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Abstract

phenotypic variance.

Background: Quantitative trait loci (QTL) analyses in pig have revealed numerous individual QTL affecting growth,
carcass composition, reproduction and meat quality, indicating a complex genetic architecture. In general, statistical
QTL models consider only additive and dominance effects and identification of epistatic effects in livestock is not
yet widespread. The aim of this study was to identify and characterize epistatic effects between common and
novel QTL regions for carcass composition and meat quality traits in pig.

Methods: Five hundred and eighty five F, pigs from a Duroc X Pietrain resource population were genotyped
using 131 genetic markers (microsatellites and SNP) spread over the 18 pig autosomes. Phenotypic information for
26 carcass composition and meat quality traits was available for all F, animals. Linkage analysis was performed in a
two-step procedure using a maximum likelihood approach implemented in the QxPak program.

Results: A number of interacting QTL was observed for different traits, leading to the identification of a variety of
networks among chromosomal regions throughout the porcine genome. We distinguished 17 epistatic QTL pairs
for carcass composition and 39 for meat quality traits. These interacting QTL pairs explained up to 8% of the

Conclusions: Our findings demonstrate the significance of epistasis in pigs. We have revealed evidence for
epistatic relationships between different chromosomal regions, confirmed known QTL loci and connected regions
reported in other studies. Considering interactions between loci allowed us to identify several novel QTL and trait-
specific relationships of loci within and across chromosomes.

Background

Until now, most QTL studies have considered additive
and dominance effects and sometimes imprinting effects,
but epistatic interactions between two or more loci are
commonly ignored. The significance of interactions
between different loci in explaining the genetic variabil-
ity of traits has long been controversial.

Epistatic effects can be clearly defined and verified
when a combination of two mutations yields an unex-
pected phenotype that cannot be explained by the inde-
pendent effect of each mutation [1]. For example,
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Steiner et al. [2] have demonstrated the effect of gene
interactions for a binary expressed trait (coat color),
which is influenced by two or three loci. However, the
evaluation of epistasis for complex traits is much more
demanding because these traits are influenced by envir-
onmental effects and large numbers of polymorphic loci
[3]. For complex traits, it is useful to analyze the varia-
tion in a resource population established for QTL stu-
dies, by applying epistatic QTL models.

Most published studies on epistatic effects of interact-
ing QTL have focused on plants and laboratory animals
rather than livestock species, which is a paradox since it
seems obvious that the variance of a complex trait in
livestock animals cannot be explained by additive
genetic effects alone [4].
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In plants, investigations into epistatic effects concern
mainly rice hybrids for traits such as grain yield, plant
height and heating date [5,6], but epistatic effects have
also been identified in maize, oat and Arabidopsis [7].

Most epistatic QTL studies related to mammals analyze
data from laboratory animals. Brockmann et al. [8] have
shown that in a mouse intercross used to select for body
weight and fat accumulation, epistatic effects contributed
33% and 36% of the total phenotypic variation, respec-
tively, whereas epistatic effects contributed only 21% of
the variation. Kim et al. [9] have investigated non-insulin-
dependent diabetes in two backcross populations of mice
i.e. B6 and CAST crosses. They have detected five inter-
acting QTL in the B6 cross but none in the CAST cross.
Shimomura et al. [10] have detected ten epistatic QTL
connected to circadian behavior in mice. Sugiyama et al.
[11] have found six single QTL associated with blood
pressure in rats but 36% of this trait’s phenotypic
variance could be explained by a single two-dimensional
epistatic factor. Koller et al. [12] have examined the
mineral density of bones in a reciprocal cross in rats and
found epistatic effects between known and novel QTL
and between pairs of completely unknown QTL.

In livestock species, epistatic effects have been
detected in chicken and swine. In chickens, Carlborg
et al. [13,14] have identified epistatic effects on growth
traits, which accounted for up to 80% of the genetic var-
iation. In swine, ten QTL pairs for eight muscle fiber
traits in an intercross between Iberian and Landrace
breeds [15] and interacting genomic regions for carcass
composition traits and intramuscular fat content in F,
crosses between Pietrain and three other commercial
lines[16] have been reported. Additional studies have
revealed epistatic relationships influencing meat color,
fatty acid composition and reproductive traits such as
teat number or litter size [17-20].

In this work, we have evaluated the importance of epi-
static effects in pig breeding by identifying epistatic QTL
effects for carcass composition and meat quality in an F,
cross composed of commercial pig lines.

Methods

Animals and analyzed traits

In this study, we used 585 F, pigs from 31 full-sib
families that were the product of a reciprocal cross of
the Duroc and Pietrain (DuPi) breeds. The F; generation
was the product of crosses between Duroc boars and
Pietrain sows and between Pietrain boars and Duroc
sows. All animals were kept at the Frankenforst experi-
mental research farm of the Rheinische Friedrich-
Wilhelms-University in Bonn. The phenotypes of all the
F, animals were recorded in a commercial abattoir,
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according to the rules of German performance stations
[21]. In total, 13 traits related to carcass composition
and 13 traits related to meat quality were analyzed.
Table 1 contains an overview and definitions of all the
carcass composition and meat quality traits that were
analyzed. Intramuscular fat content (IMF) was deter-
mined by the Soxhlet extraction method with petroleum
ether [22]. More detailed information about the carcass
composition and meat quality traits can be found in Liu
et al. [23].

