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3Area de Producció Animal, Centre UdL-IRTA, C/ Alcalde Rovira Roure 177, Lleida, 25198, Spain
4IRTA-CTC, Monells, 17121, Girona, Spain

Received: 14 June 2002 / Accepted: 24 March 2003

Abstract

We present a QTL genome scan for fatty acid com-
position in pigs. An F2 cross between Iberian ·
Landrace pigs and a regression approach fitting the
carcass weight as a covariate for QTL identification
was used. Chromosomes (Chrs) 4, 6, 8, 10, and 12
showed highly significant effects. The Chr 4 QTL
influenced the linoleic content and both the fatty
acid double-bond index and peroxidability index. In
Chr 6 we found significant associations with the
double-bond index and the unsaturated index of fatty
acids. Chr 8 showed clear effects on the percentages
of palmitic and palmitoleic fatty acids as well as the
average chain length of fatty acids. In Chr 10 we
detected a significant QTL for the percentage of
myristic fatty acid, with an F value that was slightly
above the genomewide threshold. The percentage of
linolenic fatty acid was affected by a region on Chr
12. A nearly significant QTL for the content of
gadoleic fatty acid was also detected in Chr 12. We
also analyzed the genomic QTL distribution by a
regression model that fits the backfat thickness as a
covariate. Some of the QTL that were detected in our
analysis could not be detected when the data were
corrected by backfat thickness. This work shows
how critical the selection of a covariate can be in the
interpretation of results. This is the first report of a
genome scan detection of QTL directly affecting
fatty acid composition in pigs.

Fatty acid composition is a crucial aspect of pig meat
quality. Leaner carcasses are associated with a higher
percentage of linoleic fatty acid (Whittington et al.

1986). Fat cuts with a high percentage of unsaturated
fatty acids are too soft to be processed, and they have
a tendency towards oxidative rancidity. Moreover,
high linoleic fat composition in meat is also associ-
ated with low juiciness and low consumer accept-
ance (Lawrence and Fowler, 1997). Lipid degradation,
mainly through oxidation of free unsaturated fatty
acids, produces off-flavors and rancidity in meat.
However, lipid degradation also plays a crucial role
in the maturation of traditional pork products. In
this way, fatty acid composition constitutes one of
the official criteria to qualify Iberian pig-cured
products, as high levels of oleic acid and low levels of
linoleic acid are desirable (López-Bote 1998). Linoleic
and linolenic-a are essential fatty acids which can
not be synthesized de novo. In consequence, carcass
linoleic and linolenic-a fatty acids come from the
diet. In contrast, there are other fatty acids, such as
oleic acid, that can be synthesized in the adipose
tissue.

Fatty acids are highly relevant for human health.
In this way, ingested fatty acids influence the risk of
suffering cardiovascular diseases. Moreover, several
of them, such as stearic, oleic, linoleic, and linolenic
fatty acids, have a hypocholesterolemic function
(Grundy and Vega 1988; Gardner and Kraemer 1995).

