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Abstract

The objective of this study was to map quantitative trait loci (QTL) on porcine chromosomes 16, 17 and 18 and to de-
termine their association with carcass, organ and meat quality traits. An F2 population was produced by crossing two
boars of the naturalized Brazilian Piau breed with 18 commercial females (Landrace x Large White x Pietrain). The
population was genotyped for 11 microsatellite markers distributed over the three chromosomes and the results were
used to construct a marker-specific linkage map for the population. Analysis of the polymorphic information content
showed that the microsatellite markers were adequate for the study of quantitative traits. QTL were identified by re-
gression interval mapping using QTL Express software. QTL not previously described in the literature were detected
on chromosome 16, whereas QTL described in other populations were detected on chromosomes 17 and 18. The in-
formation from the significant QTL identified here will be useful for future fine-mapping studies and should provide a
better understanding of productive phenotypes in pigs.
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Quantitative traits (almost all traits of economic inter-
est) are controlled by several genes and are influenced by
the environment. One approach for determining the ap-
proximate number of loci involved in the genetic control of
quantitative traits and how these loci are distributed in the
genome, as well as the intensity of their effects, is to study
them indirectly by associating them with genetic markers
(Dekkers and Hospital, 2002).

The identification of quantitative trait loci (QTL) in
domestic animals is facilitated by the accumulation of mu-
tations produced over many years of selection at loci that
influence phenotypic traits (Andersson and Georges,
2004). Mackay (2001) stated that if there is a QTL-marker
linkage then differences in the mean values of a quantita-
tive trait will be observed among individuals with different
genotypes for this marker. Moreover, the identification of
genes may increase the efficiency of selection in animal
breeding, especially in cases of low heritability traits or
traits that can only be measured after slaughter, such as
meat quality and some carcass traits.

The main purpose of the present study was to map the
QTL for carcass, internal organ and meat quality traits lo-
cated on porcine chromosomes 16 (SSC16), 17 (SSC17)

and 18 (SSC18) in an F2 population produced by crossing
naturalized Piau boars and commercial females (Landrace
x Large White x Pietrain).

Details of the experimental F2, the phenotypes and
the DNA extraction procedures used have been described
by Band et al. (2005a,b) and Faria et al. (2006). Eleven
primer pairs for microsatellite markers distributed on
SSC16 (S0006, SW977, SW2517, SW1897), SSC17
(SW24, SW2142, S0359, SW2427) and SSC18 (SW1984,
S0120, S0177) were used. Amplifications were done in an
MJ Research PTC 100-96® thermocycler, according to
standard laboratory procedures. The amplified fragments
were scored automatically by GenScan software installed
in an ABI PRISM 310 sequencer (Applied Biosystems).
Annotation and genotype checking were done manually by
two independent and previously trained technicians.

The allele frequency (ρi), expected (He) and ob-
served heterozygosity (Ho), and polymorphic information
content (PIC) for the microsatellite markers were calcu-
lated for 20 parental animals, 64 F1 animals and approxi-
mately 500 F2 animals by using the CERVUS software,
version 2.0 (Marshall et al., 1998). CRIMAP software was
used to construct linkage maps of SSC16, SSC17 and
SSC18. The resulting genotypic and phenotypic files and
linkage maps were analyzed with QTL Express software
(Seaton et al., 2002).
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The statistical model used assumed that QTL were
bi-allelic, with fixed alternative alleles in each parental
breed. The probability that each F2 individual presents each
of the three QTL genotypes was calculated according to the
genotype of the markers at 1-cM intervals along the chro-
mosome. These probabilities were used for regression of
the traits on additive and dominance coefficients of the
QTL studied for each animal, as described by Haley et al.

(1994). The chromosome-wide significance thresholds
(α = 0.05 and α = 0.01) were determined using QTL Ex-
press software, with 10,000 permutations per test (Chur-
chill and Doerge, 1994). The genome-wide significance
threshold (α = 0.05) was obtained using Bonferroni’s cor-
rection (Knott et al., 1998). The 95% confidence interval
(95% CI) for localization of the QTL was calculated using
the chi-square approximation (X2) 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 yijk = phenotype; Si = fixed effect of sex i, i = 1
(male), 2 (female); 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); (Cijk - C)b = adjustment for covariables;
ca = P(QQ/Mi) - P(qq/Mi); cd = P(Qq/Mi).

