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ABSTRACT
The hypothesis that quantitative trait loci (QTL) that explain variation between divergent populations

also account for genetic variation within populations was tested using pig populations. Two regions of
the porcine genome that had previously been reported to harbor QTL with allelic effects that differed
between the modern pig and its wild-type ancestor and between the modern pig and a more distantly
related population of Asian pigs were studied. QTL for growth and obesity traits were mapped using
selectively genotyped half-sib families from five domesticated modern populations. Strong support was
found for at least one QTL segregating in each population. For all five populations there was evidence
of a segregating QTL affecting fatness in a region on chromosome 7. These findings confirm that QTL
can be detected in highly selected commercial populations and are consistent with the hypothesis that
the same chromosome locations that account for variation between populations also explain genetic
variation within populations.

DESPITE the characterization of many genes and motivated by the potential to exploit variation within
mutations for Mendelian disorders in humans and elite populations; commercial plant and animal popula-

animals, relatively little is known about the nature and tions are usually not based upon the same crosses that
maintenance of genetic variation underlying quantita- are used in the QTL detection studies but the power
tive traits and complex disease (e.g., Mackay 2001; of linkage studies in line crosses is generally greater
Wright and Hastie 2001; Barton and Keightley than that of studies within populations. In commercial
2002). For example, we do not know the number of pig breeding populations, for example, elite popula-
genes involved in quantitative genetic variation, the tions comprise closed outbred populations that have
number and effects of alleles at these genes, or the gene been subjected to selection over a number of genera-
action. To date, genes and causal variants have been tions to improve their commercial performance,
detected for very few quantitative traits (e.g., Grobet et whereas wild boar (Andersson et al. 1994) and Chinese
al. 1998; Frary et al. 2000; Kim et al. 2000; Milan et al. Meishan (Walling et al. 1998; De Koning et al. 1999;
2000; Wilson et al. 2001), and the effects of the muta- De Koning et al. 2000; Bidanel et al. 2001) populations
tions in the majority of these examples are so large that have been employed in QTL studies. The implicit hy-
the phenotypes segregate almost as Mendelian traits. pothesis in many QTL studies using divergent lines is

To understand and exploit the genetics of complex that knowledge of between-population genetic variation
quantitative traits, experimental populations derived can be extrapolated to genetic variation in other popula-
from two lines differing widely for traits of interest have tions or species. Segregation at QTL in commercial pop-
been successfully used in model species (Belknap et al. ulations can be utilized by breeders through gene- or
1993; Talbot et al. 1999), plants (Paterson et al. 1988), marker-assisted selection programs (e.g., Dekkers and
and livestock (Andersson et al. 1994) to detect quantita- Hospital 2002).
tive trait loci (QTL). These studies have succeeded in Selection for meat and fat production in pigs has
mapping QTL for which alleles differ in frequency be- taken place for centuries, but intense selection using
tween the parental populations, for example, between modern statistical methods has been practiced for only
commercial agricultural cultivars and wild-type popula-

the past �50 years (Clutter and Brascamp 1998).
tions (Paterson et al. 1988; Andersson et al. 1994). In

Stock used in present-day breeding programs consists ofaddition to understanding the architecture of quantita-
pure closed lines, which are selected for clearly definedtive traits, crosses involving agricultural species are also
breeding objectives, for example, lean tissue growth
rate, decreased fatness, and increased litter size. The
nature and maintenance of quantitative genetic varia-
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TABLE 1

Summary of populations and traits

Minimum no. Selection of progeny
Company Population type of yr closed Ne

a Traits for genotyping

A Large White 15 200 Growth rate pretest (g/day) BLUP index of all six
Growth rate on test (g/day) traits
Fat-P1, fat-P3, fat-loin, fat-shoulder (all in mm)

B Duroc-Large 10 85 Growth rate pretest (g/day) EBVb for growth rate
White synthetic Growth rate on test (g/day) birth to end of testc

Growth rate birth to end of test (g/day)
Back fat (mm)

C Yorkshire/Large 10 60 Growth rate pretest (g/day) EBV for growth rate
White Growth rate on test (g/day) birth to end of test

Growth rate birth to end of test (g/day)
Back fat P1 (mm)
Back fat P2 (mm)
Muscle depth (mm)