A great effort has been devoted during the last
years to detect porcine QTL for carcass and meat
quality traits. Pig QTL projects usually involve a
microsatellite-based genome scanning in a pedigree
constructed by crossing two divergent populations.
With this approach, several studies reported diverse
QTL affecting backfat and intramuscular fat in pig
(i.e., Andersson et al. 1994). However, only two
studies mapped QTL affecting fatty acid composi-
tion. The first report was described in an analysis on
Chr 4 of the same Iberian · Landrace pig intercross
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used in the present work, but with a fewer number of
animals analyzed in which a QTL with influence on
the linoleic and oleic fatty acid content was detected
(Perez-Enciso et al. 2000). The second article showed
a QTL, also in this region of Chr 4, vith effect on the
margaric fatty acid content (Grindflek et al. 2001).
The Iberian Guadyerbas line and the Landrace breed
show very divergent productive aptitudes (Serra et al.
1998), especially those related to fatness. Specifical-
ly, they found that the Iberian Guadyerbas pig had
lower average daily gain, meat moisture, and per-
centage of myristic, linoleic, linolenic, and global
polyunsaturated fatty acids in backfat. On the other
hand, the Guadyerbas line showed higher carcass
weight and a higher killing-out percentage, a much
higher amount of backfat, higher muscle ultimate
pH and intramuscular fat, as well as a higher con-
centration of pigments in meat. Finally, higher per-
centages of palmitic and oleic acid, as well as
saturated and monounsaturated fatty acids in back-
fat, were described in the Iberian Guadyerbas ani-
mals. Differences in the percentage and diameter of
muscle fiber types between both breeds were also
detected. Thus, an experimental cross between both
breeds is a powerful tool to dissect the architecture
of carcass meat and fat quality traits. The whole
genome QTL analysis of this pedigree evidenced the
presence of meat quality traits QTL in Chrs 4, 6, and
7 (Ovilo et al. 2002) and the existence of growth and
carcass quality traits QTL in Chrs 2, 4, and 6 (Varona
et al. 2002). The objective of this work is to present
the results of the first whole-genome scan for fatty
acid QTL detection that has been carried out in
livestock. We present the identification of new QTL
influencing palmitic, palmitoleic, myristic, linoleic,
and linolenic fatty acid content. Moreover, we de-
scribe QTL with a significant effect on several met-
abolic ratios such as the average chain length, the
double-bond index, the peroxidability index, and the
unsaturated index of fatty acids in pigs.

Materials and methods

Animal material. Three Iberian boars from the
Guadyerbas strain (IB) were mated to 31 Landrace
sows (LD). Six boars and 73 sows of their offspring
were used to produce 577 F2 animals. We have ana-
lyzed 369 F2 animals from 63 full-sib families. The
Guadyerbas strain is a highly inbred Iberian experi-
mental line with an inbreeding coefficient above 0.3
(Toro et al. 2000). The Landrace line is used as a non-
inbred lean maternal line from the experimental
farm of Nova Genètica S.A. All parental individuals
from both lines were homozygous for the RYR1
normal allele. The features of the pedigree, the

management of the animals, and the slaughtering
are described in Ovilo et al. (2000) and in Pérez-
Enciso et al. (2000).

Measurement of phenotypic traits. Fatty acid
composition was measured by gas chromatography
in backfat samples taken between the third and
fourth last ribs. The following metabolic ratios were
calculated: average chain length of fatty acids (ACL),
double-bond index of fatty acids (DBI), unsaturated
index of fatty acids (UI), and peroxidability index of
fatty acids (PI), as described in Pamplona et al.
(1998). We have calculated the principal component
analysis to analyze the correlation between these
phenotypic traits. Although the traits were corre-
lated in some cases, up to 7 variables were needed to
explain 90% of the joint variation of the 10 fatty acid
traits. We used physiological indexes such DBI or PI,
as they are useful tools to group the fatty acids ac-
cording to biochemical properties.

Genotyping. Genomic DNA was extracted
from blood samples by using a conventional saline
precipitation-based protocol (Miller et al. 1988). We
used 90 microsatellites uniformly distributed
throughout the 18 autosomal chromosomes. These
microsatellites had been previously chosen accord-
ing to their position and informativity, which was
estimated in the F0 by using the Ron informativity
Index (Ron et al. 1995). This index calculates the
frequencies in the LD sow population of alleles that
are present in the IB boar population. Amplified
products were analyzed by capillary electrophoresis
and fluorescent detection in an ABI PRISM 310 Ge-
netic Analyzer (Applied Biosystems). Genotypes
were analyzed and stored in the GEMMA database
(Iannucelli et al. 1996). Moreover, we have typed two
RFLP markers located in the second exon of the 2,4-
dienoyl-CoA reductase (DECR) gene and the second
exon of the GH gene. The DECR and GH genes map
to pig Chrs 4 and 12, respectively (Clop et al. 2002;
Larssen and Nielsen, 1993).

