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Abstract

The objective was to map QTL on porcine chromosome 4 and to associate them with carcass and internal organ
traits in an F2 population. The F1 population was produced by outbreed crossing, using two native Brazilian breed
Piau boars and 18 commercial sows. A total of 617 F2 animals issued from 11 F1 boars and 54 F1 sows were typed
for a total of five microsatellite markers. The data were analyzed by multiple regressions developed for the analysis of
crosses between outbred lines, using the QTL Express software. Significant evidence for QTL was found for pig
chromosome 4 regarding carcass and internal organ traits. All QTL were detected in the same region of the chromo-
some, designated FAT1.
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Introduction

Knowledge of the genome and the establishment of
genetic maps are fundamental for the isolation and charac-
terization of genes of interest (Rothschild and Plastow,
1999). Genetic markers spread across the animal genome
are used for the mapping of regions that influence impor-
tant traits. An appropriate population design is necessary
for this purpose, such as the crossing of two lines that differ
in the trait studied. It is assumed that in this type of popula-
tion alternative alleles are fixed in the two lines. Adequate
statistical methods then allow identifying the position and
estimating the effect of the quantitative trait loci (QTL) on
growth, carcass, meat quality and reproductive traits (Bi-
danel and Rothschild, 2002).

The Brazilian native pig breed Piau is originated from
breeds introduced by Portuguese settlers in the XVI century
and has also some influence of Dutch and African pig
breeds (Vianna, 1985). The main characteristics of these
animals are rusticity, adaptability to poor conditions of
management and feeding, and a great resistance to diseases.
This pig breed is further characterized by low performance,
small litter size, and especially large accumulation of sub-
cutaneous fat (Guimarães and Lopes, 2001).

Pig is one the most extensively studied commercial
species. Different QTL have been mapped in several

crosses of various breeds, and it is of fundamental interest
to know whether similar effects are present in other crosses
and, mainly, in commercial populations (Walling et al.,
1998). Once the genes and markers have been validated,
these data can be used together with traditional methods in
marker-assisted selection, to improve the efficiency of
breeding programs. Another possibility with a potential to
improve breeding programs is the introgression of genes of
interest from different breeds. The objective of the present
study was to map QTL associated with carcass, carcass cut
and internal organ traits on swine chromosome 4 in an F2
population obtained by crossing divergent lines.

Material and Methods

Formation of the population and collection of pheno-
typic data were performed at the Pig Breeding Farm of the
Department of Animal Science, Federal University of Vi-
çosa (UFV), Viçosa, MG, Brazil. A full description of the
experimental F2 population, phenotype measurements and
DNA extraction procedures can be found in Band et al.

(2005 a, b), Faria et al. (2006), and Peixoto et al. (2006).

The animals were genotyped using five microsatellite
markers (SW489, S0301, S0001, S0217 and SW58) (Ta-
ble 1). The PCR products were submitted to fragment anal-
ysis in an ABI PRISM 310 automatic sequencer (Applied
Biosystems), and the amplified fragments were classified
using the GENESCAN software (Applied Biosystems).
Expected heterozygosity and polymorphic information
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content (PIC) for the population were calculated with the
CERVUS v.3.0 software (Kalinowski et al., 2007). The
linkage map was constructed using the “build” option of the
CRIMAP software (Green et al., 1990).

QTL were mapped in the F2 population with the QTL
Express software (Seaton et al., 2002), using the sex-
average map. The statistical model assumed that the QTL is
diallelic, with alternative alleles being fixed in each paren-
tal breed (Haley et al., 1994). Genotype QQ was defined as
the homozygous genotype of the naturalized Brazilian Piau
breed, with effect a; genotype qq was defined as the homo-
zygous genotype of the commercial breed, with effect -a;
and Qq was defined as the heterozygous genotype, with ef-
fect d. The probability of each F2 individual showing each
one of the three QTL genotypes was calculated according
to the genotypes of the markers at intervals of 1 cM along
the chromosome. The additive fraction of F2 phenotypic
variance explained by a QTL was computed in each breed,
i.e., h aQ y

2 2 22= / σ , as described by Pérez-Enciso et al.,
2000.

