were included in the analysis. In total 187 markers were genotyped in
the two populations, including 115 markers genotyped in both populations, and these
markers covered 2,282 cM of the pig genome with an average of 13.58 cM between
adjacent markers. Seven traits (teat number, birth weight, weaning weight, test-end
weight, fat depth at shoulder, fat depth at mid back and fat depth at loin) were
analyzed for both individual populations and the combined population. There were 9
(2, 10), 1 (4, 4) and 14 (5, 18) QTL that achieved 1% genome-wide, 5% genome-wide
and suggestive significance levels, respectively, in population 1 (population 2,
combined population). Additive effects of QTL detected in the two populations at all
significance levels were largely consistent suggesting that the QTL represent real
genetic effects, but this was not the case for dominance or imprinting effects. There
were also a number of significant interactions between detected QTL effects and
population.
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Abbreviations
aBMD

areal bone mineral density

AIL

advanced intercross lines

BMD

bone mineral density

Ca

additive coefficient

Cd

dominance coefficient

CI0.95

95% confidence interval

cM

Centimorgan

DXA

dual energy X-ray absorptiometry

FGS

gait score of front legs

FLS

front leg score

IGF2

insulin-like growth factor 2

LOD

likelihood of odds

LR

likelihood ratio

MARC

Meat Animal Research Center

ML

maximum likelihood

NIAI

National Institute of Animal Industry of Japan

PiGMaP

European Pig Gene Mapping Project Consortium

PRKAG3

protein kinase AMP-activated gamma 3

QTL

quantitative trait locus

RFLP

restriction fragment length polymorphism

RGS

gait score of rear legs

RLS

rear leg score

SAS

Statistics Analysis System

SNP

single nucleotide polymorphism

SSC

Sus scrofa chromosome

USDA

United States Department of Agriculture
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1
General Introduction
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1.1 Introduction
Pork is the most popular meat in the world, and occupies 43% of red meat
market in the world (Rothschild and Ruvinsky, 1998). As an animal domesticated over
7,000 years ago and a kind of very important agricultural livestock, pigs have
undergone artificial selections in the history. In recent decades, the artificial selections
imposed on pigs became more intensive, and some economical traits of the pig, such
as average daily gain (ADG) and backfat thickness, have got a substantial
improvement. However, artificial selections for production traits have adverse effects
on leg structures, and poor leg structures cause leg weakness (Lee et al., 2003). Leg
weakness or leg soundness disorder becomes more popular and has resulted in huge
economical loss in the pig industry (Rothschild and Christian, 1988). Leg weakness
can be evaluated with leg scores and gait scores, and is related with the weight and the
length of the biceps brachii muscle and the length and the mineral density (BMD) of
limb bones (Draper et al., 1991), but the genetic architecture of leg weakness is still
poorly understood.
Combined analysis of data from two or more resource populations can improve
the power and accuracy of quantitative trait locus (QTL) mapping and allow some
cross-validation of results. But just few joint analyses of specific chromosomes have
been reported (Walling et al., 2000; Kim et al., 2005; Pérez-Enciso et al., 2005).
In the present study, a three-generation population was developed by a cross
between two White Duroc boars and 19 Erhualian sows at Jiangxi Agricultural
University (Ren et al., 2006). The lengths of limb bones, the weight and the length of
the biceps brachii muscle, leg scores and gait scores of the F2 animals were recorded.
A total of 194 microsatellite markers were genotyped and a linkage map was
constructed. The effects of some environmental factors including sex and season on
5
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recombination ratios were also investigated. Furthermore, a whole genome scan was
performed to identify QTL for leg weakness and its related traits. Finally, to evaluate
the merits of the joint data QTL analysis, a genome-wide scan was performed using
combined data from two F2 populations derived from a cross between Large White
and Chinese Meishan pigs.

1.2 Linkage maps of pig
Linkage map, also called genetic map, is the fundament of the QTL mapping,
and a lot of efforts have been devoted to construct and extend the swine linkage map
in the recent decades. Until now, four linkage maps have been reported, and more
than 3,000 genetic markers have been assigned on the swine genome. The four
genetic maps are the Meat Animal Research Center of United States Department of
Agriculture (USDA-MARC) map (Rohrer et al., 1994; Rohrer et al., 1996), the
European Pig Gene Mapping Project consortium (PiGMaP) map (Archibald et al.,
1992; Archibald et al., 1995), the Scandinavian map (Ellegren et al., 1994; Marklund
et al., 1996) and the National Institute of Animal Industry of Japan (NIAI) map
(Mikawa et al., 1999). On these linkage maps, most of the common markers have the
same order except for few closely linked markers having different orders. But the
distances between adjacent markers are more variable than the order, which might be
caused by the small population size (the number of F2 animals varying from 94 to 200
in the four reference populations). To improve the swine linkage map, a large scale
experimental population with more informative meioses is required (Rohrer et al.,
1996).
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1.2.1 The factors affecting the linkage maps
It has been reported that recombination occurs unevenly across chromosomes,
and their occurrences are also influenced by several other factors, such as sex, age of
the animal producing the gamete and environmental temperature (Morgan et al., 1925;
Simchen and Stamberg, 1969).

