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In the framework of Wright’s view of evolution, long-separate
breeds of domestic animals could establish different adaptive
epistatic genetic complexes that could be destroyed in
crossbred animals by recombination. The objective of this
study was to evaluate heterosis and recombination effects in
a crossing experiment involving two distinct European and
Asian breeds (Iberian and Jiaxing) in the F1 and two
successive backcrosses to the Iberian line. Teat number
(TN) was recorded in the right and left sides of piglets and
analysed by fitting a mixed linear model including the
Dickerson’s crossbreeding parameters. TN in pigs is a
discontinuous and often canalised trait presenting bilateral
symmetry. The minor differences between sides make this
trait a good candidate to evaluate fluctuating asymmetry (FA)
and developmental instability. For TN, the posterior means

and standard deviations (SD) of the heritability and of the
relative contribution of common litter environmental effect to
variance were 0.248 (0.028) and 0.057 (0.019), respectively.
The respective values of the difference between breeds,
heterosis and recombination effect were 9.990 (0.411),
�0.506 (0.196) and 0.684 (0.232). For FA, the posterior
means and SDs of the heritability and of the relative
contribution of common litter environmental effect to variance
were 0.023 (0.005) and 0.014 (0.005), respectively. Another
significant genetic effect was a recombination effect of 0.773
(0.117). These results confirm that the rupture by recombi-
nation of coadapted genomes decreases developmental
stability in domestic pigs.
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Introduction

One of the lines of evidence that led to Wright’s view of
evolution, known as the shifting balance process, was his
study of the formation of the Shorthorn breed (Wright,
1978). The domestication process provided the conditions
for the shifting balance to occur because small populations
captured from the wild were bred many times and in
many places. Those more productive and adapted to
human management probably replaced those less success-
ful. As Wright believed that epistasis makes a major
contribution to fitness, his theory provides a way for
explaining the fixation of favourable epistatic gene
complexes. It seems reasonable that long-separate breeds
have undergone independent evolution via artificial
selection and genetic drift, establishing different adaptive
epistatic genetic complexes that could be destroyed by
recombination. The crosses between temperate dairy
breeds and zebu local breeds in the tropics are a
paradigmatic example. In almost all cases the F1 was
superior to the parental breeds, but the F2 generation fails
to meet the expectations based on additive and dominance
effects, and this is generally attributed to the break-up of
epistatic complexes (see, Rutledge, 2001, for a review).

The objective of this study is to evaluate heterosis and
recombination effects in a crossing experiment between
pigs of two distinct European and Asian breeds: Iberian
and Jiaxing. The history and structure of these breeds
meet the requirements of Wright’s scenario for fixing
adaptive epistatic complexes. The two breeds were
produced from independent domestication processes,
and have been largely isolated and selected for divergent
purposes. The Iberian is a breed of low prolific
autochthonous pigs, which has been maintained for
centuries in large areas of the south-western Iberian
Peninsula and constitutes the largest of the surviving
populations of the Mediterranean type (Dobao et al,
1988). The Jiaxing, as other Chinese breeds of the Taihu
group, is famous for being highly prolific, whereas other
characteristics like rusticity, slow growth, fat carcasses
and reputed meat quality are shared with the Iberian pig
(Legault and Caritez, 1983).

For this purpose, we use line-cross analysis of number
of teats and their asymmetry. Teat number (TN) presents
bilateral symmetry, with only minor differences between
the two sides. Besides, TN is a canalised trait, at least in
Iberian pigs (Toro et al, 1986), that is, it presents an excess
of values close to the mean. It is an heritable trait with
moderate heritability (Toro et al, 1986; Béjar et al, 1993;
Zhang et al, 2000). Fluctuating asymmetry (FA), defined
as small random deviations from identical expression
across an axis of symmetry, is one of the three types
of asymmetry described. It is commonly interpreted
as a measurable expression of developmental instability
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(Palmer and Strobeck, 1986) with a genetic basis, that is,
character, population and taxon specific (Clarke, 1998).
Although the proportion of FA variation under additive
genetic control is a controversial topic (M�ller and
Swaddle, 1997), the general consensus is that the
heritability of FA is usually quite low in magnitude or
even zero (Whitlock and Fowler, 1997; Fuller and Houle,
2003). However, nonadditive genetic effects, intralocus
(dominance) and interloci (epistasis) interactions, are
commonly invoked to explain FA variation. In this sense,
significant dominant and epistatic effects for FA of
mandible size have been found in mice (Leamy et al,
1998, 2002).