The following statistical model was adopted:

Y S L H C C b c a c d eijkl i j k ijkl a d ijkl= + + + − + + +( )

where Yijkl = phenotype; Si = fixed effect of sex i, i = 1, 2;
Lj = fixed effect of batch j, j = 1, 2, 3, 4, 5; Hk = fixed effect
of the halothane genotype k, k = 1 (NN), 2 (Nn);
( )C C bijkl − = adjustment for covariables (carcass weight for
carcass traits, and cold right side weight for cut traits);
eijkl = residual errors.

The additive (ca) and dominance (cd) coefficients for
a QTL were calculated from the genotypic probabilities,
under the assumption that two breeds were fixed for alter-
native alleles as follows:

c P QQ Mi P qq Mia = −( ) ( )

c P Qq Mid = ( )

where P QQ Mi( )= conditional probability that the QTL al-
leles are homozygous and originated from the Brazilian
naturalized breed; P qq Mi( ) = conditional probability that
the QTL alleles are homozygous and originated from the
commercial breed and DP Qq Mi( ) = conditional probabil-
ity that the QTL alleles are heterozygous.

The previous model was fitted every centiMorgan, re-
gressing the phenotypes onto the coefficients ca and cd. At
each location an F ratio was calculated, comparing the
model with a QTL to the equivalent model without QTL.
Estimates for a and d were calculated at the best estimated
position with the highest F-ratio. The chromosome-wide
significance levels (α = 0.05 or 0.01) were determined by a
permutation test, using the QTL Express software (Chur-
chill and Doerge, 1994), for a total of 10,000 permutations
for each trait. Confidence intervals (CI) for QTL location
were obtained as suggested by Pérez-Enciso et al. (2000),
using the chi-square drop approximation (equivalent to the

LOD score drop approximation). An F-statistic is equal to
χ2

P/p, approximately, where p is the number of parameters
estimated, in this case, two: the additive and the dominance
effects. The 95% threshold is χ2

2, 95 = 3.85. Thus, the 95%
confidence interval limits were obtained at the chromo-
some locations where the F-statistics decreased 3.85/2 =
1.92 units, starting in both directions from the position cor-
responding to the maximum F.

Genome-wide thresholds were obtained applying the
Bonferroni correction, as described in Knott et al. (1998)
and used by Pérez-Enciso et al. (2000). Supposing that a
given value F corresponds to a chromosome significance
level Pc, the genome significance level associated is given
by PG = 1 - (1 - Pc)19, where 19 is the haploid number of pig
chromosomes. This formula assumes that lengths and
marker spacing in all chromosomes are identical, so that re-
sults are to be taken only as approximate.

Results

The distance comprised by the five microsatellite
markers on swine chromosome 4 was 152 cM, correspond-
ing to a mean mapping interval of 38 cM. The size of the
map agrees with those reported in the literature, ranging
from 130.1 cM (USDA-MARC.2; Rohrer et al., 1996) to
165.0 cM (PiGMaP.1; Archibald et al., 1995). No change in
the order of the markers was observed, in agreement with
other studies (Walling et al., 1998; Gerbens et al., 2000).
Table 1 summarizes the characteristics of the microsatellite
markers used for the mapping of swine chromosome 4. The
PIC values calculated for the parental and F1 generations
were low, a finding that might be due to the small number
of alleles segregating in this population. However, Botstein
et al. (1980) classified markers with a PIC of 0.25 to 0.5 as
moderately polymorphic (SW489, S0217 and SW58) and
markers with a PIC higher than 0.5 as highly polymorphic
(S0301 and S001) and, therefore, both classes are suitable
for mapping.
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Table 1 - Microsatellite markers used for the mapping of pig chromo-
some 4.