1.2.1.1 Sex
Sex has remarkably significant effects on recombination frequency in a number
of species, such as human, cattle, horse, dog, chicken (Dunn and Bennett, 1967;
Callan and Perry, 1977; Andersson and Sandberg, 1984; Broman et al., 1998; Groenen
et al., 1998; Neff et al., 1999). The general tendency for recombination is less
frequent in the heterogametic sex. Pig is not an exception; the recombination of the
female is greater than that of the male in most chromosomal regions (Archibald et al.,
1995; Marklund et al., 1996; Rohrer et al., 1996; Mikawa et al., 1999).
The average ratios of the recombination rates between females and males were
1.402, 1.545 and 1.303 in the Scandinavian, the NIAI and the PiGMaP maps,
respectively. The USDA-MARC map did not consider the different recombination
rates between sexes because the population size was too small to get a reliable
estimate. On the four reported maps, linkage maps of all chromosomes were longer in
females than in males except for few chromosomes. On the NIAI and the PigMap
maps, although females had higher recombination rates at both ends of SSC1, they
had lower recombination rate in the SW781-SW974 region, which ultimately caused
the male linkage map to be longer than the female (Figure 1). Besides SSC1, the
linkage maps of SSC2, SSC9, SSC13 and SSC14 were also longer in males than in
females on the PigMap map. On the Scandinavian map, only the linkage map of
SSC13 was longer in males than in females.
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Figure 1 The sex-specific linkage maps of SSC1 from the PiGMaP, the Scandinavian and the NIAI maps.
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1.2.1.2 Age of the animal producing the gamete
The age of the animal producing the gamete is another factor affecting the
recombination. Bridges reported as early as 1915 that crossing over in Drosophila
varied with the age of the mother, which was confirmed later (Redfield, 1966). In C.
elegans, recombination frequency varied with the maternal age (Rose and Baillie
1979). In humans, some studies also indicated that the recombination was related with
age (Weitkamp, 1973), but it was not confirmed in other studies (Renwick and
Schulze 1965; Weitkamp et al., 1973; Lange et al., 1975; Elston et al., 1976). There
was no significant evidence of an age effect in the horse (Andersson and Sandberg,
1984).

1.2.1.3 Environmental temperature
The environmental temperature also has an influence on the recombination rate.
In C. elegans, recombination frequency was increased two times when the ambient
temperature increased from 13.5 °C to 26 °C in some regions on linkage groups I and
V (Rose and Baillie, 1979). Temperature shock treatments at 0 °C and 37 °C usually
increased recombination frequency in Drosophila (Grushko et al., 1991). In Coprinus
lagopus, both descending and ascending temperature could increase the
recombination frequency (Lu, 1974). The increased recombination frequency by low
temperature might be attributable to the increased duration of pachytene, because the
recombination frequency is a function of the duration of pachytene. The longer the
homologous chromosomes are holding together, the higher is the recombination
frequency (Lu, 1974).

1.2.1.4 Genes
The recombination rate can be influenced by genetic variation (Simchen and
Stamberg, 1969; Maynard Smith, 1978). Domesticated animals are different from
9
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natural populations for having unusually high chiasmata counts (Burt and Bell, 1987).
In C. elegans, a recessive mutation (rec-1) can expand map distances across the gene
cluster and contract map distances near the right end of the chromosome I (Zetka and
Rose, 1995)

1.2.1.5 Location on the chromosome
Short chromosomal arms have higher recombination rates than long arms, and
recombination rates are more frequent in telomeric regions than in pericentric regions
(Marklund et al., 1996; Rohrer et al., 1996).

1.2.2 The length of the swine linkage map
The estimated length of the sex-average linkage map was 2,470 cM on the
USDA-MARC map (Rohrer et al., 1996), 2,500 cM on the Scandinavian map
(Marklund et al., 1996), and 2,561.9 cM on the NIAI map (Mikawa et al., 1999).
Considering that the NIAI map extended the USDA-MARC map about 48.5 cM at the
ends of SSC1, SSC5, SSC11 and SSCX, the sizes of these three maps have no
significant difference, and 2,500 cM is possible the best estimated length. The
PiGMaP map did not cover the whole genome, so the reported 1,800 cM on this map
obviously underestimated the length of the sex-average linkage map (Archibald et al.,
1995). The lengths of male-specific (female-specific) linkage maps were 1,931.3
(2,984) cM, 1,650 (2,150) cM and 1,830 (2,565) cM in NIAI, PiGMaP and
Scandinavian maps, respectively (Archibald et al., 1995; Marklund et al., 1996;
Mikawa et al., 1999).
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1.3 QTL mapping
Mapping of QTL is the first step of positional cloning and position candidate
gene approach. Following the first study of QTL mapping in pigs in 1994 (Andersson
et al., 1994), a number of QTL studies have been carried out (Rothschild et al., 1995;
Knott et al., 1998; Lee et al., 2003; Ren et al., 2006). So far a total of 1,831 QTL
across the pig genome have been recorded in the pig QTL database (PigQTLdb:
http://www.animalgenome.org/QTLdb/pig.html). Studies of QTL mapping have
contributed to the identification of some economically important genes in pigs, such
as the protein kinase AMP-activated gamma 3 gene (PRKAG3) (Milan et al., 2000)
and the insulin-like growth factor 2 gene (IGF2) (Van Laere et al., 2003).