D Large White 16 300 EBV for growth rate (g/day) EBV for growth rate
Fat-P1, fat-P3 (mm)
Loin area (mm2)
Growth rate pretest (g/day)
Growth rate on test (g/day)

E Landrace 20 190 EBV for growth rate (g/day) EBV for growth rated

Back fat (mm) Lean %
Growth rate on test (g/day)
Growth rate birth to end of test (g/day)

a Ne estimated by individual companies.
b EBV, estimated breeding value, the best linear unbiased prediction (BLUP) of an individual’s breeding value. EBVs were

adjusted for the average EBV of the parents, to give an estimate of the within-family Mendelian sampling term.
c Selection was in two stages. First, 10 half-sib families were selected with the largest within-family variance, and second, within

each selected half-sib family the extreme progeny from both tails were selected.
d Tail selection was practiced for 8 half-sib families. For the remaining 4 half-sib families, full-sib families were selected on the

basis of within-full-sib family variance.

population was supplied. Males were selected on the basis ofquantitative biometrical “black-box” methods pioneered
having at least 100 progeny with phenotypic records and wereby Galton, Fisher, and Wright have been highly efficient
therefore extensively used as sires in these populations. A

in changing livestock appearance and performance summary of the types of populations used is given in Table 1.
(e.g., in Hill et al. 2000, pp. 1–38). Animals were performance tested to measure their individual

growth rates over the weight range of �30–100 kg. At the endWe have previously shown that QTL in a particular
of the test fat depth at various points on the back was recordedregion can be identified in quite distinct experimental
using an ultrasonic scanner. None of the populations had acrosses as well as in replicated studies of the same experi-
recent history of intercrossing with either Meishan or wild

mental cross (Walling et al. 1998). The aim of this boar genotypes.
study was to test the hypothesis that the same QTL that A set of 30 microsatellite genetic markers from the two

regions was supplied to a commercial laboratory, to determineaccount for variation between divergent populations
heterozygosity for each male and to test the repeatability andalso account for genetic variation within populations,
reliability of genotyping. A subset of 19 were selected as techni-using modern pig populations. To our knowledge, this cally tractable and heterozygous in one or more sires and

study and that of Evans et al. (2003, this issue) are the finally15 markers (8 on chromosome 4 and 7 on chromosome
first to specifically test this hypothesis. 7) were used for subsequent genotyping of females and prog-

eny (Table 2).
In each of five collaborating pig genetics companies, pheno-

typic performance data were collected from half-sib progenyMATERIALS AND METHODS
of each selected male. Traits recorded depended upon the

Two chromosome regions on porcine chromosomes 4 and prevailing practice within each company and are detailed in
7 that were shown previously to harbor QTL for growth and Table 1. Where possible, selective genotyping was practiced
obesity traits in Meishan � Large White (Rohrer and Keele by identifying the 20% best and 20% worst animals with respect
1998; Walling et al. 1998; De Koning et al. 1999; Andersson to growth rate within each sire family. Collection of phenotypic
2001; Bidanel et al. 2001) and wild boar � Large White records and identification of extreme performing animals
(Andersson et al. 1994; Knott et al. 1998) crosses were investi- were carried out by the collaborating companies. Genetic
gated. From each of five commercial pig genetics companies, marker genotypes were determined on males, their mates,

and the extreme progeny, using family-specific informativeblood (or other tissue) from �10 males from an elite breeding
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TABLE 2

Genetic markers used in the study

Chromosome 4 Chromosome 7

Relative position (cM) Relative position (cM)

Marker This study USDA mapa Marker This study USDA mapa

S0001 0 0 SW1354 0 0
SW45 12 14 S0064 6 8
SW35 12 14 SWR1078 9 11
SW839 16 20 SW1344 17 26
S0107 17 24 TNF-� 28 33
S0217 20 28 SW2019 30 29
SW841 24 29 S0102 39 38
S0073 29 32

See http://www.ri.bbsrc.ac.uk/cgi-bin/mapviewer for marker details.
a See http://www.genome.iastate.edu/maps/marcmap.html for map details.

markers. In total, nearly 3000 animals were genotyped, and (Darvasi and Soller 1992) and adjusting the results for
the proportional reduction in phenotypic variance within sire�28,000 individual marker genotypes were determined by a

commercial laboratory. A summary of the data is given in families of 1⁄4h2. For all traits, a heritability of 0.4 was assumed,
which is consistent with published estimates of genetic parame-Table 3.