Marker1 Position2 PIC3 HExp.4 HObs.5 N. of
alleles

SW489 0.0 0.32 0.58 0.68 3

S0301 33.0 0.50 0.52 0.56 3

S0001 59.2 0.50 0.60 0.60 3

S0217 112.0 0.41 0.57 0.73 3

SW58 152.3 0.42 0.56 0.69 4

1Reaction conditions: 1 U Taq polymerase, 0.2 mM dNTPs, 0.2 μM each
forward and reverse primers, 20 mM Tris-HCl pH 8.3, 50 mM KCl, (2 to
4 mM) MgCl2, 25 ng/μL genomic DNA. The final volume was 20 μL. The
PCR fragments were electrophoresed on 8% polyacrylamide gels. 2Position
in cM; 3Polymorphic Information Content (PIC) for the population calcu-
lated with the CERVUS v.3.0 software; 4expected (HExp) and 5observed
(HObs) heterozygosities were obtained with the CERVUS v. 3.0 software.



Most of the QTL affecting carcass and internal organ
traits were identified within an interval of approximately 90
to 135 cM on the chromosome. In this region, other authors
have identified QTL for performance traits (De Koning et

al., 1999; Rattink et al., 2000; Berg et al., 2006) and meat
quality traits (Pérez-Enciso et al., 2000). Table 2 shows the
maximum likelihood ratios (Fmax) and positions (cM) of
the QTL found in the present study and the respective esti-
mates of additive and dominance effects. The chromo-
some-wide 5% and 1% significance thresholds were 4.86
and 6.60, respectively. The 5% and 1% genome-wide sta-
tistics were F = 8.06 and 9.76, respectively.

Five significant QTL were identified for carcass traits
(Table 2 and Figure 1a), with p < 0.05 chromosome-wide
for midline backfat thickness after last rib (LR), p < 0.01
chromosome-wide for backfat thickness between last 1st-
2nd lumbar vertebrae (LL) and lower backfat thickness af-
ter last lumbar vertebrae (L), p < 0.05 genome-wide for
backfat thickness at 6.5 cm from the midline (P2), and
p < 0.01 genome-wide for bacon depth (BCD). Five QTL
were detected for carcass cut traits, with p < 0.05 chromo-
some-wide for loin depth (LD), loin eye area (LEA) and
skinless and fatless boston shoulder weight (BSW) (Table 2
and Figure 1b), and p < 0.01 genome-wide for skinless and
fatless ham weight (HW) and skinless and fatless picnic
shoulder weight (PSW) (Table 2 and Figure 1c). With re-
spect to internal organ traits, a QTL was observed for heart
weight (HEART) (p < 0.05 chromosome-wide) (Table 2
and Figure 1c). A more detailed description of all these
QTL is provided in Table 2.

Discussion

For traits related to fat deposition (backfat thickness),
QTL were detected in the region between markers S0001
and SW58 (Figure 1a). Although the backfat measures
were obtained in different regions, they may represent a
single trait, since in this population the phenotypic correla-
tion between these measures ranges from 0.72 to 0.89 (data
not shown), thus indicating the presence of one or more
genes in this region that act on subcutaneous fat deposition.
Possibly, alleles inherited from the naturalized Brazilian
Piau breed were responsible for the increased backfat thick-
ness observed in the different regions evaluated, because all
a values were positive (Table 2), demonstrating the contri-
bution of Piau alleles to the development of these traits.
These results were expected, since this breed is character-
ized by low performance, small litter size, and especially
large accumulation of subcutaneous fat (Guimarães and
Lopes, 2001).

The results obtained in the present study are in accor-
dance with other findings reported in the literature. The
QTL region for backfat thickness on SSC4 was first identi-
fied by Anderson et al. (1994), who mapped QTL influenc-
ing performance and fat deposition in animals derived from
a cross between wild boars and commercial pigs (Large
White). The same region was also detected by Marklund et

al. (1999), who used F2 animals of the above mentioned
cross and backcrossed them with Large White animals,
confirming the presence of the QTL for fat deposition. This
region was designed FAT1 (Marklund et al., 1999). In the
same region, Malek et al. (2001) also found significant
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Table 2 - Summary of the QTL positions (cM), maximum likelihood ratios (Fmax), phenotypic variance in F2 explained by the QTL (h2
Q) in percentage

and the respective estimates of additive and dominance effects.