1.3.1 Resource family
A specific experimental population, namely resource family, is required for QTL
mapping. Resource families include backcross populations, F2 (the second filial
generation) populations, advanced intercross lines (AIL) and other complex
populations.

1.3.1.1 Backcross population
To produce a backcross population, two parental lines cross each other to
produce the first filial generation (F1), and then F1 animals mate with the animals
from the parental lines to generate the backcross population. In a backcross
population, the segregation and recombination events of each backcross animal can be
traced only in one gamete (the male or the female F1 gamete). But in an F2 population,
they can be traced in both gametes (the male and the female F1 gametes). At the same
population size, backcross populations have less statistic power than F2 populations
and are gradually replaced by F2 populations.
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1.3.1.2 F2 population
The first step to produce an F2 population is the same as that for the development
of a backcross population, but the second step is different. Instead of mating to the
paternal lines, F1 individuals intercross to get F2 animals. The F2 population is widely
used in QTL mapping now, because they are more powerful than other populations
(Knott et al., 1998; de Koning et al., 2001; Ren et al., 2006).

1.3.1.3 Advanced intercross lines
Advanced intercross lines (AIL) are based on F2 populations. The F2 population
keeps randomly and sequentially intercrossing for n generations, resulting in an
advanced intercross line (Darvasi and Soller, 1995). Sequentially intercrossing of AIL
increases the probability of recombination between loci, so AIL has high resolution of
QTL map position. However, construction of AIL is time consuming, especially for
livestock with long generation intervals, so AIL populations are not widely engaged in
QTL mapping in farm animals. Usually, they are applied in QTL fine mapping in
crops or small animals with short generation intervals (Iraqi, 2000; Iraqi et al., 2000;
Wang et al., 2003a; Wang et al., 2003b; Balint-Kurti et al., 2007).

1.3.1.4 Other complex populations
For the large livestock species, such as dairy cattle, the experimental populations
described above are impractical for establishment because of the cost and the time
consumption. The natural populations from farms can be applied in QTL mapping in
these species with less statistical power. The half-sib design and the grand-daughter
design are two mainly methods used in QTL mapping of dairy cattle (Heyen et al.,
1999; Bennewitz et al., 2003; Mariasegaram et al., 2007).
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1.3.2 Marker selection
A genetic marker is a segment of DNA with an identifiable physical location on a
chromosome and tracable inheritance. A genetic marker can be a gene or a fragment
of DNA with unknown function, for example an anonymous marker.

1.3.2.1 Classification of genetic markers
There are four kinds of genetic markers: type I, type II, type III and type IV. A
type I marker is a segment of a gene; a type II marker is an anonymous sequence,
including restriction fragment length polymorphism (RFLP) and microsatellite; a type
III marker is a single nucleotide polymorphism (SNP); and a type IV marker is a copy
number variation. The type II marker is widely used in QTL mapping because it is
more polymorphic than the others. The type III marker is usually applied in the QTL
fine mapping for its abundance in the genome.

1.3.2.2 Criterion of maker selection
Marker selection is a key step for QTL mapping. The criteria for the selection of
genetic marker are listed below: (1) coverage of the whole swine genome at an
interval of 20 to 30 cM; (2) informative in the population; (3) ease to genotype; (4)
usage in other studies (Lee et al., 2003).

1.3.3 Information content and segregation distortion
Information content and segregation distortion are two factors reflecting the
quality of the genotype data. In general, information content is increasing with the
increment of the marker’s polymorphism, and segregation distortion is decreasing
with the enhancement of the accuracy of the marker’s genotypes.
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1.3.3.1 Information content
Information content indicates how much information that marker can provide at
any location on the genome. If the location is full informative for an F2 animal, then
the QTL genotype of the F2 animal can be known without error. So the additive
coefficient (Ca) of the F2 animal is 1 (when the QTL genotype of this animal is QQ), 0
(Qq or qQ) or -1 (qq), and the dominance coefficient (Cd) is 1 (Qq or qQ) or 0 (QQ or
qq). If the location is completely non-informative for an F2 individual, then all of the
probabilities of the QTL genotypes of QQ, Qq, qQ and qq are 0.25, and Ca of the
animal is 0 (equal to 0.25 minus 0.25) and Cd is 0.5 (equal to 0.25 plus 0.25). The
variance of Ca plus twice the variance of Cd is used to indicate the information content,
which varies between 0 and 1.125 (Knott et al., 1998).