Statistical analyses

One hundred and twenty five microsatellites and six
SNP markers were used to genotype animals of the par-
ental (P), F; and F, generations. Genetic markers were
equally spaced on the 18 pig autosomes and covered
89% of these. In comparison to Liu et al. [23], who ana-
lyzed the data with a single QTL model, 18 genetic mar-
kers (microsatellites and SNP) were added to the data
set. The CRI-MAP 2.4 software was used with the
options “build”, “twopoint” and “fixed” to recalculate the
sex-average linkage map [24]. Additional information
regarding the markers, i.e. genetic position (in Kosambi
cM), number of identified alleles and polymorphism
information content are given in Additional file 1 (see
Additional file 1).

To identify significant environmental effects, the data
were analyzed by linear models including a relevant
fixed effects model (model 0) as in Liu et al. [23]. All
the models contained a polygenic effect (uy), which is
distributed as N(0, Ac?,), where A reflects the numera-
tor relationship matrix and ey the residual effect:

Yiik = Fi + ﬁCOVi + U+ eiik (0)

For carcass composition and intramuscular fat content
(IMF), the season/year of birth and the sex were
included in the model as fixed effects (F) and carcass
weight and age at slaughter as covariates (Bcov). For
traits like pH, conductivity and meat color, factors
including sex, slaughter season, carcass weight and age
at slaughter were used. Family, sex, carcass weight and
age at slaughter were included in the analyses of drip
loss, thawing loss, cooking loss and shear force.

Liu et al. [23] had analyzed the data set by the Haley-
Knott regression [25], which was extended in this study
for the pH decline and IMF traits.

Interactions between two QTL were detected by the
series of model comparisons suggested by Estelle et al.
[15]. The statistical analysis can be subdivided into the
following two steps, which were performed using the
statistical package Qxpak 4.0 [26].
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Table 1 Mean and standard deviation for carcass composition and meat quality
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Traits for carcass composition’ Abbreviation N2 Mean sp?
Carcass length [cm] carcass length 585 97.95 2.70
Dressing [%] dressing 585 76.76 1.93
Backfat shoulder [cm] BFT-shoulder 585 343 043
Backfat 13th/14th rib [cm] BFT-13/14 585 1.64 0.30
Backfat loin [cm] BFT-loin 585 133 031
Backfat mean [cm] BFT-mean 585 213 0.31
Backfat thickness above M. long. dorsi, 13/14" vibs [cm] BFT-thickness 585 113 027
Side fat thickness [cm] side fat 585 272 067
Fat area above the M. long. dorsi at 13/14" rib [cm?] fat area 585 16.27 284
Loin eye area at 13/14™ rib, M. long. dorsi [cm? loin eye area 585 51.82 537
Ratio of fat to muscle area Fat muscle ratio 585 032 0.06
Estimated carcass lean content, Bonner formula [%)] ECLC 585 5873 242
Estimated belly lean content [%] EBLC 585 58.16 298
Traits for meat quality 1

pH-value M. long. dorsi 45 min p.m. pH 1 h loin 585 6.56 0.20
pH-value M. long. dorsi 24 h p.m. pH 24 h loin 585 5.51 0.10
pH decline M. long. dorsi pH decline 585 1.05 022
pH-value M. semimembranosus 24 h p.m. pH 24 h ham 585 564 0.13
Conductivity M. long. dorsi 45 min p.m cond. 1 h loin 585 432 062
Conductivity M. long. dorsi 24 h p.m. cond. 24 h loin 585 2.79 0.78
Conductivity M. semimembranosus 24 h p.m. cond. 24 h ham 585 481 2.14
Meat color, opto-value meat color 585 68.61 565
Traits for meat quality 2

Drip loss [g] drip loss 342 212 0.96
Cooking loss [g] cooking loss 342 24.87 222
Thawing loss [g] thawing loss 342 8.10 1.98
Warner-Bratzler shear force [kg] shear force 324 35.27 6.62
Intra muscular fat content [%)] IMF 272 6.99 237

! Estimated carcass lean content = 59.704-1.744*(loin eye area)-0.147*(fat area)-1.175*(BFT-sh)-0.378*(side BFT)-1.801*(BFT thickness); estimated belly lean content
= 65.942+0.145*(loin eye area)-0.479%(fat area)-1.867*(side BFT)-1.819*(BFT-loin); backfat mean = the average of backfat loin, backfat shoulder and backfat 13%/
14%™ rib; dressing: chilled carcass weight relative to live weight at slaughter; fat area [cm?] according to Herbst [63].

2 N: number of records.
3 SD: standard deviation.

Step 1: Preselection of epistatic regions

Additive and dominance effects of individual QTL were
excluded from the first step of the analysis. To charac-
terize distinguishable genome regions, all chromosomes
were separated into 5 cM intervals because of computa-
tional limitations.

Vi = Fi + Bcov; + (Caalaa + Cadlad + Cdalda + Cadlad )

+ Uy +eijk

(1)

Model 1 includes all the possible genetic interactions
between pairs of chromosomal segments (L,,, Ig, I4a and
I4q) but does not include the main genetic effects them-
selves. The regression coefficients C,,, Caq, Caa and cqq
were calculated according to Cockerham’s suggestions
for epistatic interaction [27]:

Caa =P (QQ)P,(QQ)-P(QQ)P,(qq)

- P (qq)P,(QQ)+P;(aq)P;(qq)
caa =P1(QQ)P,(Qq)-P(aq)P,(Qq)
caa =P1(QQq)P,(QQ)-P(Qq)P,(qq)
caa =P (Qq)P,(Qq).