Trait Position1 Fmax (CI)2 h2
Q a (± SE)3 d (± SE)3

LR (mm) 100 5.90 (69-133)* 8.9 1.804 ± 0.557 1.809 ± 1.518

LL (mm) 105 7.83 (80-122)** 11.0 2.573 ± 0.676 2.261 ± 1.797

L (mm) 95 6.85 (76-126)** 7.5 2.470 ± 0.854 5.275 ± 2.344

P2 (mm) 112 8.99 (87-132)*** 10.3 1.555 ± 0.367 0.309 ± 0.917

BCD (mm) 112 10.58 (96-126)**** 10.9 2.966 ± 0.651 1.687 ± 1.629

LD (mm) 133 5.79 (111-152)* 8.7 -5.387 ± 1.583 -2.073 ± 3.277

LEA (cm2) 133 6.49 (114-152)* 9.7 -3.597 ± 0.998 -1.399 ± 2.068

HEART (kg) 90 5.77 (61-129)* 8.0 -0.012 ± 0.004 -0.013 ± 0.011

HW (kg) 96 10.57 (81-126)**** 11.9 -0.195 ± 0.053 -0.394 ± 0.146

BSW (kg) 117 5.56 (92-144)* 7.6 -0.077 ± 0.024 0.019 ± 0.058

PSW (kg) 118 10.32 (98-132)**** 12.6 -0.180 ± 0.040 -0.136 ± 0.098

*p < 0.05 chromosome-wide significance; **p < 0.01 chromosome-wide significance; ***p < 0.05 genome-wide significance; ****p < 0.01 ge-
nome-wide significance; 1QTL average position in cM; 2Confidence interval; 3Standard error; LR - backfat thickness after last rib; LL - backfat thickness
between last 1st-2nd lumbar vertebrae; L - lower backfat thickness after last lumbar vertebrae; P2 - backfat thickness at 6.5 cm from the midline; BCD -
bacon depth; LD - loin depth; LEA - loin eye area; HEART - heart weight; HW - skinless and fatless ham weight; BSW - skinless and fatless boston shoul-
der weight; PSW - skinless and fatless picnic shoulder weight.



QTL for backfat thickness measured in the lumbar region
and at the last rib in F2 animals originated from a cross be-
tween Berkshire and Yorkshire pigs. Although we used dif-
ferent breeds from those reported in these studies
(Anderson et al., 1994; Marklund et al., 1999; Malek et al.,
2001), the same region is likely to be confirmed.

Among the QTL described here, the QTL for bacon
depth (BCD) presented the highest F value (10.58) and was

detected at position 112 cM, within the same interval as the
QTL for the other backfat thickness traits (Figure 1a). The
estimate of the additive effect for the BCD trait was
2.96 ± 0.65 and the QTL found was responsible for 10.9%
of the phenotypic variation, demonstrating the contribution
of Piau alleles to the phenotypic expression of this trait, as
observed for the other subcutaneous fat measures (Table 2).
Similar findings were reported by Peréz-Enciso et al.

(2000), who found that the identified QTL were in the ex-
pected direction, with Iberian alleles increasing fat deposi-
tion and reducing the growth rate and muscle area.

A more detailed study of the FAT1 region was con-
ducted by Berg et al. (2006) to confirm the presence of
genes influencing fat deposition on SSC4. The authors used
F2 animals originating from a cross between wild boar and
Large White pigs (Andersson et al., 1994) and backcrossed
them with Large White animals until the sixth generation,
in order to reduce the interval of the FAT1 region to less
than 20 cM. After comparative mapping with the human
genome, these authors observed homology between the
HSA1q23.3 chromosome region and the FAT1 region. In
humans, this region contains approximately 20 genes and,
according to these authors, the LMX1A and PBX1 genes are
the ones most likely to influence fat deposition traits.

QTL for LEA and LD were identified between mark-
ers S0217 and SW58, at position 133 cM (Figure 1b). In
this population, these two traits show a phenotypic correla-
tion of 0.70 (data not shown), so the QTL were expected to
be detected in the same region. The additive effects of LEA
and LD were estimated to be -3.60 ± 0.99 and -5.39 ± 1.58,
respectively, demonstrating that alleles inherited from the
Brazilian naturalized Piau breed were responsible for the
reduction in values obtained for the two traits. Pérez-Enciso
et al. (2000) observed the presence of a QTL affecting loin
eye area at position 83 cM on SSC4. The QTL identified by
these authors is close to marker S0214, which is closely re-
lated to marker S0217, screened in the present study. LEA
is a trait that has been indirectly selected based on backfat
thickness, since a reduction in the latter increases the for-
mer. The correlation (-0.25) between these two traits ob-
served in this population confirms this finding (data not
shown).