Statistical analysis. The linkage map was con-
structed by using the option ‘‘build’’ of the CRI-MAP
version 2.4 program (Green et al. 1990). Marker in-
formation content in the F2 was obtained as de-
scribed in Knott et al. (1998). The QTL analysis was
carried out by a regression analysis as proposed by
Haley and Knott (1994). The linear model was:

Y ¼ sexþ familyþ covþ caaþ cddþ e

where Y is the phenotype, and sex (two levels) and
family (63 full-sib families) are the fixed effects. The
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covariate (cov) was the carcass weight for the dif-
ferent traits considered in the experiment. The value
ca corresponds to the probability [P(QQ) ) P(qq)], and
cd is the probability [P(Qq)], Q and q being the Iber-
ian and the Landrace alleles, respectively. a is the
additive effect, and d is the dominance deviation.
The genotype of the putative QTL is calculated
conditional upon the marker genotypes at each cM.
The residual error is expressed in e. The model was
fitted at every cM according to the average sex dis-
tances map. The model was tested versus a model
without fitting a and d at each position to obtain the
regression F ) statistics. The contribution of the
QTL on the additive fraction of the phenotypic var-
iance (r2) in the F2 was computed assuming alter-
native fixed alleles in each breed, i.e., h2

Q ¼ a2=2r2
y .

We also performed the QTL detection analysis by a
regression method that corrects the data for backfat
thickness, which allows inferring whether the dif-
ferent QTL found for fatty acid composition are
genuine or, conversely, whether they are attributable
to differences in fat deposition.

Genomewide and chromosomewise significance
thresholds were calculated by permuting the backfat
thickness records 20,000 times within family and
sex and along the 18 autosomes (Churchill and
Doerge 1994). In a strict sense, significance thresh-
olds should be computed for every trait specifically,
but this is very expensive computationally, and we
found that they were very similar (to the second
decimal) in a former study (Pérez-Enciso et al. 2000).
The 5%, 1%, and 0.1% significant genomewide
threshold values were F = 8.53, 10.39, and 13.07,
respectively.

The 95% confidence intervals for the location of
the QTL were obtained by the chi-square drop ap-
proximation (Mangin et al. 1994) as described in
Pérez-Enciso et al. (2000).

Results and Discussion

The phenotypic measurements of the recorded traits
are listed in Table 1. The oleic acid is the most
abundant fatty acid in backfat, followed by palmitic,
linoleic, and stearic acids. In contrast, the eicosa-
dienoic and the gadoleic acids are the less abundant
fatty acids.

The order of the markers and the distances be-
tween them are in general agreement with other
mapping projects and with the USDA genome data-
base www.genome.iastate.edu/maps/marcmap.html.
The corresponding maps for the chromosomes where
significant QTL have been detected were (in cM) as
follows:

• Chr 4: SW2404(0.0)-S0301(40.3)-S0001(59.5)-
SW839(72.8)-DECR(78.8)-S0214(95.1)-
SW445(116.8)-S0097(134.4)

• Chr 6: S0035(0.0)-SW1057(44.3)-S0087(57.7)-
SW316(81.2)-S0228(96.0)-SW1881(108.7)-
SW2419(145.3)

• Chr 8: SW2410(0.0)-SW905(26.0)-SWr1101(44.7)-
S0017(66.5)-S0225(86.1)-SW61(109.1)

Table 1. Phenotypic records of fatty acid-related traits in
369 F2 animals

Trait Abbreviation Mean SD

%Myristic C14:0 1.50 0.17
%Palmitic C16:0 21.03 1.42
%Palmitoleic C16:1 (n)9) 2.49 0.38
%Stearic C18:0 10.93 1.30
%Oleic C18:1 (n)9) 44.27 1.81
%Vaccenic C18:1 (n)7) 2.98 0.35
%Linoleic C18:2 (n)6) 14.22 1.60
%Linolenic C18:3 (n)3) 1.08 0.18
%Gadoleic C20:1 (n)9) 0.86 0.21
%Eicosadienoic C20:2 (n)6) 0.62 0.16
Average chain length ACL 17.50 0.04
Double-bond index DBI 0.84 0.03
Unsaturated index UI 2.51 0.24
Peroxidability index PI 18.28 1.83