The specific goals of the study are as follows: (a) to
characterise the type of asymmetry in TN in pigs, (b) to
estimate the heritability of TN and FA, (c) to estimate
the genetic covariance between both traits and (d) to
estimate heterotic and epistatic effects on both traits.

Material and methods

Populations
The experiment involved Chinese pigs from the Jiaxing
breed (P1) and Iberian pigs from the Torbiscal strain (P2).
To produce the F1 animals, semen from five Jiaxing
boars was used to inseminate 17 Torbiscal sows. Later,
generations were obtained from two successive back-
crosses to Torbiscal sires: P2�F1 (B2) and P2�B2. The
total number of pigs with available records was 8779,
from both sexes born in 1119 litters, and includes not
only the animals involved in the experiment but also
contemporaneous purebred Torbiscal pigs. The pedigree
consisted of 9966 animal-sire-dam entries. The number of
teats was scored in both the right (R) and the left (L) side
when piglets were 21 days old. The values of signed
(R�L) and unsigned |R�L| difference between the right
and the left sides were calculated for all the individuals.
These differences account, respectively, for the direc-
tional asymmetry (DA) and FA of the TN.

Statistical methods
The following univariate mixed linear model was used to
estimate genetic effects for the total number of teats and
the FA

y ¼ Xbþ Z1uþ Z2cþ e

where y is the vector of observations; X, Z1 and Z2 are
known incidence matrices relating location parameters
(b), and random effects (u and c), to y; u is the vector of
additive genetic effects; c is the vector of common litter
environmental effects; e the vector of random residuals;
and b is the vector of systematic effects, including sex
(two levels), batch (23 levels) and three parameters,
representing genetic effects expressed in each line or
cross according to Dickerson (1969).

The Dickerson’s model (1969) is framed in terms of: (1)
additive difference between breeds (P1�P2); (2) heterosis
(H), defined as H¼F1�(P1þP2)/2; and (3) recombina-
tion effect, defined as R¼F2�H. The coefficients that
show the proportion of these effects expressed in the
purebred and crossbred animals are usually referred as p
(the proportion of genes of breed P1), the coefficient of
racial heterozygosity h (the probability that two alleles,
taken at random in one locus, are from different breeds)

and the coefficient of recombination effect r (the average
fraction of pairs of loci in gametes from both parents that
are expected to be nonparental combinations). Their
values in the populations of the present experiment are
indicated in Table 1. It should be noted that, given that
records from an F2 generation were unavailable, the
estimates of recombination effects were obtained only
from the two successive backcrosses.

Data were analysed using two different approaches.
First, variance components (su2, sc2, se2) were estimated by
standard restricted maximum likelihood (REML) and
their statistical significance was tested by comparing
nested models with the same systematic-effects structure
using the restricted likelihood ratio (LR) statistic. The
distribution of the LR statistic is a 50:50 mixture of w2

(1)

and w2
(0) (Stram and Lee, 1994). As the P-value associated

with w2
(0) equals zero, the overall significance levels

equals the P-value associated with w2
(1) divided by two.

Unsigned individual FA values are typically half-nor-
mally distributed. Although deviations from normality
affect statistical testing of the variance components, the
estimates remain unbiased (Meyer, 1985). Best linear
unbiased estimates of fixed effects were obtained for
both traits assuming that the REML estimates are the
true variances.

A Bayesian analysis was performed using Gibbs samp-
ling techniques (Wang et al, 1994) to obtain inferences
on the parameters of interest: variance components,
heritability (h2¼su2/sP2 ), coefficient of common litter
environmental effects (c2¼ sc2/sP2 ) and Dickerson’s cross-
breeding parameters, based on their marginal posterior
distributions. An additional Bayesian analysis was
performed for TN and FA fitting a bivariate model
(Rodriguez et al, 1996) with the same structure of effects.
For each analysis, a single Gibbs chain of 1 010 000
samples was obtained. The convergence was assessed by
the double chain method (Garcia Cortés et al, 1998). Flat
priors were used for all the parameters. The usual
statistics of location (posterior mean, mode and median)
and dispersion (posterior standard deviation (SD) and
95% highest posterior density interval) were calculated
from saved samples.