The QTL for loin eye area and loin depth were found
to be located in a distal region when compared to the QTL
for the different subcutaneous fat thickness measures; how-
ever, they have overlapping CI’s (CI around 69 to 133 for
fatness, and between 111 and 152 for muscling). Our find-
ing agrees with the results reported by Andersson et al.

(1994), who described non-coincident QTL for growth and
fatness, the growth QTL being telomeric with regard to the
fatness QTL. A somewhat similar finding was also de-
scribed by Perez-Enciso et al., (2000), who reported that
the QTL locations corresponding to maximum F for fatness
and growth were separated by 8 cM or less, with overlap-
ping CI’s. Pointing in a different direction are the findings
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Figure 1 - (a) F ratio estimates for fat thickness: bacon depth (BCD),
backfat thickness at 6.5 cm from the midline (P2), lower backfat thickness
after last lumbar vertebrae (L), midline backfat thickness after last rib
(LR), backfat thickness between last 1st-2nd lumbar vertebrae (LL). The
horizontal lines indicate the levels of significance: chromosome-wide (5%
= continuous line, 1% = dashed line) and genome-wide (5% = dotted line,
1% = dot-dashed line). (b) F ratio estimates for loin depth (LD), loin eye
area (LEA), and skinless and fatless boston shoulder weight (BSW). The
horizontal lines indicate the chromosome-wide (5% = continuous line, 1%
= dashed line) levels of significance. (c) F ratio estimates for skinless and
fatless ham weight (HW), skinless and fatless picnic shoulder weight
(PSW), and heart weight (HEART). The horizontal lines indicate the lev-
els of significance: chromosome-wide (5% = continuous line,
1% = dashed line) and genome-wide (5% = dotted line, 1% = dot-dashed
line).



of De Koning et al. (2001), who worked with an experi-
mental cross between Meishan and Dutch Large White and
Landrace lines and could not find any QTL for backfat
thickness on SSC4, although a suggestive QTL for intra-
muscular fat was detected on this chromosome when the
line-cross approach was used. Unfortunately, we do not yet
have data about the fatty acid profile of our F2 population,
so this comparison cannot be made at this point.

QTL for BSW (Figure 1b), HW and PSW (Figure 1c)
were identified within an interval of approximately 90 to
120 cM, in a region overlapping with the fat deposition QTL.
Alleles inherited from the naturalized Brazilian Piau breed
were responsible for the decreased muscling traits. Gelde-
rmann et al. (2003) observed the presence of QTL for HW
and BSW at position 115 cM on SSC4 in a cross between
wild boar and Pietrain pigs; the QTL for HW and BSW were
responsible for 5.2% and 8.3% of the phenotypic variation,
respectively. Possibly, these QTL are the same.

With respect to internal organ traits, a QTL for
HEART (p < 0.05) was identified at 90 cM (Figure 1c).
Cepica et al. (2003), studying various crosses, found a sig-
nificant QTL for heart weight on chromosome 4 at position
66 cM in animals originating from a cross between wild Eu-
ropean and Chinese Meishan pigs. It is hard to tell if these
QTL are the same, since the two studies used different
markers, and even the average map may show some differ-
ences.

The findings described in the present paper about a
similar QTL profile of our crossed Piau pigs and those de-
scribed for the Iberian (Perez-Enciso et al., 2000) and wild
boar crosses (Andersson et al., 1994) support the evidence
that our naturalized breeds are derived from European an-
cestors. Furthermore, the results of the present study show
that most significant QTL are located in common regions
on porcine chromosome 4, indicating that the same gene (or
genes) is (or are) controlling traits related to subcutaneous
fat deposition. Our research team will keep working on
SSC4 and on the other pig chromosomes to find more infor-
mative markers, related not only to production traits, but
also to establish a better evolutionary relationship between
the naturalized Piau breed and European animals which
might be their ancestors.
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