1.3.3.2 Segregation distortion
There are two kinds of segregation distortion, one is an excess of alleles from
either of the original lines and the other is an excess or lack of heterozygotes (Knott et
al., 1998).
The expected values of Ca and Cd are zero and 0.5 in an F2 population,
respectively. When the alleles from one original line excess those from the other, the
population mean of Ca tends to 1 or -1. If the heterozygote is more or less than its
expected value, then the population mean of Cd tends to 1 or 0. A t test can determine
whether a segregation distortion exists at a given location on the genome. The
deviations of the population mean of Ca and Cd from their expected values probably
arise from the genotypic errors in the data.

1.3.4 QTL analysis method
Two methods are often applied in QTL analyses. One is linear regression and the
other is maximum likelihood (ML). The former is easy to extend the linear regression
14
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model and requires few computing time, so it can fix more factors into the model and
consider more models (Haley and Knott 1992; Haley et al., 1994). The latter uses the
full information from the marker-trait distribution, so it is considered more powerful,
but it need more computing time (Lander and Botstein, 1989; Jansen and Stam, 1994).

1.3.4.1 Linear regression
The linear regression method has been widely used in QTL mapping (Nii et al.,
2005; Nii et al., 2006; Reiner et al., 2007; Edwards et al., 2008). This method
includes the following four steps.
Firstly, determine the fixed effects and the covariates of the regression models.
To enhance the power of the QTL analysis, the fixed effects and covariates should be
included into the model to reduce the residual variance.
Secondly, infer the coefficients of the additive, the dominance and/or the
imprinting effects at a given point based on the information of flanking markers
(Haley and Knott, 1992; Haley et al., 1994).
Thirdly, regress these coefficients to the phenotype and estimate the effects of
additive, dominance and/or imprinting. Comparing the model with QTL (full model)
to the model without QTL (reduce model), if the full model is significantly better than
the reduce model, the analysis point probably exists a QTL. In a linkage group, it
might be that many test statistics exist that are greater than the threshold value, but
only the analysis point with the maximum test statistics is considered as the position
of the QTL.
Finally, determine whether the QTL effects exist. It exists if the effect of the QTL
is significantly greater than zero. Usually, if the estimate of the effect is more than two
times of its standard error, the effect is considered to exist.

1.3.4.2 Maximum likelihood
The maximum likelihood (ML) method had been popular in the QTL mapping in
the past (Lander and Botstein, 1989; Jansen and Stam, 1994; Jansen, 1996). But now
15
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it is gradually replaced by the linear regression method.
If there exists a QTL linkage with a marker M (the alternative hypothesis),
assuming that the phenotypes of all individuals with QTL genotype Qk follow a
normal distribution with mean of μQk and variance of σ2, then the likelihood for an
individual with phenotypic value z and marker genotype Mj at an analysis point is
N

l ( z | M j ) = ∑ ϕ ( z, μQk , σ 2 ) Pr(Qk | M j )
k =1

where ϕ ( z, μQk , σ 2 ) is the density function for a normal distribution with mean of
μQk and variance of σ2, and N is the number of genotype of the QTL. The Pr(Qk|Mj) are
the probability of Qk given the marker genotype Mj, and can be calculated provided
the genetic map and the genotypes of the markers. The overall likelihood for n F2
individuals at the analysis point is the product of the individual likelihoods,
n

l ( z ) = ∏ l ( zi | M i )
i =1

where n is the number of F2 individuals, l(zi|Mi) is the likelihood of the ith
individual.
If there doesn’t exist a QTL linkage with the markers (the null hypothesis),
assuming that the phenotypes of all individuals follow a normal distribution with
mean of μ and variance of σ2, then the likelihood for an individual with phenotypic
value z becomes
l N ( z | M j ) = ϕ ( z, μ , σ 2 )

The overall likelihood for n F2 individuals is the product of the individual likelihoods,
n

l N ( z ) = ∏ l N ( zi | M i )
i =1

where n is the number of F2 individuals, lN(zi|Mi) is the likelihood of the ith
individual.
After the ML estimation under the null hypothesis and the alternative hypothesis,
the likelihood ratio (LR) statistic can be used to test whether a QTL locates at the
analysis point. The LR can be obtained from the MLs according to the following
16
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equation,
⎡ Max l N ( z ) ⎤
LR = −2 ln ⎢
⎥
⎣ Max l ( z ) ⎦

The likelihood ratio follows an approximate chi-square distribution with the
degrees of freedom equal to the extra number of parameters fitted in the alternative
hypothesis model.

1.3.5 Threshold value
There are a lot of analysis points in the QTL analysis. Each point needs a test, so
a large number of tests are performed. Some of them are independent, but the others
are not. In order to control false positive results arising from the multiple comparisons,
a Bonferroni correction or a permutation approach is often used to adjust the threshold
values (Churchill and Doerge, 1994; de Koning et al., 2001).