Results

The number of individuals scored in the pure lines and
crosses, the total number of teats in both sides and
several statistics for this trait (SD, skewness and kurtosis)
are shown in Table 2. TN ranged from 9 to 21 across
individuals in the whole data set. The average number of
teats in the Jiaxing is almost double that of the Iberian
pigs and the crosses show intermediate values. The data

Table 1 Coefficients of the genetic effects for the parameterisation
of the Dickerson’s model

P1�P2 H R

Line or cross p h r

Jiaxing (P1) 1 0 0
Iberian (P2) 0 0 0
F1 (P1�P2) 1/2 1 0
B2 (P2�F1) 1/4 1/2 1/4
P2�B2 1/8 1/4 3/16
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confirm that TN in Iberian pigs is a canalised trait with
small variance and positive kurtosis (Toro et al, 1986).
The distribution shows skewness to the right (g1¼ 2.11;
Po10�7) and leptokurtosis (g2¼ 4.81; Po10�7), with
most of the items close to the mean. Both skewness to
the right and positive kurtosis disappear in the crossbred
animals. Owing to the low number of available data for
purebred Jiaxing animals, the g1 and g2 statistics were not
calculated.

The values of mean, SD and statistics measuring
skewness (g1) and kurtosis (g2) of (R�L) differences are
shown in Table 2 separately by line or cross as well as for
data pooled across genetic types. The signed difference
between sides ranged from �3 to þ 3. For traits showing
FA, the distribution of signed differences (R�L) would
have a mean zero and would not exhibit platykurtosis
(Palmer and Strobeck, 1986). Departures in these
moments can indicate DA or antisymmetry. The
total mean of these values did not differ significantly
from zero (t¼ 1.78; df¼ 8778; Po0.076) and thus DA
can be discounted. None of these distributions showed
a platykurtic departure from normality and thus no
antisymmetry is present. These results allow the
differences in TN found between right and left sides
to be characterised as FA. The mean and SD of unsigned
|R – L| differences by line or cross are also shown in
Table 2.

The results of the main statistics of marginal posterior
distributions of genetic parameters from the univariate
analysis of TN and FA are presented in Table 3. For TN,
the posterior means and SDs of the additive (su2),

common litter environmental (sc2), residual (se2) and
phenotypic (sP2 ) variances were 0.158 (0.022), 0.017
(0.004), 0.481 (0.014) and 0.657 (0.013), respectively. The
heritability (h2) of TN was greater than the proportion of
phenotypic variance due to common litter environmental
effects (c2). The comparison of nested models indicated,
however, a significant common environmental effect
(LR¼ 19.59, Po0.002). With respect to the effects of
Dickerson’s crossbreeding parameters on TN, the follow-
ing point estimates were obtained from the Bayesian
univariate analysis: a difference between Jiaxing and
Iberian breeds of 9.444 teats, a negative value of heterosis
(H¼�0.525) and a positive value of the recombination
effect (R¼ 0.670). The corresponding 95% HPD intervals
do not include the zero value.

For FA, the means and SDs of su2, sc2, se2 and sP2 were
0.008 (0.002), 0.004 (0.001), 0.188 (0.003) and 0.200 (0.001),
respectively. The Bayesian posterior interval of h2 for FA
(Table 3) and the value of the corresponding test statistic
in REML analysis (LR¼ 59.0, Po10�7) indicate a signi-
ficant additive genetic variance component for this
trait. No evidence of a significant common litter
environmental effect for FA was found in the REML
analysis (LR¼ 5.21, Po0.107), although the 95% HPD
interval of c2 did not include the zero value. With respect
to the Dickerson’s crossbreeding parameters and accord-
ing the bounds of their 95% HPD intervals, the difference
between breeds and the heterosis effect on FA were not
significantly different from zero. A significant value of
the recombination effect of 0.723 was found for this
measure of asymmetry (Table 3).

Table 2 Number of animals (n), mean, SD, coefficients of skewness (g1) and kurtosis (g2) of TN, signed (R�L) and unsigned 7R�L7 differences
between right (R) and left (L) sides for TN in Jiaxing and Iberian pigs and their crosses

Line or cross n TN (R�L) |R�L|

Mean SD g1 g2 Mean SD g1 g2 Mean SD

Jiaxing (P1) 5 19.80 1.10 — — 0.20 0.45 — — 0.20 0.45
Iberian (P2) 5713 10.24 0.54 2.11*** 4.81*** �0.01 0.42 �0.04 3.78*** 0.17 0.38
F1 (P1�P2) 98 14.54 1.04 �0.39 0.05 0.11 0.67 0.49* 0.75 0.40 0.55
B2 (P2�F1) 2230 12.60 1.15 �0.02 �0.23* 0.05 0.68 0.06 0.76*** 0.42 0.54
P2�B2 733 11.28 1.07 0.45*** �0.34 �0.00 0.68 �0.02 0.77*** 0.41 0.55

Total 8779 10.98 1.36 1.36*** 1.57*** 0.01 0.53 0.09*** 2.50*** 0.26 0.46

Test significance of g1 and g2: ***Po0.001; **Po0.01; *Po0.05.