Marker information was used to detect genotype inconsis- ters of these traits in commercial populations (see Clutter
and Brascamp 1998 for a literature review). The adjustmenttencies between relatives. Progeny with multiple marker geno-

types that were inconsistent with Mendelian inheritance were for selective genotyping was performed for the growth rate
traits (on which selection was based) but not for back fat, whichexcluded. In total, this resulted in the exclusion of 110 progeny

(�5%). Sporadic marker genotypes that were inconsistent is phenotypically only moderately correlated with growth rate.
with Mendelian inheritance were set to unknown. Subse- P values calculated from test statistics are nominal, because
quently, for each company a linkage marker map was esti- we specifically set out to test the hypothesis that a particular
mated using CRI-MAP (Green et al. 1990) and the order of small region of the genome harbored QTL. The samples will
the markers was compared to the published consensus maps not be used for further genome analyses, so that whole chro-
(http://www.thearkdb.org/). Finally, a joint linkage analysis mosome-wise or genome-wise significance levels are inappro-
of all marker data across all five populations was performed priate for our study.
to create a consensus linkage map that was used in subsequent
QTL analyses.

For each of the five populations, data were analyzed by
RESULTSa half-sib regression-based method (Knott et al. 1996), as

implemented in our web-based software package QTL Express Heterozygosity was calculated per boar across 19
(Seaton et al. 2002). From these analyses, the mean square

markers (a subset of the original 30 markers) anddue to the putative QTL, the residual mean square, and the
ranged from 0.5 to 0.6, with a standard deviation ofwithin-sire substitution effects were obtained. To compare

these results with those reported from line crosses, the propor- 0.10–0.15. Fifteen markers were typed across sufficient
tion of within-sire variance explained by the QTL was calcu- animals (�300 informative meioses per population) to
lated (Knott et al. 1996). In addition, the average substitution build linkage maps for further analyses. All marker link-
effect was calculated for those sires that showed the strongest

age maps were consistent with the published linkageevidence of being heterozygous, i.e., for which the absolute
maps for chromosomes 4 and 7 (see Table 2 for markervalue of the sire-specific t-statistic was �2.0. Results were ex-

pressed in phenotypic standard deviations, adjusting the re- order and relative positions). The best order of the
sults for selective genotyping a fraction (20%) of each tail markers in the linkage groups was not significantly bet-

ter (LOD � 2) than the order of the published maps,
and, given this order, there was little evidence of hetero-TABLE 3
geneity of map length. For the chromosome 4 region,

Summary of family structure and marker genotypes the map lengths varied from 22 to 36 cM between popu-
lations, whereas for the chromosome 7 region the range

Company No. males No. mates No. progeny No. genotypes was (only) 37–42 cM. Overall results by chromosome,
company, and trait are shown in Table 4. SignificantA 10 156 431 5,640

B 10 179 393 5,516 QTL effects were detected in two of five populations
C 10 102 395 5,166 for chromosome 4 and in all populations for chromo-
D 11 141 429 5,412 some 7. Overall, 16 out of 50 trait-by-company-by-chro-
E 12 135 461 5,910

mosome tests were significant at the 5% level, substan-Total 53 713 2,109 27,644
tially more than might be expected due to chance. For
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TABLE 4 results imply that one-quarter to one-half of additive
genetic variance is explained by the reported QTL.Evidence for QTL by chromosome and company (P values)

Chromosome Chromosome DISCUSSION
Company Trait 4 7

We have tested the hypothesis that QTL that explainA Growth rate pretest NSa NS
between-line genetic variation also explain variationGrowth rate on test NS 0.01
within commercial lines and presented evidence that isFat-C NS 0.03
consistent with this hypothesis.Fat-K NS NS

Fat-L NS NS There are a number of different explanations of the
Fat-S NS NS observations: (i) false-positive results, (ii) locus hetero-

geneity, (iii) segregation of ancestral QTL alleles, and
B Growth rate pretest NS NS (iv) allelic heterogeneity at previously published QTL.Growth rate on test 0.04 NS