1.3.5.1 Significant level
Four significant levels are widely applied in QTL mapping studies: 5% and 1%
chromosome-wide and 5% and 1% genome-wide significant levels. When scanning
QTL on a part of the chromosomes, the 5% and 1% chromosome-wide significant
levels are often used. While identifying QTL across the whole genome, the 5% and
1%

genome-wide

significant

levels

are

applied,

and

the

average

5%

chromosome-wide threshold is often considered as the suggestive significance level.
The 5% and 1% genome-wide threshold values can be obtained directly from
genome-wide permutation, and the suggestive threshold value is obtained from the
formula: PGenome− wide = 1 − (1 − PChromosome− wide )1 / r , where r is the proportion of total
genome length attributed to the chromosome (de Koning et al., 2001).
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1.3.5.2 Bonferroni correction
The Bonferroni correction can be used for multiple dependent tests. Provided
that an entire significant level γ is set for the whole experiment with n dependent tests,
an overall significance level γ requires each individual test based on a significant level
1

of α = 1 − (1 − γ ) n . In QTL analyses, some tests are independent, but the others are
not. The number of dependent tests is difficult to obtained, so the Bonferroni
correction is not often used in QTL mapping (Lynch and Walsh, 1998).

1.3.5.3 Permutation approach
A more robust method to obtain overall significant threshold value is a
permutation approach proposed by Churchill and Doerge (1994). The principle of the
method is to generate an empirical distribution of the test statistic under the null
hypothesis. Significance thresholds can be determined based on the empirical
distribution (Churchill and Doerge, 1994; Doerge and Churchill, 1996). To produce a
population under null hypothesis with the original data, the association between the
phenotype and the genotype must be removed by randomly reassigning the
phenotypic values. Iterating n times of the reassignment procedure will generate n
populations. The values of the test statistic from these populations will give an
empirical distribution under the null hypothesis. When n is big enough, the empirical
distribution of test statistics will be approximate to the true distribution of the test
statistic.

1.3.6 95% confidence interval
The location with the maximum value of the test statistic is the point estimate of
the QTL position, and the 95% confidence interval (CI0.95) is the interval estimate of
the QTL position. In QTL mapping, the interval estimate is more important than the
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point estimate, because it point out the direction of the study following the QTL study.
If the CI0.95 is large, a QTL fine mapping is required to narrow it. If it is small enough,
the positional cloning or positional candidate gene approach can be followed to
dissect the causative gene(s) and mutation(s). There are two ways to construct the
CI0.95 (Lander and Botstein, 1989; Visscher et al., 1996).

1.3.6.1 One-LOD rule
The CI0.95 comprises all of locations of which the logarithm of odds (LOD score)
are greater than the maximum LOD score minus one. In a large sample, the statistic of
likelihood ratio (LR) follows a chi-square distribution. Dropping one LOD score is
equal to the LR decrement of 4.61, which corresponds to P = 0.0318 for a chi-square
distribution with one degree of freedom. So if the degree of freedom of LR statistic is
one, one-LOD support interval approximates the CI0.95 (Conneally et al., 1985;
Lander and Botstein, 1989). But in most of QTL mapping studies, the degree of
freedom is more than one, so the one-LOD support interval constructs an
unconservative confidence interval. Thus, some researchers proposed that a 1.5 or
2-LOD support interval may be a better choice (van Ooijen, 1992; Mangin et al.,
1994). When the ML method is used to do the QTL analysis, the bootstrap approach is
not suitable to set up the CI0.95 due to its requirement of computer time, so the
one-LOD rule is often used to construct the CI0.95 (Lander and Botstein, 1989).

1.3.6.2 Bootstrap approach
The bootstrap approach is one kind of re-sampling method and a very robust and
popular procedure for constructing the CI0.95 of a QTL position (Visscher et al., 1996).
Suppose that the original data contain n individuals, a bootstrap sample is generated
by drawing n individuals out of the original data with replacement. So a bootstrap
sample contains some of the original values presenting multiple times and some are
not present at all. When N times of such samples have been drawn, the empirical
distribution of the position can be constructed. The CI0.95 can easily be determined on
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the base of the empirical distribution.

1.3.7 Joint analysis
In most cases, data from different studies were analyzed separately (Andersson et
al., 1994; Rothschild et al., 1995; Knott et al., 1998), but in principle, the data can be
put together to perform a more powerful combined analysis (Lander and Kruglyak,
1995). Until now, only few combined QTL studies have been reported in farm animals
(Walling et al., 1998; Walling et al., 2000; Bennewitz et al., 2003; Lee et al., 2003;
Kim et al., 2005).

1.3.7.1 The advantage and the disadvantage of a joint analysis
A joint analysis can increase the power to detect QTL or confirm the QTL
detected only in one population, and improve the accuracy with which QTL
parameters are estimated, especially when population sizes were small (Lander and
Kruglyak, 1995). Combined analyses also permit testing more highly parameterized
or complicated models.
In the other hand, joint analyses also encounter some problems. Different
populations will have different founder animals, potentially not from the same breeds,
so the QTL genotypes are probably not common in these populations. Furthermore,
each population is often reared in a different location, and the traits will be measured
with different testing regimes. The genotyped markers are often not the same set
across the populations.
Some methods have been proposed to solve these discordant problems among
the populations (Walling et al., 1998; Walling et al., 2000; Bennewitz et al., 2003; Lee
et al., 2003; Kim et al., 2005). Firstly, take the population as a fixed effect in the QTL
analysis model to correct the environmental effect. Secondly, test the interaction
between the QTL and the population. If the interaction is significant, then the QTL
probably just exists in a subset of the populations; otherwise the QTL has different
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effects in different populations. Thirdly, the phenotypes from each population are
separately standardized to a mean of zero and variance of one. The standardization
can get rid of the effect of the different testing regimes. Finally, use all of the
genotyped markers in the populations; it can make the markers cover the genome as
widely as possible.