Table 3 Estimated statistics of marginal posterior distributions of genetic parameters and Dickerson’s crossbreeding parameters from
univariate analysis for total number of teats and FA compared with standard REML estimates

Mean Mode PSD 95% HPD REML estimate

TN
h2¼su2/sP2 0.241 0.231 0.031 0.182/0.301 0.362
c2 ¼sc2/sP2 0.026 0.026 0.006 0.014/0.038 0.021
Difference between breeds (P1�P2) 9.444 9.463 0.481 8.487/10.372 9.444
Heterosis (H) �0.525 �0.536 0.195 �0.912/�0.149 �0.533
Recombination effect (R) 0.670 0.678 0.219 0.250/1.098 0.682

FA
h2¼su2/sP2 0.042 0.041 0.011 0.022/0.062 0.055
c2 ¼sc2/sP2 0.022 0.022 0.007 0.007/0.036 0.013
Difference between breeds (P1�P2) 0.026 0.005 0.218 �0.404/0.450 0.023
Heterosis (H) 0.149 0.147 0.113 �0.073/0.369 0.158
Recombination effect (R) 0.723 0.728 0.114 0.502/0.948 0.724

PSD: posterior standard deviation.
95% HPD: 95% highest posterior density interval.
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The results of the bivariate analysis for TN and FA are
summarised in Table 4. Differences with the univariate
analysis were minor for most point estimates. A high
value of genetic correlation between TN and FA was
found. According to the bounds of 95% HPD intervals,
the effects of the Dickerson’s crossbreeding parameters
on TN and the recombination effect on FA were
significantly different from zero.

Discussion

Both plant and animal breeders know that crossbreeding
of two breeds or lines has usually positive effects on the
fitness of F1 offspring. The superiority of the perfor-
mance of F1 over the average parental performance is
called heterosis or hybrid vigour. Nevertheless, there are
exceptions observed frequently in crosses between
different species or distantly related breeds, a pheno-
menon known as outbreeding depression. In these cases,
hybridisation increases heterozygosity and disrupts
coadapted gene complexes. Examples range from species
of Drosophila, populations of marine copepodes, Daphnia
clones and populations of many outbreeding plants even
separated by a few tens of meters (see, Lynch and Walsh,
1998, for a review).

Hill (1982) proposed a different parameterisation to
that of Dickerson in terms of additive effects of genes (A),
dominance effects (D), additive� additive (AA), addi-
tive�dominance (AD) and dominance�dominance
(DD). The relation between Dickerson and Hill’s models
is useful to interpret the aforementioned phenomenon.
The heterosis, measured as the difference between the F1
and the parental mean, is a function of both dominance
and additive� additive interaction H¼ 2D�AA and the
recombination effect (R¼F2�H) is entirely a function of
epistatic effects R¼�AAþ 2AD�4DD. The common
explanation for heterosis is the presence of negative
recessive alleles in the parental lines whose effects
are masked in the F1. With epistasis, the net value
of heterosis depends on the AA interaction. The results

for TN in this study show a heterosis value of –0.506
and a recombination effect of 0.684. To explain sign and
size of these values requires a combination of dominant
(D) and epistatic (AA, AD and DD) effects. Unfortu-
nately, there are not enough line-cross means to estimate
all of the components of Hill’s model. In any case,
the magnitude of the H and R effects is quite small
relative to the average parental value (about 4%) and
other alternative explanations (maternal effects or im-
printing) are also possible. Both maternally and pater-
nally imprinted QTL for TN have been reported in pigs
(Hirooka et al, 2001).

The estimated values of Dickerson’s parameters for FA
indicate a significant recombination effect. However, the
difference between breeds and heterosis effects were not
significant. The lack of significant heterosis for FA could
result from a balance between the opposite effects of
dominance (decreasing FA) and disruption of addi-
tive� additive interactions (increasing FA). Previous
studies of FA in other organisms revealed either
increased, decreased or similar FA in hybrid progenies
compared to parental lines (Palmer and Strobeck, 1986;
Leary and Allendorf, 1989; Markov and Ricker, 1991; Lu
and Bernatchez, 1999). A positive value (0.777) of the
recombination effect on FA was obtained in the present
study, which is more than three times the average of the
FA in the parental lines. It implies that the break-up of
parental coadapted gene complexes induces a greater
developmental instability.