The first explanation is highly unlikely, because ourGrowth rate (all)b 0.009 NS
study was based upon targeted genome regions, ratherBack fat 0.04 0.05
than upon a genome scan, and for these regions 16 out

C Growth rate pretest NS NS of 50 tests (32%) were significant at the 5% level (Table
Growth rate on test NS NS 4). Furthermore, a number of these traits are phenotypi-
Growth rate (all)b NS NS cally highly correlated, for example, the four fat mea-
Back fat P1 NS 0.002 surements from company A. If we restrict ourselves toBack fat P2 NS 0.006

the commonly measured traits growth rate and back fat,Muscle depth NS 0.03
then 9 of the 20 tests are significant at the 5% level
(Table 4). At a more stringent significance level ofD EBV growth rate NS 0.009

Back fat P1 NS (P � 0.063) 0.0125, accounting for two regions and two indepen-
Back fat P3 NS NS dent traits tested, 7/50 tests are significant for all traits
Loin area NS 0.012 and 4/20 for growth rate and back fat, respectively,
Growth rate pretest NS 0.049 when we would expect none to be significant by chanceGrowth rate on test NS 0.042

under the null hypothesis. We cannot rule out explana-
tion ii, i.e., that polymorphisms at different loci in theE EBV growth rate 0.035 NS
same region contribute to genetic variation in differentBack fat NS 0.021

Lean % NS 0.012 populations. To our knowledge, there is no evidence,
either for or against, of clustering of different QTL ina NS, nonsignificant, P � 0.05.
the same linkage groups. However, the resolution ofb Growth rate from birth until the end of test.
linkage mapping studies is not large enough to exclude
the existence of multiple linked QTL affecting the same
trait in the same genome region (Keightley andthe on-test growth rate traits, 4 out of 10 statistical tests

were significant at the 5% level, 2 on chromosome 4 Knott 1999; Mackay 2001). A joint analysis of all popu-
lations was performed for standardized back fat traitsand 2 on chromosome 7. When selecting a single repre-

sentative back fat measurement per population (P1 fat on chromosome 7, and the resulting F value was 1.62
for 52 and 1922 d.f., which is highly significant (P �measurement or one nearest to its physical location), 5

out of 10 tests were significant at the 5% level, 1 on 0.004). However, the resolution of the QTL position
was not improved (results not shown). A two-QTL modelchromosome 4 and 4 on chromosome 7. The P value

for the P1 fat measurement in company D was 0.063, so on the combined data set did not explain a significantly
larger proportion of the variance (P � 0.10). Precisethe data are consistent with a QTL for back fat segregat-

ing on chromosome 7 for all companies. The results estimates of QTL locations on the two chromosomes
vary between published studies. However, publishedfor the back fat traits for chromosome 7 are shown in

Figure 1, for each of the five populations. This figure joint estimates in large data sets put a QTL affecting
growth rate on chromosome 4 at around the S0217–demonstrates that, as expected, where a putative QTL

is identified, only a proportion of the sires appear sig- SW841 interval (Walling et al. 1998) and put a fatness
QTL on chromosome 7 close to TNF-� (S. MacGregornificant for that QTL (as judged by a t-statistic �2).

The standardized estimated effects of segregating and C. S. Haley, unpublished observation).
It would be surprising if ancestral wild-type QTL al-sires and the proportion of variance explained by the

QTL are shown in Table 5. The effects are in the range leles that increase fatness and/or reduce growth are
still segregating in the elite lines, because pigs are underof 0.5–0.6 phenotypic standard deviations for growth

rate and 0.8–1.3 for back fat. The proportion of pheno- intense selection pressure for reduced obesity and in-
creased lean tissue growth rate (Clutter and Bras-typic variance explained by the QTL varied from 7 to

18%. If the heritability of the traits is 0.4, then these camp 1998; Andersson 2001). However, segregation
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Figure 1.—Analysis of fatness traits on
chromosome 7 for populations A–E.
QTL plot across targeted region (left)
and significance of gamete contrasts for
each of the sires at the location with the
highest test statistic (right) are shown.
Fatness traits (see also Table 4) were fat-
C (population A), back fat (B), back fat
P1 (C), back fat P1 (D), and back fat (E).
The approximate F-value thresholds for
a type-I error of 0.05 and 0.01 are 1.8
and 2.3, respectively.
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TABLE 5

