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Genetic Mapping of Quantitative Trait Loci for
Growth and Fatness in Pigs

Leif Andersson,* Chris S. Haley, Hans Ellegren, Sara A. Knott,
Maria Johansson, Kjell Andersson, Lena Andersson-Eklund,
Inger Edfors-Lilja, Merete Fredholm, Ingemar Hansson,
Jan Hakansson, Kerstin Lundstrém

The European wild boar was crossed with the domesticated Large White pig to genetically
dissect phenotypic differences between these populations for growth and fat deposition.
The most important effects were clustered on chromosome 4, with a single region ac-
counting for a large part of the breed difference in growth rate, fatness, and length of the
small intestine. The study is an advance in genome analyses and documents the use-
fulness of crosses between divergent outbred populations for the detection and charac-
terization of quantitative trait loci. The genetic mapping of a major locus for fat deposition
in the pig could have implications for understanding human obesity.

Quantitative genetic variation is the major
determinant of intra- and interpopulation
differences for many traits of biological,
medical, -and agricultural significance.
Quantitative (or polygenic) inheritance im-
pliés that variation in the trait is deter-
mined by the action of alleles at several loci
together with environmental factors. We
have, however, only vague ideas about the
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number, location, and action of loci con-
trolling quantitative variation. Recently,
the ability to dissect genetically quantita-
tive traits has been improved by the devel-
opment of detailed linkage maps based on
DNA markers. With these the segregation
of individual chromosome segments can be
traced in appropriate pedigrees. Thus,
quantitative trait loci (QTLs) segregating
in crosses between inbred lines of tomato
(1), rat (2), and maize (3) have been
mapped. The statistical method used in
these studies, maximum likelihood interval
mapping (4), cannot be used in studies of
most domesticated animal species because
of the lack of inbred lines. However, an
analytical method based orrleast squares for
the identification of QTLs segregating in
crosses between divergent outbred lines has
been described (5). The present study is an
experimental application of the method.
European domesticated pigs are thought to
have been derived largely from the European
wild boar, with some crossbreeding with Chi-
nese domesticated breeds in the 18th to 19th
centuries (6). Despite striking phenotypic dif-
ferences between the wild boar and domesti-
cated pigs, they are sufficiently closely related
to interbreed easily. We generated a three-
generation pedigree by crossing two European
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wild boars with eight Large White sows (7).
Four F, males and 22 F, females were inter-
crossed to generate 200 F, offspring. Growth
and fat deposition traits were recorded be-
cause there has been an intensive artificial
selection for high growth and leanness in
domesticated pigs. The length of the small
intestine was also measured as it has long been
recognized to increase in length in response to
domestication (8), and this trait shows a
strong positive correlation with growth (9).
As expected, the F, animals grew more slow-
ly, had a shorter small intestine, and deposit-
ed more fat than purebred Large White ani-
mals (Table 1) (10).

A linkage map covering an estimated 75%
of the porcine genome has been developed by
analysis of 117 genetic markers in the pedigree
(11). The QTL analysis in the present study
was based on 105 genetic markers assigned. to
linkage groups on 15 of the 18 autosomes
(Table 2). The QTLs that differentiate the

Table 1. Growth and fat deposition traits in
purebred Large White pigs and F, animals from
a wild boar intercross. Means and the within-
population standard deviation (in parentheses)
are given (27). The animals were weighed at
birth, at 3, 6, and 9 weeks of age, and every
second week during the growth period. Growth
rates were calculated from the recorded weights
nearest to either 30 or 70 kg and the corre-
sponding ages. Animals were also weighed
before slaughter, and the length of the small
intestine and fat deposit traits were measured
after slaughter.

Population
Trait Large F, inter-
White* crosst
Birth weight (kg) 1.53 (0.29) 1.38 (0.24)
Growth rate from 323 (32) 236 (38)
birth to 30 kg
(g/day)
Growth rate from 524 (40) 367 (49)
birth to 70 kg
(g/day)
Growth rate from 909 (90) 624 (107)
30 to 70 kg
(g/day)
Abdominal fat (%)t 1.79 (0.44) 2.40 (0.69)
Average depth of  — 26.4 (4.9)
back fat (mm)$§
Length of small 21.2(1.8) 17.5(1.9)

intestine (m)