Table 2. Results of significant QTL analyses in Chromosomes 4, 6, 8, 10, and 12

Chr. Trait Pos F P a (SE) D (SE) h2QTL

4 C18:2 (n)6) 75 (67, 87) 17.13 <0.01 )0.65 (0.11) )0.00 (0.16) 0.13
4 DBI 73 (62, 87) 9.89 0.02 )1.01 (0.23) )0.26 (0.33) 0.07
4 PI 75 (66, 86) 16.10 <0.01 )0.74 (0.13) )0.05 (0.19) 0.12
6 DBI 105 (99, 117) 9.12 0.04 )0.83 (0.26) 0.99 (0.38) 0.08
6 UI 34 (21, 54) 8.71 0.05 )0.06 (0.02) )0.11 (0.04) 0.12
8 C16:0 86 (78, 93) 8.63 0.05 0.41 (0.10) )0.07 (0.14) 0.06
8 C16:1 (n)9) 86 (77, 94) 12.97 <0.01 0.14 (0.03) )0.07 (0.04) 0.10
8 ACL 86 (80, 91) 12.66 <0.01 )1.41 (0.28) 0.42 (0.42) 0.09
10 C14:0 82 (59, )) 8.61 0.05 0.07 (0.02) 0.02 (0.04) 0.10
12 C18:3 (n)3) 31 (18, 40) 8.84 0.04 0.03 (0.02) 0.09 (0.02) 0.10

Chr., Chromosome; Pos, Position in cM of the maximum F-value. Confidence interval bounds are shown, in brackets, only for the 95%
genomewise significance level; F, Maximum F-value at the position Pos; p, P-value at the genomic level; a, additive effect of the QTL on
Pos; d, dominant effect of the QTL on Pos; h2QTL, percentage of the phenotypic variance explained by the QTL.

652 A. CLOP ET AL.: QTL FOR FATTY ACID COMPOSITION IN PIGS



• Chr 10: S0038(0.0)-S0070(45.5)-SW1626(100.5)
• Chr 11: S0385(0.0)-S0071(43.1)-SW703(72.3)
• Chr 12: S0143(0.0)-GH(31.4)-SW874(48.6)-S0106

(81.7)

The significant QTL that we have found are reported
in Table 2.

Chromosome 4. We found significant QTL af-
fecting the percentage of linoleic acid (C18:2(n ) 6)),
as well as DBI and PI (see Table 2). These QTL
mapped to position 75 (66–87) cM, as previously
described by Pérez-Enciso et al. (2000). The pheno-
typic variance explained by this QTL for C18:2(n ) 6)
and PI corresponds to 13% and 12%, respectively.
Moreover, we have found a suggestive effect on the
percentage of C18:1(n ) 9) in the same region.
Nonetheless, when the data were adjusted for back-
fat thickness, these QTL showed lower F-values,
which decreased to a lower level than the chromo-
somewise threshold. Furthermore, the same region
of Chr 4 showed a clear association with backfat
thickness (Varona et al. 2002). These features would
be in agreement with a pleiotropic QTL for fatness
and fatty acid composition. For instance, the only
effect of this QTL on Chr 4 that remains significant
at a suggestive level in BT model is the influence on
the percentage of C18:1(n ) 9).

The present effect on C18:2(n ) 6) has an F value
that is similar to the one described by Pérez-Enciso
et al. (2000). But the percentage of the phenotypic
variance explained by this QTL is 50% lower in our
study (see Table 2). This discrepancy is likely due to
the larger sample of pigs analyzed at present. The
Iberian alleles increase backfat deposition, whereas
C18:2(n ) 6) as well as the carcass length and the
loin eye area diminish when the Iberian QTL is
present. Thus, it seems that both backfat depth and
linoleic content are highly and negatively correlated.
Since linoleic is an essential fatty acid, it cannot be
synthesized de novo. This means that differences
found for the linoleic content are due mainly to
differences in fat deposition. The QTL detected in
this chromosome for DBI and PI could also be ex-
plained by differences in linoleic content. All these
traits show a clear additive effect (Table 2). The
C18:2(n ) 6) QTL detected by Pérez-Enciso et al.
(2000) had a suggestive effect even when correcting
for backfat thickness. However, in our study the
significance of this QTL is below the 95% chromo-
somewise significance level. Moreover, any of the
significant effects detected in this chromosome
when the covariate is the carcass weight, achieve the
95% genomewide significance threshold when
backfat thickness is used as a covariate. In fact, we