The definitions of these interaction terms follow the
rules of Varona et al. [28]. P; and P, refer to the prob-
ability of a QTL at locations 1 and 2, P(QQ) the prob-
ability of the grandparental line (Duroc) being
homozygous, P(qq) the probability of the other grand-
parental line (Pietrain) being homozygous and P(Qq) the
probability of being heterozygous. These equations imply
unlinked interacting loci [29]. The IBD probabilities were
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computed by a Markov chain Monte Carlo algorithm with
10000 iterations [26]. Model 1 was tested against model 0
with likelihood ratio tests (LRT) to assess the significance
of the effects of interacting QTL. Nominal P-values were
calculated assuming chi-squared distribution of the LRT
with four degrees of freedom. Interacting QTL pairs with
a nominal P-value < 0.001 were selected to be further ana-
lyzed in step 2.

However, the results of this model comparison cannot be
directly used for the detection of epistasis because the two
regions might interact solely in an additive way. The exclu-
sion of the main genetic effects and the definition of widely-
spaced 5 cM pseudo-loci are justified by the long computing
time necessary for this unsaturated genetic model.

In addition to interactions between regions on differ-
ent chromosomes, intrachromosomal interactions were
investigated. To avoid large, overlapping confidence
intervals, interacting QTL positions were selected when
the genome regions involved were larger than 30 cM. If
the two regions are closer than 30 cM, there is a high
risk that an interaction might be observed, which can be
explained in reality by a single QTL.

Step 2: Calculation of epistasis

Purely epistatic effects were quantified by model 2, which
covers all possible genetic main effects and interaction
effects. A 1-cM scan was performed within 40 intervals
of preselected genome regions identified in step 1.

Vi = F; + Beov; +(cqar+ cqudy ) +(cpay +cgod,) @)

+ (CaaIaa +cadIad + CdaIda + CddIdd ) + Uy +eijk

The regression coefficients for the main effects of the
two individual QTL were defined as:

Cai =P1(QQ)-P1(qCI)
ca1 =P (Qq)
c =P, (QQ)-P,(qq)
car =P, (Qq)

Factor “a” in model 2 is defined as the individual addi-
tive effect and “c” is the regression coefficient for the
differences in probabilities of being homozygous for
alleles of the Duroc grandparental line (QQ) and for
alleles of the Pietrain line (qq). A positive additive
genetic value would indicate that alleles originating from
the Duroc line show a greater effect than alleles from
the other parental line and vice versa. The dominance
effect “d” is described as a deviation of heterozygous
animals from the mean of both types of homozygous
individuals. In the case of a positive dominance value,
an increase in the trait of interest is the result of a het-
erozygous genotype.
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Vi = Fi + Boov +(cpa; +cqid; ) +(cppay +cgod,) 3)
+uy + ey

Finally, the statistical contrast between models 2 and 3
for evidence of epistasis was carried out using an LRT
with four degrees of freedom in the numerator.

As discussed in Mercade et al. [30], permutation tech-
niques cannot be applied here because an infinitesimal
genetic value is included. A randomization of the data
would destroy the family structure. Nevertheless, it is
necessary to prove the reliability of epistatic QTL pairs.
For this purpose, a Bonferroni correction assuming sta-
tistical independence every 40 cM was used as in
Noguera et al. [17]. The genome-wide critical values of
LRT for the significance levels associated with type I
errors where o = 0.05, 0.01 or 0.001 were 18.00, 20.45
and 26.21, respectively.

To verify the importance of each epistatic interaction
effect involved (a x a, a x d, d x a and d x d; a for addi-
tive and d for dominance), the simple heuristic method
of Estelle et al. [15] was used. This method judges an
epistatic effect as relevant (significant) if the effect size
exceeds two residual SD of model 0.

The proportion of the phenotypic variance explained
by the genetic components was calculated by the differ-
ences between the residual variances of the compared
models.

Results

Step 1: Preselection of QTL pairs

The number of significant QTL pairs identified in step 1
varied from three to 34 for different traits. In general,
low numbers were detected for traits that are known to
have high measurement errors due to environmental
effects (drip loss, cooking loss and thawing loss) or to
the error-prone measurement technique (side fat). In
this step, all QTL identified as significant in the single-
QTL analysis [23] were also found to be significant in
combination with other QTL in the bi-dimensional ana-
lysis of step 1.

The significant QTL regions identified in step 1 are
interesting candidates for epistasis, but the results of this
scan cannot be used as final proof for such effects
because the main and interactive genetic effects are not
separated. For a final validation of epistatic effects, a fully
saturated model including genetic main effects and inter-
action effects is needed, which leads directly to step 2.