*Data on birth weight and growth were from 200 Large
White animals representing the same population as
used in the wild boar intercross. A random sample of
gilts and castrates, raised at the same time as the F,
generation, was used for this purpose. The data on
abdominal fat were based on 32 animals. Data on the
length of small intestine were from the literature
(22). tData on birth weight were from 193 animals
and from 191 animals for the other traits.
{Represents the weight of fat tissue in the abdominal
cavity as a percentage of the total carcass
weight. §Represents the average of five measure-
ments along the dorsal midline at shoulder, last rib,
and loin; data for this trait are missing for the purebred
Large White animals as it is not measured at a
comparable weight.
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Large White and wild boar will segregate in
the F, population. In the analysis, the marker
data were used to calculate the probabilities of
each F, individual inheriting none, one, or
two alleles from each breed for an unobserved
QTL at a given position in the genome. For
an inbred line, in which markers will be
completely informative, these genotypic prob-
abilities can be calculated with only the two
markers flanking a given position (4, 12).
Because the pig breeds used were outbred,
markers may be uninformative in particular
individuals; thus it was necessary for us to use
all the markers in a linkage group to calculate
the genotypic probabilities as accurately as
possible (5).

Coefficients of additive and dominance
effects of a QTL were calculated from the
genotypic probabilities on the assumption that
the two breeds were fixed for alternative QTL
alleles. The additive and dominance effects of
a QTL at a given position were defined as the
deviation of animals homozygous for the wild
boar allele or heterozygous, respectively, from
the mean of the two homozygotes. (Negative
values of the additive and dominance effects
would hence indicate that animals homozy-
gous for the wild boar allele or heterozygous,
respectively, have trait values lower than the
mean of the two homozygotes.) The trait data
were regressed onto the coefficients of additive
and dominance effects for each individual,
and if a QTL was present at the position under
study, a regression F ratio statistic greater than
one was expected. By repeating this procedure
at 1-cM intervals, one can plot a curve of F
ratio values, analogous to a likelihood curve
(4), along the chromosome, with the highest
point representing the most likely position of
a QTL (5, 12). In this procedure multiple
tests at 1-cM intervals are performed, so the
value of the F ratio at which significance is
declared cannot be easily derived theoretical-

Table 2. Summary of linkage map data.

Number Average Map
CS“(;%'Q?‘ of hetero- length
markers zygosityt (cM)

1 4 0.60 43.3
2 5 0.78 44.3
3 9 0.52 86.3
4 10 0.85 102.0
5 6 0.75 81.4
6 9 0.57 79.2
7 10 0.67 99.3
8 8 0.55 47.8
9 11 0.48 75.8
11 4 0.31 9.5
12 5 0.67 72.8
13 6 0.66 102.6
14 8 0.47 67.0
15 4 0.67 359
16 6 0.60 65.0

*No markers were available on chromosomes 10, 17,
18, and X. fRepresents marker heterozygosity ob-
served among the 26 F, animals.
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ly. Thus, using the pedigree and marker gen-
otypes in the actual data, we simulated and
analyzed 5000 replicates of trait data in which
no QTL was segregating. From each replicate
the highest F ratio in the whole genome was
selected. From these the F ratio thresholds at
which there was a 5, 1, or 0.1% probability of
detecting a QTL somewhere in the entire
genome when none were present were calcu-
lated as 7.65, 9.73, and 12.66, respectively.

The data analyzed were from 193 ani-
mals for birth weight and from 191 animals
for the other traits. The use of the regres-
sion method of analysis (5) allows environ-
mental effects to be estimated simultane-
ously with the QTL effects. This removes
environmental “noise” and thus increases
the chance of detecting QTLs and reduces
the risk of biases in the analysis. Analyses
for all traits included the effect of sex,
family, and parity of the animal. The effect
of a feeding treatmient was included in the
statistical model for all traits except birth
weight and growth to 30 kg. The following
covariates were also included in the analy-
ses: size of litter of birth for birth weight,
exact weight at start of period for growth
rate from 30 to 70 kg, exact weight at end
of period for growth rates to 30 and 70 kg,
and weight at slaughter for abdominal fat
percentage, average back fat depth, and
small intestine length. After fitting the
covariates, the distribution of the residuals
was tested for normality with the Shapiro-
Wilk test (13). None of the traits deviated
significantly from the normal distribution.