have found a similar situation for QTL mapping to
Chr 6. This result demonstrates dramatically that
the choice of the covariate used for correcting the
data can have a remarkable effect on the results ob-
tained in QTL scans. Likely, the decrease of signifi-
cance associated with the inclusion of the backfat
thickness covariate in the regression model can be
explained by the fact that the content of some fatty
acid traits is highly correlated with backfat depth.
The QTL of Chr 4 fits in the same position as the
QTL detected by Andersson et al. (1994) and con-
firmed by Marklund et al. (1999) in a Wild Boar ·
Large White intercross, where the Wild Boar allele
increases fat depth and decreases growth and small
intestine length. A QTL in the same position with
effect on fat deposition was also detected by Walling
et al. (1998), Wang et al. (1998), Bink et al. (2000), and
Bidanel et al. (2001). Altogether, it seems that there
is a single QTL with pleiotropic effects in this
region.

Chromosome 6. This chromosome showed sig-
nificant QTL for DBI (p = 0.04) and UI (p = 0.05),
located at positions 105 (99–117) and 34 (21–54) cM,
respectively (Table 2). We also found several sug-
gestive QTL affecting C18:2(n ) 6), C16:0, C16:1(n )
9), and stearic fatty acid (C18:0) percentages, as well
as ACL at different positions along the chromosome.

The fact that the two significant QTL are located
in different regions suggests that at least two QTL
might be segregating in Chr 6. However, we cannot
exclude that a single pleiotropic QTL is responsible
for all the effects, since all the traits are under
overdominance.

However, any significant effects were detected
when we adjusted the phenotypic records for backfat
thickness. Only UI, C16:0, C16:1(n ) 9), and C18:0
showed suggestive effects located at similar chro-
mosomal positions. As in Chr 4, the region between
72 and 108 cM of Chr 6 showed significant influence
on backfat thickness (Varona et al. 2002). Once again,
this observation indicates that these effects might be
a consequence of differences in fat deposition. Chr 6
was also associated with intramuscular fat and loin
eye area at position 100–116 cM (Ovilo et al. 2000,
2002). De Koning et al. (1999) suggested the existence
of one QTL in the same position with a dominant
effect on backfat and a suggestive QTL affecting in-
tramuscular fat. Rohrer (2000) found an effect on
backfat deposition at position 83 cM, and Bidanel et
al. (2001) found the same QTL in a similar location.

Chromosome 8. A highly significant QTL with
effect on the percentage of palmitoleic fatty acid
(C16:1(n ) 9)) (p < 0.01), its metabolic precursor
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palmitic acid (C16:0) (p = 0.05), and ACL (p < 0.01)
was identified at 86 cM. This QTL explains 6% and
10% of the phenotypic variance of C16:0 and
C16:1(n ) 9), respectively (Table 2 and Fig. 1). Be-
sides, a suggestive effect on oleic fatty acid (C18:1(n
) 9) was found at 47 cM. This suggestive QTL would
explain 5% of the phenotypic variance, being cryptic
its alleles according to previous evidence of differ-
ences between the parental lines for the percentage
of oleic acid (Serra et al. 1998).

Remarkably, when we corrected the data for
backfat thickness, we observed significant QTL af-
fecting the same traits at the same position. The fact
that this chromosome shows the same effects in
both models suggests that these QTL are not influ-
enced by fat deposition. The Iberian allele increased
C16:0 and C16:1(n ) 9) fatty acids percentage, which
are 16-carbon-chain fatty acids. For this reason, a
clear effect on ACL was observed. In an analysis of a
Meishan · White composite pedigree, Rohrer and
Keele (1998a, 1998b) found a suggestive association
with leaf fat in an equivalent position of the pal-
mitic/palmitoleic QTL found in our study. Moreo-
ver, the leaf fat QTL was confirmed by Rohrer (2000).
Bidanel et al. (2001) also found, in a Meishan · Large
White intercross, a QTL for this trait in this chro-
mosome, but in another confidence interval.