Step 2: Calculation of epistatic effects

In the final step, the epistatic relationship between two
QTL was estimated using model 2. Table 2 gives
detailed information on all the significant epistatic QTL
pairs according to position, the LR-statistics and the
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Table 2 Evidence of epistatic QTL loci for carcass composition and meat quality traits

Carcass composition $SC pos.1 (cM)’ $SC pos. 2 (cM)’ LR? Epist. Var* QTL Var®
BFT 13/14 rib 16 (80) 18 (21) 22.9%* 345 4.59
BFT shoulder 2 (207) 15 (84) 20.8** 3.15 456
9 (57) 10 (151) 19.8** 299 337
BFT thickness 7 (138) 13 (61) 20.9%* 3.27 5.16
Dressing 5(1) 9 (15) 18.5* 282 417
ECLC 2 (135) 4 (98) 19.0* 2.90 453
2 (125) 7 (1) 19.4* 2.96 5.04
8 (62) 10 (79) 22.9** 349 534
Fat area 6(112) 12 (32) 21.0%* 3.20 413
6 (73) 13001 19.8* 3.02 5.79
8 (36) 8 (127) 23.4** 3.55 5.16
Fat muscle ratio 2 (125) 7 (1) 30.4%** 5.88 5.88
8 (62) 10 (80) 21.6%* 2.94 294
8 (80) 17 (45) 19.4* 303 5.88
Loin eye area 2 (135) 4 (96) 18.8*% 287 486
8 (58) 10 (70) 24.8** 3.77 6.01
17 (55) 17 (80) 48.7%%* 7.26 1041
Meat quality 1 SSC pos.1 (cM)’ SSC pos.2 (cM)’ LR? Epist. Var* QTL Var’
pH 1 h loin 2 (156) 18 (9) 18.0* 245 3.79
3 (34) 13 (85) 21.5%* 3.14 4.14
8 (1) 15 (77) 18.1* 2.80 4.14
12 (45) 16 (1) 26.2%%* 415 448
pH 24 h loin 3(16) 11 (39 21.0%* 411 411
4 (14) 11 (16) 39.4%% 6.85 6.85
10 (84) 18 (24) 19.6* 278 4.1
pH decline loin 3(13) 6 (41) 21.5%* 3.06 4.64
3(52) 18 (22) 20.3** 3.05 437
6 (39) 14 (84) 22.5%* 3.31 437
8 (6) 15 (71) 18.6* 2.78 437
12 (48) 16 (1) 26.8%%* 411 437
15 (61) 17 (29) 19.3* 278 437
pH 24 h ham 1(108) 5 (126) 26.9%** 407 12.59
2 (179) 7 (122) 18.1* 227 444
7 (88) 12.(1) 24.5%* 3.70 3.70
10 (84) 18 (23) 23.2%* 3.76 519
15 (61) 18 (92) 27.6%%* 451 593
Conductivity 1 h loin 3 (10) 14 (113) 23.8%* 362 5.16
Conductivity 24 h loin 5(52) 13 (75) 26.6%** 4.04 565
6 (13) 13 (20) 20.5%* 3.12 477
Conductivity 24 h ham 10 (99) 13 (30) 18.4* 283 4.05
Meat colour 7 (80) 12 (26) 22.4%% 341 4.06
Meat quality 2 SSC pos.1 (cM)’ SSC pos.2 (cM)’ LR? Epist. Var* QTL Var’
Cooking loss 1(97) 16 (63) 21.3%* 518 641
2 (186) 15 (16) 21.8** 527 6.61
4 (43) 16 (102) 19.6* 477 7.03
54) 18 (82) 22.20%* 540 7.89
7 (50) 13 (13) 18.9* 459 7.33
7 (47) 16 (108) 20.5%* 496 848
7 (40) 17 (60) 24.2%* 5.88 8.69
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Table 2 Evidence of epistatic QTL loci for carcass composition and meat quality traits (Continued)
8 (85) 18 (8) 37.2%% 7.50 10.22
Thawing loss 2 (49) 4 (105) 18.4% 448 6.61
15 (8) 17 (1) 19.1* 463 6.52
Shear force 2 (166) 7 (87) 19.9% 5.00 9.17
2 (150) 13 (112) 19.2* 4.83 9.00
2 (145) 16 (102) 21.8% 547 9.74
8 (84) 8 (111) 18.7% 471 6.54
IMF 1 (263) 6 (101) 23.4%* 823 10.85
5(57) 5(87) 24.2%* 852 1334

SSC Sus scrofa chromosome.

! position in Kosambi cM; in bold presented QTL loci have been detected as single QTL by Liu et al. 2007 [23].

2 LR: 2-log likelihood ratio.

3 three genome-wide significance levels were used: 0.1% significant value (LR = 26.21, nominal p < 0.0001,***), 1% significant value (LR = 20.45, nominal p <

0.0005,**), 5% suggestive value (LR = 18.00, nominal p < 0.001,%).

4 proportion (%) of phenotypic variance explained by epistasis calculated as the proportion of the residual variances due the epistatic QTL effects on the residual

variances excluding the epistatic QTL effects.

> proportion (%) of phenotypic variance explained by both QTL and their interaction term calculated as the proportion of the residual variances due the QTL

effects on the residual variances excluding the QTL effects.

proportion of the phenotypic variance explained by the
particular pairs of loci. In general, the number of true
epistatic QTL pairs was less than the number of prese-
lected pairs of QTL regions. Fifty-six epistatic QTL
pairs were identified across the 18 autosomes for 19 dif-
ferent traits. Intrachromosomal epistatic QTL were
located on porcine chromosomes SSC5 (Sus scrofa chro-
mosome 5), 8 and 17 for IMF, fat area and loin eye
area, respectively.