We found evidence for QTLs on chromo-
some 4 with large effects on growth, length of
the small intestine, and fat deposition (Table
3). Wild boar alleles were associated with
reduced growth, a shorter small intestine, and
a higher fat content consistent with the dif-
ferences between the founder populations
(compare Tables 1 and 3). There were also
indications of a QTL on chromosome 13
affecting early growth (Table 3). The chro-
mosome 13 effect on daily gain to 30 kg of
weight was significant at approximately the
5% level, but there was also a relatively large
effect on birth weight (significant at the 15%
level) mapping to the same region. The gene
action at those loci on chromosomes 4 and 13
which were significant at the 5% level ap-
peared to be largely additive, that-is, the
phenotypic value of the heterozygotes was
intermediate to the two homozygotes, except
that there was an indication of dominance for
increased fat depth (Table 3). Further analy-
ses revealed no significant interactions be-
tween the effects of the detected QTLs and
sex or the feeding treatment. No QTL effects
associated with the remaining 13 chromo-
somes reached statistical significance.

The double peak obtained for both fat
deposit traits (Fig. 1A) and the flat curves for
growth rate (Fig. 1B) suggested the presence



of two or more linked QTLs for these traits.
To test for the presence of a second QTL in a
single chromosome, we compared the best
model with two QTLs with the best model
with a single QTL (12) using the significance
threshold appropriate for that chromosome
derived by simulation. Models with two QTLs
on chromosome 4 for the fatness and growth
traits gave a better fit than a one-locus model,
but the support for the two-locus models was
not considered statistically significant (F ratio
= 3.9-5.0). Because QTLs are mapped with
relatively low precision, we cannot exclude
the possibility that there is one QTL, located
in the proximal part of chromosome 4, with
pleiotropic effects on fat deposition, intestinal
length, and growth. Moreover, the QTLs
identified here may constitute a single gene
with a large effect, or a cluster of linked genes
each with a smaller effect. One can address
this by following the segregation of a QTL in
subsequent generations because a cluster may
be dissociated by recombination. By utilizing
recombinants in the particular region, one
should also be able to determine the location
of the QTL more precisely as well as test
whether the same locus has pleiotropic effects
on growth and fatness.

This study illustrates the power of genome
analysis in finding the chromosomal location
of genes with phenotypic effects. An alterna-
tive strategy would be to study candidate
genes such as those involved in the growth
hormone axis. The segregation at three such
candidate loci could be followed with the
markers employed in this study, for example,
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the growth hormone locus on chromosome
12, the growth hormone receptor locus on
chromosome 16, and the insulin-like growth
factor 1 locus on chromosome 5 [see (11) and
(14) for map data]. However, none of the
effects estimated for these loci reached the
significance threshold used in this study (15).

The QTLs detected on chromosome 4
must have been important in the response to
selection for high growth and leanness during
the evolution of European domesticated pigs.
The QTL on chromosome 4 had an estimated
additive effect on growth rate from birth to 70
kg of 24 g per day, explaining ~12% of the

t REPORTS

total phenotypic variance in the F, popula-
tion (and thus an even larger proportion of
the genetic variance). Animals homozygous
for the wild boar “allele” had a daily gain of
almost 50 g less than those homozygous for
the Large White “allele,” leading to a differ-
ence between the two homozygotes of about
10 kg in weight when the pig is 6 months of
age. Similarly, the QTL effect on fat deposi-
tion explains a significant proportion of the
genetic difference in this trait between the
wild boar and domesticated animals (about 5
mm in average back fat depth between ho-
mozygotes, with the locus accounting for 18%

Table 3. Summary of significant QTL effects for growth and fat deposit traits. The test statistics
represent the highest F ratio found for a given chromosome.

chromosome estimated in centimorgans from the proximal end as defined (77).
§The reduction in the residual variance of the F, population effected by inclusion of a QTL at the given

+ SE.
position.