The halothane genotype was included as a fixed effect
since Band et al. (2005a,b) reported significant effects of
the Hal1843 mutation on performance, carcass and meat
quality traits in this population. Carcass weight at slaughter
was used as a covariable for carcass and organ traits, and
age at slaughter was used as a covariable for meat quality
traits.

The additive fraction of phenotypic variance (hQ

2 ) in
the F2 generation explained by a given QTL was computed
according to Pérez-Enciso et al. (2000), assuming that al-
ternative alleles are fixed in each breed: hQ

2 = a2/2σ2
Y,

where σY is the residual standard deviation for fixed effects
and covariables, except for the QTL, and a is the additive
effect generated by QTL Express software. ca and ca are
conditional probability functions of the QTL given the ge-
notype of the markers, where P(QQ) is the probability that
the QTL alleles are homozygous and originated from the
naturalized Piau breed, P(qq) is the probability that the
QTL alleles are homozygous and originated from the com-
mercial breed, and P(Qq) is the probability that the QTL al-
leles are heterozygous.

Evaluation of the amplified loci on SSC16 provided
PIC (Polymorphic information content) values of 0.67,
0.54, 0.50 and 0.32 for loci S0006, SW977, SW2517 and
SW1897, respectively. On SSC17, the PIC values were
0.52, 0.54, 0.59 and 0.61 for loci SW24, SW2142, S0359
and SW2427, respectively. On SSC18, PIC values of 0.69,
0.48 and 0.60 were obtained for loci SW1984, S0120 and
S0177, respectively. The total length of the maps con-
structed was 166 cM for SSC16, 151 cM for SSC17 and
74 cM for SSC18. Estimates of additive, dominance and
imprinting effects were obtained for all traits, although in
no case were the estimates of the imprinting effect signifi-
cant. The significant QTL obtained for the three chromo-
somes analyzed are summarized in Table 1.

Analysis of the PIC values showed that all of the
markers used were efficient for the analysis of quantitative
traits since the applicability of these markers was directly
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Table 1 - Maximum F statistics (Fmax), number of animals analyzed for each trait (N), chromosomal position of each QTL, confidence interval (CI), and
estimates of additive and dominance effects and standard errors (SE) for significant traits on SSC16, 17 and 18.

Trait N Position in cM (CI) FMax Additive (SE) Dominance (SE)

SSC16

Bacon depth (mm) 528 0 (0-23) 5.33** -0.15 (0.05) -2.03 (0.72)

Midline lower Backfat thickness
above the last lumbar vertebrae (mm)

531 16 (0-37) 5.21** -2.02 (0.81) -4.98 (1.46)

Heart weight (kg) 532 93 (68-145) 5.52** 0.009 (0.003) 0.009 (0.008)

Lung weight (kg) 526 113 (88-136) 4.91* 0.01 (0.01) 0.003 (0.01)

Redness (HUNTER) 446 28 (6-44) 8.8*** 0.18 (0.10) 0.50 (0.22)

Cooking loss (%) 501 51 (29-91) 4.05* -0.53 (0.27) -1.49 (0.51)

SSC17

Backfat thickness at last rib, 6.5 cm
from the midline (mm)

531 90 (79-109) 4.54* 0.85 (0.31) 1.15 (0.44)

SSC18

Backfat thickness at last rib, 6.5 cm
from the midline (mm)

531 65 (16-74) 4.07* 0.89 (0.30) -0.76 (0.65)

Total loss (%) 501 0 (0-54) 4.47* 0.50 (0.27) 0.09 (0.38)

*, ** and *** significant at 5% and 1% chromosome-wide level, and at 5% genome-wide level, respectively.



related to their degree of polymorphism. Except for the
markers SW1897 (0.32) located on SSC16 and S0120
(0.48) located on SSC18, which were classified as moder-
ately polymorphic, all of the other markers were considered
to be highly polymorphic, with a PIC > 0.5 (Botstein et al.,
1980).