Overall, 19 a x a, 11 ax d, 13d x a and 29 d x d sig-
nificant interactions were observed. For 16 epistatic
QTL pairs, it was not possible to detect any more rele-
vant effects (see additional file 2). Although the general
epistatic interaction term was significant for 16 QTL
pairs, the effect size of the involved single epistatic
effects did not exceed two residual SD (model 2).

The proportion of the phenotypic variance explained
by the particular interaction term ranged from 2.5% to
8.5%. The proportion of epistatic variance relative to
the entire QTL variance exceeded 50% in most cases
(Table 2).

QTL for carcass composition traits

Seventeen epistatic QTL pairs were detected for seven
carcass composition traits. These were located on all
autosomes except 1, 4, 11 and 14. The epistatic loci
were classified into two highly significant (P < 0.001),
nine significant (P < 0.01) and six suggestive (P < 0.05)
QTL relationships (Table 2). Chromosomal loci of inter-
est were located on SSC2, SSC4, SSC7, SSC8 and
SSC10, where multiple epistatic QTL pairs were
detected (Figure 1). Regions located on SSC8 (58 to 62
cM) and SSC10 (70 to 80 cM) showed a significant epi-
static interaction for the fat:muscle ratio, the loin eye

area and ECLC. The relationship between these two
QTL loci explained 3% to 4% of the phenotypic variance
of these traits.

Furthermore, high d x d interaction effects were
observed for ECLC for one QTL on SSC2 (125 to 135
cM), which interacted with one locus on SSC4 (96 to 98
cM) and another locus on SSC7 (1 cM). Additionally,
epistatic QTL pairs were detected for the same loci on
SSC2 (135 ¢cM) and SSC4 (96 to 98 cM) related to the
loin eye area and also along SSC2 (125 cM) and SSC7
(1 cM) for the fat:muscle ratio. In general, these inter-
acting genomic areas showed the highest d x d interac-
tions in comparison to other single epistatic effects,
except the loci on SSC2 and SSC7, where the d x a
interaction was the most prevalent. Two to 6% of the
phenotypic variance was explained by the relationships
between SSC2 and SSC4 and between SSC2 and SSC7
for these carcass composition traits.

No epistatic effects were identified for carcass length,
shoulder BFT, mean BFT, side fat and estimated lean
belly content.

QTL for meat quality traits
A total of 14 suggestive (P < 0.05), 18 significant (P <
0.01) and seven highly significant (P < 0.001) QTL were
identified for all meat quality traits except drip loss
(Table 2). With regard to the number of epistatic QTL
pairs, the cooking loss trait involved eight interacting
QTL pairs and the pH decline six, which were the high-
est numbers of epistatic loci for all meat quality traits.
Close relationships were found between SSC8 (1 to 6
cM) and SSC15 (71 to 77 ¢cM) and between SSC12 (45
to 48 ¢cM) and SSC16 (1 cM) for pH 1 h loin and pH
decline (Figure 1). For these epistatic effects, a x a and
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d x d interactions exceeded two SD and were generally
more prevalent than a x d or d x a (see Additional
file 2). The highest explained proportion of the phenoty-
pic variance was 6.85% for an epistatic QTL pair located
on SSC4 (14 cM) and SSC11 (16 cM) related to pH 24
h in loin. The proportion of the phenotypic variance of
meat quality traits explained by epistasis ranged from
2.27% to 4.51%. For the measurements of conductivity
in loin and ham, four epistatic relationships between
seven QTL loci were observed.

Within the group of meat quality traits examined,
16 epistatic relationships among loci were identified
(Table 2). For cooking loss, a locus on SSC7 (40 to 50
cM) showed a x d, d x a and d x d interactions with

regions on SSC13 (13 cM), SSC16 (108 cM) and SSC17
(60 cM). Additionally, a relationship was identified
between the epistatic QTL on SSC16 (102 ¢M) and one
locus on SSC4 (43 cM), but none of the epistatic effects
exceeded two SD. The identified loci on SSC4 and SSC7
in combination had no significant effect on cooking loss.
In addition, the epistatic locus on SSC16 (102 to 106
c¢M) did not only affect cooking loss. Influences on
shear force were also detectable within an interaction
between SSC2 (145 cM) and SSC16 (102 cM). The high-
est explained proportion of the phenotypic variance was
8.2% for IMF between SSC1 (263 c¢cM) and SSC6 (101
c¢M) and 8.5% for an intrachromosomal epistatic QTL
pair on SSC5.
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Discussion

Most QTL studies in pigs involve additive and domi-
nance effects but epistasis is often ignored. To our
knowledge, seven studies using epistatic models in pigs
have been published [15-20,28]. In general, the use of
epistatic models makes it possible to identify QTL,
which interact with other QTL not only in an additive
way but also via a x a,a x d, d x a and d x d interac-
tions. In comparison to single- or double-QTL analyses,
the main benefit of including epistatic QTL effects is
the detection of novel QTL that affect a quantitative
trait through epistatic interactions with another locus
[4]. The identification of a considerable number of novel
QTL in our study underlines this advantage. However,
analyzing epistatic effects between two loci is computa-
tionally demanding because all pairwise combinations
must be investigated [15,16]. In addition, the use of
microsatellite information renders the distinction
between two loci on the same or different chromosomes
approximate.