1.3.7.2 Advance of joint analysis in pigs
Three joint analyses have been reported for specific chromosomes in pigs
(Walling et al., 2000; Kim et al., 2005; Perez-Enciso et al., 2005). Walling et al.
(2000) collected data from almost 3,000 pigs in seven F2 crosses between Western
commercial breeds and either the European wild boar or the Chinese Meishan breed,
and scanned chromosome 4 for birth weight, average backfat depth and growth rate
from birth to slaughter or end of test. A QTL influencing birth weight found in one
population was confirmed by the joint analysis. Kim et al. (2005) combined the data
from a Berkshire × Yorkshire F2 population and a Berkshire × Duroc F2 population,
and scanned chromosomes 2, 6, 13 and 18 for 26 traits. The results suggested that the
combined analysis using a range of QTL models increased the power of QTL
mapping. Pérez-Enciso et al. (2005) demonstrated the advantages of a multibreed
analysis for analysing the X chromosome with data from five different crosses.

1.3.8 Computer software and program
Ordinary linear regression can be performed with commercial statistic
packages, such as Statistics Analysis System (SAS) and Statistical Package for the
Social Science (SSPS), but calculation of the coefficients of the additive and the
dominance effects in the QTL analysis is required special programs. For ML, it also
requires special programs to calculate the probability of each QTL genotype. There
are many programs written for QTL analysis. Some of them can be download freely
from http://linkage.rockefeller.edu/soft/, such as MAPMAKER/QTL (Lander and
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Botstein, 1989) and MAPQTL (van Ooijen and Maliepaard, 1996). And some can be
used online without charge, such as QTL Express at http://qtl.cap.ed.ac.uk/ (Seaton et
al., 2002) and GridQTL at http://www.gridqtl.org.uk/ (Seaton et al., 2006).

1.3.8.1 QTL Express
QTL Express is a free online program (http://qtl.cap.ed.ac.uk/), which is widely
used in the QTL analysis in pigs (Seaton et al., 2002). The statistical approach
adopted for QTL analysis in QTL Express is developed by Haley et al. (1994). It is a
linear regression method as described above. For a cross between outbred lines, it is
based on the assumption that the QTL is fixed for alternative alleles in the two
founder breeds.
A positive value of the additive effect means that the allele from first line
associates with the high numerical value of the trait. Both the dominance and the
additive effects are positive or negative, the allele from the first line is dominant;
otherwise the allele from second line is dominant. When both the additive and the
imprinting effects are positive or negative, the paternal allele expresses; otherwise the
maternal allele expresses.

1.4 Leg weakness
Leg weakness is used to describe a poor leg conformation or a clinical condition
associated with lameness and stiffness. Leg weakness may occur in any leg at all ages
and sexes of pigs. Leg weakness does not affect the daily gain or food conversion
efficiency. However, it can restrict the sale and the utility of breeding boars and gilts.
Leg weakness increases involuntary culling and results in huge economic loss. It
makes 20-50% of otherwise eligible boars completing a performance test to be
rejected as breeding animals (Webb et al., 1983; Sternbergen, 1989). Genetic
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correlations between leg weakness and stayability of breeding sows suggest that a
better leg status would decrease involuntary culling (Lopez-Serrano et al., 2000).

1.4.1 The factors causing leg weakness
There are many factors resulting in leg weakness in pigs, such as poor leg
conformations, bone and joint diseases, nutritional imbalances or deficiencies,
hereditary component, space available for exercise and others (Rothschild and
Christian, 1988; Lee et al., 2003).

1.4.1.1 Poor leg conformation
Leg conformation is definitely the primary determinant of leg weakness.
Structures causing leg weakness in pigs include buckling of the knees, bowed legs,
splayed legs, uneven toe size, pigeon toes and sickle hocks. A pig with weak legs
tends to have straight front and/or rear legs, resulting in an arched back, short strides
and unwillingness to move. In comparison, a pig with sound legs usually has a flatter
top and higher tail setting.