The lengths of the linkage maps differed from those
reported in the literature. This was expected since a differ-
ent set of markers and different populations were used. The
genetic diversity within these populations influences the re-
combination rate (meiosis) and the CRIMAP program uses
this information as a basis for the construction of linkage
maps, a fact reflected in the variation in linkage map length
among populations. The most likely source of differing
map lengths is the presence of undetected genotyping er-
rors that result in double recombinations in the CRIMAP
analysis. The linkage map lengths (CRIMAP) reported for
SSC16, SSC17 and SSC18 in other studies are 110-
124.2 cM (Bidanel et al., 2001; Pierzchala et al., 2003),
90-97.8 cM (Bidanel et al., 2001; Pierzchala et al., 2003)
and 48.7-89 cM (Bidanel et al., 2001; Dragos-Wendrich et

al., 2003), respectively.

The QTL associated with bacon depth (BCD) was lo-
cated between the S0006 and SW977 markers, the same re-
gion where the QTL for lower midline lower backfat
thickness above the last lumbar vertebrae (L) was found.
These QTL were situated in the initial portion of SSC16, in-
dicating the existence of gene(s) that influence both traits in
this region. In the case of significant QTL for traits related
to fatness deposition, BCD (additive effect = -0.05) and L
(additive effect = -2.02), the negative additive effect of the
QTL implies that the alleles of the commercial line cause a
decrease in these phenotypes (Table 1). There are no litera-
ture reports of QTL for internal organs on SSC16. Hence,
the finding that SSC16 contained QTL for the weight of in-
ternal organs such as heart and lung (Table 1) was novel.

The QTL detected on SSC16 for HUNTER redness of
the meat (A) is interesting because this locus is directly re-
lated to meat color, one of the main aspects used by con-
sumers when purchasing fresh meat, and was significant at
the genome-wide level (Figure 1). The genome-wide level
of significance is used to detect the presence of QTL some-
where within the genome and controls for the rate of type I
(false-positive) errors (Churchill and Doerge, 1994). The
positive additive effect (0.18) of the QTL for A implies that
alleles of the Piau breed increase this phenotype. Animals
of this breed are appreciated because of the good organo-
leptic aspects of their meat, which disagrees with the nega-
tive additive effect (-0.53) of the QTL for cooking loss
(CL), indicating that the alleles of the commercial line re-
sult in a decrease of this phenotype (Table 1). From an in-
dustrial point of view, cooking loss is related to the water-
holding capacity of meat, an essential trait for storage and
processing that influences the yield and color of cured meat
products (Van Oeckel et al., 1999).

The positive additive effect (0.85) of the QTL for
backfat thickness at last rib 6.5 cm from the midline (P2)
(located on SSC17) implies that the alleles of the Piau breed
increase this phenotype (Table 1), and agrees with the fact
that this breed is known as a fat type pig. QTL related to fat
deposition were also identified on SSC17 in an experimen-
tal population resulting from the crossing of Meishan and
Pietrain pigs (Pierzchala et al., 2003). Another QTL for P2
was detected on SSC18 but was poorly delimited in its con-
fidence interval (Table 1). This finding suggests that the
definition of this QTL region may be improved by using a
larger number of markers.

With respect to meat quality traits on SSC18, a QTL
for total loss was identified. However, it was not expected
that the genotype of the Piau breed would contribute to an
increase of the total loss phenotype (additive effect = 0.27)
(Table 1) since the meat of this breed generally has better
organoleptic properties than that of commercial breeds. A
QTL for drip loss on SSC18 (24 cM) has previously been
reported by De Koning et al. (2001) in a population result-
ing from the crossing of Meishan animals and pigs of com-
mercial breeds.

Molecular information becomes even more useful
when associated with low heritability traits and/or traits
that require slaughtering of the animal for their evaluation.
In the present study, QTL related to some of these traits
(BCD, L, P2, A, CL and TL) were identified. In addition,
QTL (CL, A, BCD, HEART and LUNG) not previously
found on SSC16 were detected on this chromosome. QTL
described in other populations were also identified here, in-
cluding backfat thickness at last rib 6.5 cm from the midline
on SSC17, and backfat thickness at last rib 6.5 cm from the
midline and total loss on SSC18. Analysis of these newly
identified QTL should allow the identification of pheno-
type-related genes and provide a better understanding of
these traits. Finally, the inclusion of additional markers in
QTL regions with a poorly delimited confidence interval
will provide a better definition of the F curve and greater
accuracy in the identification of genes.

900 QTL on SSC16, 17 and 18 in pigs

Figure 1 - Estimates of the F ratio for meat redness (A). The horizontal
lines indicate the levels of chromosome-wide (5% = continuous line,
1% = dashed line) and genome-wide (5% = dot-dashed line) significance.
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