In this study, 56 epistatic QTL pairs involving 104
interacting QTL positions were identified across all the
autosomes for porcine carcass composition and meat
quality traits. As shown in Tables 2 and Additional file
3 (see Additional file 3), 12 of these epistatic QTL posi-
tions were detected both in the single-QTL analysis of
Liu et al. [23,31] and as novel epistatic QTL in our
study. Six regions were related to carcass composition
and six to meat quality traits. It can be assumed that
these epistatic QTL play an important role in the
expression of these phenotypes.

In regard to carcass composition (ECLC and fat mus-
cle ratio), one epistatic QTL position located on SSC2
(125 to 135 cM) interacts with two other QTL regions
on SSC4 (98 cM) and SSC7 (1 cM), respectively. This
SSC2 locus was previously reported by Liu et al. [23] as
a single QTL and by Lee et al. [32], who analyzed a
Meishan x Pietrain cross. The same position was also
detected for the loin eye area trait by Estelle et al. [33].

The epistatic relationships between SSC2 (125 to 135
cM) and regions on SSC4 (98 cM) and SSC7 (1 cM)
explain 2.9% of the phenotypic variance for ECLC. The
corresponding entire QTL variances (sum of epistatic
and individual QTL variances) at these positions are
4.5% and 5% respectively, for the interactions between
SSC2 (135 c¢cM) and SSC4 (98 cM) and SSC2 (125 cM)
and SSC7 (1 cM). It can be assumed that the 2% differ-
ence between epistatic and entire QTL variances is due
to the individual QTL effect of the locus on SSC2,
which was reported by Liu et al. [23]. It follows from
this that the effects of the individual QTL loci on SSC4
and SSC7 are presumably small and difficult to detect in
a single-QTL analysis. Calpastatin (CAST) and tropo-
myosin (TPM4) located on SSC2 between 125 and 135

Page 8 of 13

cM are potential candidate genes for ECLC [34,35]. The
locus on SSC4 (98 cM) is related to backfat and loin eye
area traits [36-38]and carries the candidate gene trans-
forming growth factor beta-3 (TGF-B3) [39]. In conclu-
sion, all three genes play roles in skeletal, muscle and
tissue development. The locus on SSC2 (125 cM) is also
influenced by a region on SSC7 (1 cM) where Ponsuksili
et al. [40] have identified a QTL for several backfat traits
in a Duroc x Berlin Miniature pig F, cross.

Additionally, we observed an interacting QTL pair
between SSC8 (58 to 62 ¢cM) and SSC10 (70 to 80 cM)
that influences the loin eye area, ECLC and fat:muscle
ratio traits. The involvement of the SSC8 locus had
already been detected by a single-QTL analysis of these
three traits [23]. For the fat:muscle ratio, the proportion
of phenotypic variance was completely explained by epi-
static effects. There was a 2% difference between epi-
static variance and the sum of epistatic and individual
QTL variances for the ECLC and loin eye area traits.
Considering the single QTL variances presented by Liu
et al. [23], we conclude that the SSC8 locus (58 to 62
cM) has important single QTL and epistatic QTL
effects, whereas the SSC10 locus (70 to 80 cM) has only
epistatic effects. This assumption is partially contra-
dicted by Thomsen et al. [41], who has reported a single
QTL at the same position on SSC10 that only affects
the loin eye area trait.

In regard to the fat area trait, a region on the p arm of
SSC6 (73 cM) interacts with SSC13 (11 ¢cM), and a
region on the q arm of SSC6 (113 cM) interacts with
SSC12 (32 cM). The locus on the p arm of SSC6 has
been previously detected by Liu et al. [31] and the locus
on the q arm by Mohrmann et al. [42] in a resource
family of Pietrain and crossbred dams (created from
Large White, Landrace and Leicoma breeds). Leptin
receptor (LEPR), which is involved in neonatal growth
and development [43], is a candidate gene for the region
on the SSC6 q arm.

A significant epistatic relationship was detected
between SSC16 (80 ¢cM) and SSC18 (21 ¢cM) for BFT-
13/14 rib. As shown by the QTL variance ratios in
Table 2, this effect between both positions is mainly epi-
static. However, Liu et al. [23] had identified the QTL
region on SSC16 not for BFT-13/14 rib but for other
backfat traits in the DuPi population. The locus on
SSC18 was detected in the DuPi population by Edwards
et al. [44] and in a cross of Berkshire and Yorkshire
breeds [41]. Both studies included imprinting effects in
the single-QTL models. Although Liu et al. [23] had
applied a similar imprinting model, they did not identify
an effect on SSC18 for backfat traits.

In this study, BFT thickness is influenced by an epi-
static QTL pair on SSC7 (138 cM) and SSC13 (61 cM).
The QTL position on SSC7 has not been identified as a
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single QTL in our population but it has already been
reported in two studies [40,45]. Ponsuksili et al. [40]
have shown that the region surrounding the locus on
SSC7 is involved in the hepatic metabolic pathway.