Chromosome 10. We detected a QTL affecting
the percentage of myristic acid (C14:0) located at 80
and 82 cM. This QTL has an F-value above the ge-

nomewide threshold (p = 0.05) and explains as much
as 10% of the phenotypic variance of the C14:0
content (Table 2). When we applied the regression
method that corrects the data for backfat thickness,
the same effect was detected, but the corresponding
F-value decreased to a value slightly below the ge-
nomewide significance threshold.

This observation would indicate that this QTL is
not influenced by any fatness trait. Rohrer and Keele
(1998a) detected associations with backfat depth
over the midline at the first rib with a suggestive F-
value in a close position, and Bidanel et al. (2001)
found an effect on backfat depth in this chromo-
somal location.

Chromosome 12. We identified a significant ef-
fect on the percentage of linolenic fatty acid
(C18:3(n ) 3)) (p = 0.04) and other suggestive effects
on the percentages of vaccenic (C18:1(n ) 7)) and
gadoleic (C20:1(n ) 9)) fatty acids, as well as on ACL
and PI. These effects correspond probably to a single
QTL, since their confidence intervals are overlapped
on positions 0–37 cM (See Table 2 and Fig. 1).

The pattern of results obtained in Chr 12 coin-
cide with what was described in these breeds by
Serra et al. (1998), since the percentage of the poly-
unsaturated linolenic fatty acid decreases in the
Iberian pigs. In contrast, the content of monoun-
saturated vaccenic fatty acid increases when the
Iberian allele is present. The percentage of the
gadoleic fatty acid also decreases when the Iberian

Fig. 1. F-value curve of fatty acid-related traits across Chrs 8 and 12. The horizontal solid and the dashed lines indicates the
95% genome-wise and the 95% chromosome-wise thresholds, respectively.
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allele is present. According to these results, ACL and
PI show the expected tendency.

The same effects were observed when we corrected
the data for backfat thickness, with significant QTL
affecting C18:3 (n ) 3) (p = 0.02) at position 30 cM. The
QTL for C20:1 (n)9) and C18:1 (n)7) showed a similar
F-value, and the significance values of ACL (p = 0.04)
and PI (p = 0.05) increased to a level above the 95%
genomewide threshold. This result indicates that there
is at least one gene in this region influencing backfat
fatty acid composition but not fatness.

Interestingly, although no effects were found in
our model fitting the carcass weight as a covariate,
when we adjusted the data for backfat thickness, we
found a QTL for C14:0 at position 15 cM with a
significance value that was slightly below the 95%
genomewide significance threshold. This result
would indicate that this QTL is influenced by either
birth weight or growth. No other QTL affecting fat
characters has been described in this chromosome
up to date.

In summary, we have found significant QTL re-
lated to fatty acid composition in pig Chrs 8, 10, and
12 independently of the covariate (carcass weight or
backfat) that was used in the model. Fatty acid me-
tabolism can be influenced by a large number of
genes involved in complex metabolic routes. Several
genes might be selected as positional and functional
candidate genes for explaining the QTL found in this
work. For instance, the acetyl-CoA carboxylase a
(ACACA) gene catalyzes the carboxylation of acetyl-
CoA to malonyl-CoA, which is the precursor of
de novo synthesized fatty acids (Wakil et al. 1983).
ACACA maps to pig Chr 12p13-p12 region (Calvo et
al. 2000), close to the QTL we have found for C18:3(n
) 3) and C20:1 (n ) 9). Similarly, the FASN gene is
involved in the synthesis of long-chain fatty acids
(Wakil 1989) and maps to Hsa17q25 (Jayakumar et al.
1994). This region corresponds to the short arm of
pig Chr 12. Association analysis between the allelic
variants of these genes and fatty acid content and
metabolic ratios should be performed in order to
understand the molecular basis of fatty acid com-
position and its influence on meat quality.

Our results provide a comprehensive analysis for
QTL influencing fatty acid composition and meta-
bolic ratios in the pig. The QTL for C16:0, C16:1(n )
9), and ACL on Chr 8 and C18:3(n ) 3) on Chr 12
show high consistency, since they are confirmed
when correcting either for carcass weight or backfat
thickness. The critical importance of fatty acid pro-
files in meat quality and its economic importance
make evident the relevance of the existence of QTL
affecting the composition but not the deposition of
fat for the pig industry.
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