159B
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Trait Fratio df, df, posi- Additive effectt Doe'ff’fg‘;gce of F,
tiont variance$
Chromosome 4
Growth from birthto  11.8** 2,158 58 —-235 +49 07 =73 11.9
70 kg (g/day)
Length of small 11.1** 2,158 27 -0.87 +£0.18 0.03 = 0.27 11.3
intestine (m)
Average back fat 18.0*** 2,158 3 2.30 £ 042 1.47 = 0.65 17.6
depth (mm)
Abdominal fat 19.4*%* 2 158 7 0.38 = 0.06 0.15 = 0.10 187
percentage (%)
Chromosome 13
Growth from birth to 7.6* 2,160 53 -135 +=36 6.0 =52 7.5
30 kg (g/day)
TP < 0.05. *P < 0.01. P < 0.001. 1The map position is the one giving the highest F ratio on that

fEstimates are given as mean
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Fig. 1. Test statistic curves for chromosome 4. (A) Abdominal fat
percentage, average back fat depth, and length of the small intestine. (B)

Intestinal length

centimorgans (77). Support intervals for the location of the significant

QTLs, approximately equivalent to one lod (thick bar) (logarithm of the

beneath the graph.
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likelihood ratio for linkage) and two lod (thin bar) support, are shown
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of the total phenotypic variance). These loci
and their effects should be investigated in
commercial pig populations as they may have
a potential use in marker assisted selection
(16).

Populations of domesticated animals and
their wild ancestors provide a valuable source
of genetic diversity that may be exploited to
develop animal models for quantitative traits
of biological and medical interest. The large
effect of the chromosome 4 QTL on fat
deposition makes it a potential model for
human obesity, an important polygenic syn-
drome with a strong environmental influence
(17). Polygenic disease traits are-difficult to
dissect genetically in studies of humans and a
random genome approach, as used in this
study, would be arduous. A more rewarding
approach may be to study genetic variation at
candidate genes identified in an animal mod-
el. Comparative gene mapping of porcine
chromosome 4 is therefore of interest. Only
three type I anchor loci (18), suitable for
comparative mapping, have yet been mapped
to this chromosome: ATP1A1, ATP1B1, and
GBA (Fig. 1). The corresponding loci in
humans are all found on chromosome 1,
which thus may contain one or more of the
QTLs detected in this study. In the mouse,
several single gene mutations giving an obese
phenotype have been described. Two of
these, db (diabetes) on chromosome 4 and fat
(fat) on chromosome 8, are closely linked to
genes whose homologs are on human chromo-
some 1 (19). The mouse mutants have not yet
been cloned, but flanking coding sequences
may be mapped in the pig genome to test the
possibility of homology to the major locus for
fatness described here.

This experiment and the statistical meth-
od employed were designed to detect QTLs
that were fixed for alternative alleles in the
two founder populations. The statistical pow-
er is reduced for detecting QTLs where a
significant proportion of the total genetic
variance i due to segregation within the
founder populations. The rather limited size
of the F, generation implies that only QTLs
with fairly large effects were expected to reach
statistical significance (20). Thus, QTLs with
more moderate effects considered nonsignifi-
cant in this study may be corroborated by an
increase in the family size. The results of the
present study provide a strong impetus for
more extensive experiments with the aim to
further advance our understanding of quanti-
tative trait loci.
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A Subset of CD4* Thymocytes Selected
by MHC Class | Molecules

Albert Bendelac,* Nigel Killeen, Dan R. Littman,
Ronald H. Schwartz

To complete their maturation, most immature thymocytes depend on the simultaneous
engagement of their antigen receptor [af T cell receptor (TCR)] and their CD4 or CD8
coreceptors with major histocompatibility complex class Il or | ligands, respectively. How-
ever, a normal subset of mature o TCR* thymocytes did not follow these rules. These
thymocytes expressed NK1.1 and a restricted set of o TCRs that are intrinsically class
I-reactive because their positive selection was class |-dependent but CD8-independent.
These cells were CD4* and CD4-8~ but never CD8*, because the presence of CD8
caused negative selection. Thus, neither CD4 nor CD8 contributes signals that direct their
maturation into the CD4* and CD4~8~ lineages.

Duﬁng the positive selection of CD4*8*
double-positive precursor thymocytes, cells
bearing major histocompatibility complex
(MHC) class I-specific af TCRs are re-
cruited into the CD8 lineage, whereas cells
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bearing class II-specific TCRs are recruited
into the CD4 lineage. The CD4 and CD8
molecules can bind to nonpolymorphic re-
gions of the class II or I molecules (1),
respectively, and may therefore increase the
avidity of TCR-MHC interactions involved
in thymic selection. They can also signal
through molecules such as Ick, a tyrosine
kinase associated with both coreceptors (2).
Although class I and CD8 molecules or
class I and CD4 molecules are required for
the generation of most CD8% or CD4*
lymphocytes, respectively (3-7), the pre-
cise contribution of CD4 and CD8 during