1.4.1.2 Bone and joint disease
Osteochondrosis, arthritis and osteoporosis are the three most common bone
diseases, and also the major underlying causes of leg weakness in pigs (Grondalen,
1974; Hill, 1990a, b; Jorgensen et al., 1995; Jørgensen and Andersen, 2000).
Osteochondrosis, also called epiphyseal ischemic necrosis, is relatively common
temporary orthopedic disorder, in which the epiphysis (growing end) of a bone dies
and then is gradually replaced over a period of years. The immediate cause of bone
death is loss of blood supply, so the bone cannot obtain the necessary nutrients for
maintaining and endochondral ossification. Osteochondrosis usually occurs in rapidly
growing pigs, especially when the growing pigs do not ingest enough of the essential
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trace element boron.
Arthritis literally means inflammation of one or more joints. It is a kind of joint
disorder characterized by joint stiffness, swelling, redness, and warmth. Arthritis is
frequently accompanied by joint pain and limited function of joints, and serious
arthritis lead pigs to lose their movement. The causes of arthritis are injury, normal
wear and tear, or disease.
Osteoporosis is a silent and painless disease, in which bones lose their normal
density and become fragile and more likely to break. Osteoporosis leads to
abnormally porous bone that is more compressible like a sponge than dense like a
brick. This disorder of the skeleton weakens the bone, leading to an increase of the
risk of breaking bones. Fractures, can occur in almost any skeletal bone area, but
more often happen in the hip, spine and wrist. Bones that are affected by osteoporosis
can fracture with only a minor fall or injury that normally would not cause a bone
fracture. The bone mineral density test is the best way to check osteoporosis.

1.4.1.3 Nutritional deficiencies
Normal bones are composed mainly of protein, collagen and calcium. If the
intake quantities of these materials are less than the body requires, the bone will be
absorbed and osteoporosis will occur. To keep bones strong, the diet must be rich in
calcium, protein and vitamin D. Vitamin D significantly improves the absorption of
calcium. As mentioned above, the deficiency of the essential trace element boron in
rapidly growing pigs will also cause osteochondrosis.

1.4.1.4 Space available for exercise
Appropriate exercise can improve leg soundness of pigs. But the space for pig
exercise become limited with the modern confinement rearing systems widely applied
in swine industry. The confinement rearing system deprives the possibility for
exercise and fuels the prevalence of leg weakness.
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1.4.1.5 Genetics
Many reports have supported a hereditary component determining leg weakness,
and the heritability of leg weakness is estimated from low to moderate (Reiland et al.,
1978; Bereskin, 1979; Webb et al., 1983; Rothschild and Christian, 1988). A divergent
selection experiment for leg weakness also proved that the leg weakness was
determined by heredity. After five-generation selection, a line with sound legs and a
line with weak legs had been developed (Rothschild and Christian, 1988).

1.4.2 Methods to assess leg weakness
Leg weakness can be assessed in three ways: leg score (LS), gait score (GS) and
bone mineral density (BMD).

1.4.2.1 Leg score and gait score
Leg score is used to assess the weakness of the leg conformation and gait score is
employed to record the smoothness of the legs’ movement. There are two systems to
score the leg conformation and the movement as supposed by Rothschild and
Christian (1988) and Lee et al. (2003), respectively. The first system scores the
structure and the movement of the front legs, and the latter assess the structure and the
gait of both front legs and rear legs.
Leg score is determined according to the strength of the leg, buckling of the
knees, even toe size and the damage and angles of the joints (shoulder angle for front
leg and stifle angle for rear leg). Gait score assesses the speed of walking, the ease
and the smoothness of leg movement and the steadiness of the body, especially the
hindquarters while walking (Rothschild and Christian, 1988; Lee et al., 2003). The
desirable and undesirable shoulder and stifle angles are shown in Figure 2. The
smaller the angles, the more sound the legs are.
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Figure 2 The desirable and the undesirable shoulder and stifle angles in pigs.
(Cited from http://www.thepigsite.cn/pighealth/article/189/leg-weakness with slight
modification)

1.4.2.2 Bone mineral density
Bone mineral density is a major determinant of risk for osteoporosis and bone
fractures, and BMD screening can be applied in the fracture risk assessment in the pig
industry (Dequeker et al., 1987; Melton et al., 1989; Nielsen et al., 2007). With the
advance of technologies and the application of new equipments, dual energy X-ray
absorptiometry (DXA) can measure BMD accurately, precisely and reliably (Mitchell
et al., 2000, 2001; Fink et al., 2002). Bone mineral density scanning works by
measuring the amount of X-rays that are absorbed by the bones. The bone with more
mineral density absorbs more X-rays. The two X-ray energies can differentiate the
bone density from the soft tissue density, giving a more accurate estimation of BMD.

1.4.3 The known QTL for leg weakness related traits in pigs
To dissect the genes controlling the leg weakness in pigs, genome-wide scanning
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for the loci affecting leg weakness and its related traits has been performed. The
identified QTL significantly affecting leg weakness and their related traits in different
populations are listed in Table 1 (Andersson-Eklund et al., 2000; Lee et al., 2003).