Five epistatic QTL pairs involving ten loci were identi-
fied for pH 24 h in ham. Three QTL, located on SSC1
(108 cM), SSC2 (179 ¢cM) and SSC15 (61 cM), have
been previously detected by Liu et al. [23] in a single-
QTL analysis and the QTL on SSC1 (108 cM) was
shown to interact with a region on SSC5 (126 cM).
Twelve percent of the phenotypic variance has been
explained by this QTL pair, with 4% going back to the
epistatic term and 8% to the single QTL on SSC1
reported by Liu et al. [23]. In addition to the work of
Liu et al. [23], we analyzed the IMF and pH decline
traits with a single-QTL model. No single QTL was
found for IMF, whereas SSC15 (69 c¢cM), which is com-
parable to the position detected for pH 24 h mentioned
above, and SSC1 (119 c¢M) were identified for pH
decline.

Furthermore, all these regions have been shown to
carry several candidate genes involved in muscle develop-
ment, composition and metabolism [46], e.g., alpha-tro-
pomyosin (TPM1) and ATP synthase, H+ transporting,
mitochondrial F1 complex, alpha subunit 1 (ATP5A1)
related to the region on SSCI1; and myosin binding
protein C (MYBPCI) and ATP synthase, H+ trans-
porting, mitochondrial F1 complex (ATP5B) related to
SSC5 [47,48].

A position on SSC2 (145 to 166 cM) related to shear
force is significant for individual and epistatic QTL
effects [23] and has been identified in a Berkshire x
Duroc intercross [49]. This region interacts with loci on
SSC7, SSC13 and SSC16. The SSC7 and SSC13 loci
have been described as single QTL in other studies
[44,50,51]. A particularly large number of candidate
genes has been identified for the epistatic relationship
between SSC2 (166 ¢cM) and SSC7 (87 ¢cM). The SSC2
locus contains genes such as tropomyosin-4 (TMP4) and
GM2 activator protein (GM2A) [52,53], whereas SSC7
carries the myosin, heavy chain 6 (MYH6) and myosin,
heavy chain 7 (MYH?7) genes [53]. The biological func-
tions of these genes are primarily related to muscle
composition.

Until now, we have only discussed epistatic QTL pairs
with at least one locus previously detected as a single QTL
in the DuPi population analyzed by Liu et al. [23]. We
have identified many other epistatic loci that do not have a
corresponding result in the single-QTL analysis. Of the
104 QTL positions involved in the 56 epistatic QTL, 12
have been reported by Liu et al. [23] and are detected by
our single-QTL analysis, 30 have been reported in the
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literature and 62 are presumably novel positions. In gen-
eral, the effects of these QTL pairs can be explained by
purely epistatic effects, in which the single QTL of each
involved position is of minor importance. The significance
of the epistatic effects can be inferred from the difference
between the epistastic variance and the sum of epistatic
and individual QTL variances, which is frequently close to
zero (Table 2). Similar results have been reported by
Duthie et al. [16], who also detect novel QTL based on an
epistatic QTL analysis.

Although many QTL have been reported in the litera-
ture (Table 3), we did not detect any single QTL for the
IMF trait. Of particular relevance to this trait are the
two epistatic QTL studies of Ovilio et al. [18] and
Duthie et al. [16], which have revealed two epistatic
QTL pairs related to loci on SSC1 and SSC4 and on
SSC6 and SSC9. Here we identified four epistatic QTL
loci on SSC1 (263 c¢cM), SSC5 (87 ¢cM) and SSC6 (101
cM). The QTL region detected on SSC1 was comparable
to the identified epistatic QTL locus described by
Duthie et al. [16] and to the individual QTL in other
studies on this trait [44,54]. In other single-QTL studies,
loci on SSC5 (87 c¢cM) and SSC6 (101 ¢cM) have been
identified as influencing IMF [55,56].

Significant epistatic relationships can be observed
between QTL positions on SSC7, SSC13 and SSC16,
which mainly influence the expression of cooking loss
and shear force. A QTL locus on SSC7 (40 to 50 cM)
for cooking loss has been reported by de Koning et al.
[50] in an F, cross of Meishan and commercial Dutch
pigs and this region carries the MHC genes, which are
potential candidate genes [57]. Other single-QTL ana-
lyses have revealed epistatic loci on SSC13 (13 cM) and
SSC16 (108 cM) [31,58]. The epistatic QTL position on
SSC16 (102 to 108 cM) also interacts with loci on SSC4
(43 cM, cooking loss) and SSC2 (145 to 160 cM, shear
force). Though a novel QTL, SSC16 may play an impor-
tant role in tenderness traits.

Three epistatic QTL pairs not yet mentioned are
involved in the expression of loin pH 24 h. All the QTL
positions involved have been reported in the literature
and are relevant for meat quality [18,50,51,59]. More-
over, four QTL pairs involving eight epistatic QTL loci
are relevant for loin pH 1 h. Although all the positions
for this trait have not been published yet, many other
loci are well known. The high number of epistatic inter-
actions shows the complexity of postmortem metabolic
processes in meat, which need further clarification [60].
As an example of this complexity, Figure 1 depicts all
the epistatic loci for pH traits. Most QTL pairs have an
impact on more than one trait, and the number of QTL
positions that epistatically influence a single trait ranges
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Table 3 Reported QTL in the literature around similar
locations as the QTL identified in the present study