The REML estimate of heritability for TN exceeds the
value of posterior mean obtained in the Bayesian
approach. Gianola and Foulley (1990) have pointed out
that REML estimates of variance components are only
marginal with respect to fixed effects, but not so with
respect to other dispersion parameters of the model.
However, the Bayesian analysis allows further margin-
alisation, which is particularly valuable for models with
several variance components. This is one of the several
advantages attributed to the Bayesian implementation of
the mixed linear models (Wang et al, 1994).

Table 4 Estimated statistics of marginal posterior distributions of genetic parameters (heritability, h2, common environmental, c2, and
correlations) and Dickerson’s crossbreeding parameters obtained from bivariate analysis for TN and FA

Mean Mode Median PSD 95% HPD

TN
h2¼ su2/sP2 0.248 0.241 0.246 0.028 0.197/0.301
c2¼ sc2/sP2 0.057 0.063 0.057 0.019 0.026/0.093
Difference between breeds (P1�P2) 9.990 10.028 9.990 0.411 9.216/10.815
Heterosis (H) �0.506 �0.528 �0.510 0.196 �0.888/�0.119
Recombination effect (R) 0.684 0.717 0.685 0.232 0.227/1.135

FA
h2 0.023 0.021 0.023 0.005 0.013/0.034
c2 0.014 0.015 0.014 0.005 0.004/0.023
Difference between breeds (P1�P2) 0.149 0.139 0.147 0.211 �0.251/0.570
Heterosis (H) 0.118 0.127 0.122 0.112 �0.100/0.331
Recombination effect (R) 0.773 0.758 0.772 0.117 0.547/1.003

Correlations
Genetic rG 0.920 0.969 0.928 0.045 0.838/0.980
Common environmental rc 0.010 0.016 0.010 0.043 �0.073/0.094
Residual re 0.189 0.189 0.190 0.016 0.158/0.221
Phenotypic rP 0.264 0.264 0.264 0.012 0.241/0.288

PSD: posterior standard deviation.
95% HPD: 95% highest posterior density interval.
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Our study suggests a small although significant value
of the heritability for FA (2–5%) similar to those reviewed
by Fuller and Houle (2003). However, this result must be
treated cautiously because of the difficulties for testing
the nule hypothesis when the posterior distributions
present peaks close to bounds of parametric space.
Although, in theory, the problem can be rigorously
solved by the calculation of Bayes factors, this has a huge
computational cost (Garcı́a Cortés et al, 2001). Hence, our
analysis used the LR statistic for comparing nested
models (Van Dongen et al, 1999). Another problem arises
from the lack of normality of FA, which violates an
assumption of the statistical tests. Many authors have
suggested the use of Box–Cox transformation, but it is a
dubious procedure for half-normal distributions because
it could magnify the error variance (Fuller and Houle,
2003). Other alternatives such as the use of threshold
models have still not been evaluated for analysing this
type of trait.

The genetic correlation between TN and FA was high
(above 0.90). High genetic correlations between traits and
their FA have been usually reported in empirical studies.
This indicates that most of the loci responsible for the
genetic variation of FA of a particular trait (TN in this
study) are the same as those affecting the mean of that
trait (Klingenberg and Nijhout, 1999).

The Asian and European types of pigs were domes-
ticated independently and the time of genetic divergence
between their common ancestors can be estimated by
mtDNA studies (Giuffra et al, 2000). Sequencing of D-
loop region and cytochrome b in Iberian pigs has
established their European origin. Also, unlike other
European breeds there does not seem to be detectable
introgression from Asian types (Alves et al, 2003).
Therefore, it could be assumed that ancestors of the
actual Jiaxing and Iberian pigs have been isolated and
evolved independently for about 600 000 years (Alves
et al, 2003). According to Wright’s theory, this long period
of genetic isolation and the differing environmental and
management conditions would lead to the fixation of
distinct sets of genes with favourable interactions.
Meiotic recombination via successive backcrossing can
destroy some of these interactions, diminishing the TN
and increasing the developmental instability, as the
results of this study confirm.
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DNA sequence variation and phlylogenetic relationships of
Iberian pigs and other domestic and wild pig populations.
Anim Genet 34: 319–324.
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