Table 1 QTL for leg weakness and their related traits in different populations
Traita

Chromosomeb

Population

Favorable allele

Osteochondrosis

Wild boar×Large White

SSC5

Wild boar

Osteochondrosis

Wild boar×Large White

SSC13

Wild boar

Gait score

Large White×Meishan

SSC1

Large White

Back legs score

Large White×Meishan

SSC1

Large White

Front feet score

Large White×Meishan

SSC1

Large White

Gait score

Large White×Meishan

SSC2

Meishan

Back legs score

Large White×Meishan

SSC3

Large White

Gait score

Large White×Meishan

SSC4

Large White

Gait score

Large White×Meishan

SSC5

Meishan

Physis score

Large White×Meishan

SSC7

Meishan

Gait score

Large White×Meishan

SSC10

Large White

Front feet score

Large White×Meishan

SSC13

Meishan

Front legs score

Large White×Meishan

SSC13

Large White

Front feet score

Large White×Meishan

SSC14

Meishan

Front legs score

Large White×Meishan

SSC14

Large White

Back legs score

Large White×Meishan

SSC14

Large White

Back feet score

Large White×Meishan

SSC15

Large White

a

. The QTL for osteochondrosis were reported by Andersson-Eklund et al. (2000) and

the rest were identified by Lee et al (2003); b. Bold and regular fonts indicate the QTL
reaching 5% genome-wide and suggestive significant level, respectively.
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1.5 Limb bones and biceps brachii muscle
Limb bones and the biceps brachii muscle are related with the function of legs.
Moderate lengths of limb bones combined with appropriate body length will improve
leg soundness of pigs (Wood, 2001). Pigs from leg soundness lines have shorter and
lighter biceps brachii muscles than those from leg weakness lines (Draper et al.,
1991).

1.5.1 Limb bones
The lengths of limb bones are generally regarded as a very important parameter
to assess the bone growth in pigs, and the growth of limb bones will affect the leg
soundness. Dissection of the genes controlling the growth of limb bones in pigs will
shed light on the genetics of the leg weakness in pigs.

1.5.1.1 The relationship between limb bone length and other traits
An individual with long limb bones usually has a tall body height or a tall height
at shoulder. Previous studies indicate that the height at shoulder is an important
parameter in determining the yield of some carcass characteristics in pigs, such as the
yield of ham, loin, picnic shoulder and shoulder butt (Hetzer et al., 1950; Hetzer and
Miller, 1972). It has been shown that visual selection for moderate length of the leg
combined with appropriate body length in boars and gilts can improve structural
soundness and decrease the economic loss resulting from structural unsoundness for
producers (Wood, 2001).

1.5.1.2 Bone growth
Longitudinal growth of the skeleton occurs through the action of chondrocytes in
the proliferative and hypertrophic zones of the growth plate (Karsenty and Wagner,
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2002). A long bone, such as the femur (thigh bone), grows in length at both ends in
regions called epiphyseal plates (growth plates). Growth occurs when cartilage cells
divide and increase in number in these growth plates. When cartilage cells become
older, they will change into larger cartilage cells and will be towards the middle of a
bone. Finally, these older cartilage cells die and the space they occupied is replaced
with bone. Long bone growth comes to an end around the end of puberty, at that time
the growth plates of bone are completely ossified.
Bone growth is under the influence of the intake quantity of protein, calcium and
vitamin D. Deficiency of these nutriments will impede the growth of bone. Some
other growth factors are also required for bone growth (Mitchell et al., 2001).
Furthermore, bone growth is regulated by growth hormone from the anterior pituitary
gland and sex hormones from ovaries or testes.

1.5.1.3 Advance of QTL mapping for limb bone length
To my knowledge, so far, just one QTL study on limb bone length has been
reported in pigs. Only one 5% genome-wide QTL and three suggestive QTL for femur
dimensions were detected in pigs, which are located on SSC17, SSC2, SSC4 and
SSC16, respectively (Andersson-Eklund et al., 2000).

1.5.2 Biceps brachii muscle
Biceps brachii muscle, as an important movement muscle, affects the front leg
soundness. It was reported that both the weight and the length of biceps brachii
muscle were significantly greater in leg weakness lines than in normal and leg
soundness lines (Draper et al., 1991). No QTL study of biceps brachii muscle has
been reported until now.
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1.5.2.1 Types of muscle
There are three types of muscle (skeletal, cardiac and smooth muscle) in animals.
Skeletal muscle is striated and voluntary; cardiac muscle is striated and involuntary;
smooth muscle is non striated and involuntary. Skeletal muscles are attached to the
bones through tendons, and their contraction gives rise to the body’s movement.
Biceps brachii muscle is a tubular skeletal muscle located in the front legs, and its
weight and length will affect the function of front legs.

1.5.2.2 Relationship between the weight and the length of brachial
muscle and leg weakness
Both the weight and length of biceps brachii muscle are significantly greater (P
< 0.05 and P < 0.01, respectively) in leg weakness than in normal or leg soundness
lines. But the weights and lengths of other brachial muscles show no differences
between these lines except for the tensor fascia antibrachii, which is significantly
longer (P < 0.01) in the leg weakness than in normal or soundness lines (Draper et al.,
1991). Biceps brachii muscle is the most important brachial muscle that affects the
front leg soundness. With the increase of the weight and length of biceps brachii
muscle the front legs become weaker.
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