Carcass SSC (position Flanking marker Reference?
composition M)’
BFT 13/14 rib 18 (21) SW2540 - SW1023 [41,44]
BFT shoulder 10 (151) SW2067 [64]
15 (84) SW1119 [65]
BFT thickness 7(138) S0101 [40,45]
ECLC 2 (135) SW1564 - SW834 [23,66]
8 (62) SW1029 - SW7 (23]
Fat area 6(112) S0003 [3142]
Fat muscle ratio 2 (125) SW240 - SW1564 [23,32]
8 (62) SW1029 - SW7 (23]
Loin eye area 2 (135) SW1564 - SW834 (33]
4 (96) 50214 - S0097 [37]
8 (58) SW1029 - SW7 [23,44,67]
10 (70) SW830 - 50070 [41]
17 (55) SW840 - SW2431 (68]
Meat quality 1 SSC (position  Flanking marker Reference
M)’
pH decline loin 3 (52) SW2570 - S0002 [44]
6 (39) S0035 - S0087 [69]
15 (61) SW936 - SW1119 (69]
pH 24 h loin 3(16) SW27 - S0164 [18]
4 (14) 50227 - S0001 [50]
10 (84) S0070 - SW951 [59]
11(39) S0071 - S0009 [50]
18 (24) SW1023 - SB58 [51]
pH 24 ham 1(108) S0312 - SW2166 [23,54,70]
2 (179) SWR2157 - SW1879 [23,33]
5(126) IGF1 - SW1954 [69,71]
10 (84) S0070 - SW951 (59]
15 (61) SW936 - SW1119 [31]
18 (23) SW1023 - SB58 [51]
Conductivity. 24 h 5(52) SWR453 - SW2425 [72]
loin
13 (75) TNNC - SW398 [73,74]
Conductivity 24 h 10 (99) S0070 - SW951 [31]
ham
Meat color 7 (80) SW175 - S0115 (18]
Meat quality 2 SSC (position Flanking marker Reference”
™)’
Cooking loss 7 (45) S0025 - S0064 [50]
13 (13) S0219 - SW344 (58]
15 (16) S0355 - SW1111 [68]
Shear force 2 (150) SW834 - 50226 [23,49]
7 (87) SW175 - S0115 [44,51]
13 (112) SW398 - S0289 [50]
IMF 1(263) SW2512 [16,44,54]
5(87) S0005 - SW1987 [56]
6 (101) S0059 - S0003 (55]

SSC Sus scrofa chromosome.
! position of the QTL in cM.

2 references of other studies reporting QTL in similar regions of the specific
chromosome.
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from three to eight. Pleiotropy and co-regulation are
important factors of genetic control to compensate for
up- and down-regulation of correlated traits by gene
interactions [8,61].

Epistasis appears to be an important contributor to
genetic variation in carcass composition and meat qual-
ity traits. Subdividing epistatic effects into the structural
types (a x a, a x d, d x a and d x d) allows a deeper
insight into the genetic mechanisms behind the expres-
sion of these phenotypes. As shown in Additional file 2
(see Additional file 2), all types of structural epistasis
can be found across all traits. Often, more than one
component is significant, indicating complex genetic
structures, particularly for meat quality traits. On aver-
age, d x d interactions are the most prevalent. Twenty-
nine pairs exhibit d x d, 19 a x a, 11 axdand 13d x a
epistatic effects. Moreover, the importance of domi-
nance becomes more obvious by summing up the three
epistatic effects (a x d, d x a and d x d) that comprise
dominance. With respect to all traits, we observed this
composite effect for 33 of 40 cases, which makes it
more important than a x a effects. Epistatic dominance
contributes to heterosis, and it has been widely shown
that heterosis plays an important role in the genetics of
carcass composition and meat quality [62].

For seven QTL pairs, a x a effects were more preva-
lent in the expression of traits (e.g., epistasis among
SSC3 and SSC14 for conductivity 1 h loin) than were
other interaction effects containing dominance. Accord-
ing to Carlborg and Haley [4], a x a effects are indica-
tors of co-adaptive epistasis and occur when the
homozygous alleles of the two loci that originate from
the same parental line show enhanced performance.
This type of gene interaction is particularly interesting,
since the loci have no significant individual effects [4].
This might be the reason why some of our novel epi-
static QTL positions have not been not found in a sin-
gle-QTL analysis. Selection strategies among the
parental lines might lead to fixation of different alleles
at the relevant loci, regulating the expression of a speci-
fic phenotype in a way that makes statistical epistasis
unapparent in either population [17].

Conclusions

In the present study, a bi-dimensional scan identified a
large number of epistatic QTL pairs involved in the
expression of carcass composition and meat quality
traits. These results show that the genetic architecture
of carcass composition and meat quality is mainly com-
posed of a complex network of interacting genes rather
than of the sum of individual QTL effects. Combining
epistatic QTL experiments with subsequent gene expres-
sion profiling can be a promising strategy to clarify the
underlying biological processes of muscle development
and metabolism.
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Additional material

Additional file 1: Genetic markers used in this study. For all genetic
markers map positions, numbers of alleles and polymorphic information
content (PIC) along with a corresponding PIC-plot are presented.

Additional file 2: Impact of epistatic effects for carcass composition
and meat quality traits. Individual and epistatic QTL effects subdivided
into the underlying structural components are presented.

Additional file 3: Relevant single QTL identified in the study of Liu
et al. [23,31]for carcass composition and meat quality traits. The
table contains the 12 corresponding QTL positions which were detected
in the single QTL analysis of Liu et al. [23,31] and our epistatic QTL study.
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