Standardized effects for significant QTL on growth rate and back fat

Chromosome 4 Chromosome 7

Company Trait q2 a |a |b q2 |a |
A Growth rate on test NSc NS 0.12 0.60

Back fat NS NS 0.09 1.04
B Growth rate on test 0.14 0.60 NS NS

Back fat 0.09 0.83 0.08 0.95
C Back fat NS NS 0.18 1.25
D Growth rate NS NS 0.12 0.58

Back fat NS NS 0.07d 1.04d

E Growth rate 0.08 0.50 NS NS
Back fat NS NS 0.09 0.94

a q2, proportion of phenotypic variance explained by QTL.
b |a |, average allelic substitution effect for sires with |t-statistic| � 2.0, in phenotypic standard deviations.
c NS, not significant, P � 0.05.
d P � 0.063.

of causal polymorphisms at candidate genes affecting tions were significantly different from zero (P � 0.10).
Although the resolution of our study is not sufficient togrowth rate and back fat has been demonstrated (e.g.,
fine map the QTL or to investigate positional candidateKim et al. 2000). The maintenance of such alleles at
genes, it is interesting to note that the QTL for fatnessintermediate frequencies would indicate strong pleio-
on chromosome 7 maps close to the MHC region. Manytropic effects, presumably on fitness traits such as sur-
genes in this region could be plausibly associated withvival and fertility. Our study was not designed to obtain
either disease or growth and fatness. Thus it is possibleunbiased estimates of QTL effects, but the within-sire
that the favorable lean allele has an unfavorable pleio-allelic substitution effects presented here are of the
tropic effect on disease resistance or is in strong disequi-same order of magnitude as the substitution effects esti-
librium with an allele at another locus in the regionmated from the line cross populations, in the range
that has an unfavorable effect on disease resistance;of 0.4–0.8 phenotypic standard deviations (Hayes and
hence variation is maintained by the balancing effectsGoddard 2001). The effect of the QTL for back fat on
of selection for leanness and disease resistance.chromosome 7 appears to be larger than other effects in

An alternative explanation of the results is allelic het-this study. Although our study used a targeted approach
erogeneity, i.e., the segregation of different QTL allelesinstead of a genome scan, we cannot rule out the possi-
in different populations. This is consistent with the re-bility that the estimates obtained are biased upward.
porting of multiple mutations in the myostatin geneThe presented data are consistent with the hypothesis
giving rise to the same double muscling phenotypethat the same QTL alleles are segregating in all commer-
(Grobet et al. 1998) and the numerous examples ofcial populations. However, the sample size was such
many mutations in the same gene affecting Mendelianthat only allelic substitution effects of more than half a
disorders in human populations (Wright and Hastiephenotypic standard deviation could be detected, so
2001). In this case the segregation observed in commer-

we should be very cautious in drawing inference about
cial populations may not represent segregation of ances-

allelic homogeneity within and between populations. tral alleles but rather of more recent mutations. Our
The chromosome 7 QTL that was mapped from the study was not designed to fine map the QTL on chromo-
Meishan and modern pig cross is unusual, in that the somes 4 and 7 or to specifically test that the same QTL
obesity decreasing allele originates from the (obese) alleles that vary between wide crosses are segregating
Meishan genotype (Walling et al. 1998; De Koning et al. within lines. Using a denser marker map, an association
1999; Bidanel et al. 2001). Breeders may have selected [linkage disequilibrium (LD)] study should establish
against this allele in the past when obesity was a desired whether ancestral QTL alleles are still segregating in
trait and for this allele more recently when leanness the commercial lines or if the observed QTL variation
was desired. However, given the apparent large allelic is due to allelic heterogeneity at major trait loci.
effects, it is surprising that the populations are still segre- Our results show strong evidence of genes segregating
gating at this QTL. Pleiotropy of the chromosome 7 in highly selected outbred populations and offer the
QTL on fatness and growth was investigated by estimat- opportunities to map QTL by linkage or LD within a
ing a correlation between the within-sire allelic substitu- population. In addition, breeders can utilize the de-
tion effects for the two traits for each population and tected QTL in their own populations using marker-

assisted-selection breeding schemes.for all populations combined. None of these correla-
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