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INTRODUCTION 
Quantitative traits are generally controlled by multiple quantitative trait loci (QTL), which may 
have some epistatic effects with each other, and environmental effects. Currently, the approach 
using linear model including only single QTL is still used chiefly in most fields, but several new 
approaches for detection of multiple QTL have been developing for the last a few years (Heath, 
1997; Kao et al., 1999; Sillanpää and Arjas, 1998; Yi and Xu, 2000). Our objective is to establish 
a method to detect multiple QTL simultaneously in an outbred population. 
 
The method proposed in this study is based on Bayesian inference using the Metropolis-Hastings 
(MH) algorithm and the Reversible Jump Markov Chain Monte Carlo (RJMCMC) which is an 
extension of the MH algorithm, and which allows one to treat the number of QTL as one of 
unobservable parameters. By using this method, we can infer the posterior distribution of the 
number of QTL, as well as those of their locations, additive and dominance effects, and can also 
estimate polygenic and residual variance simultaneously. 
 
In the near future, it will be possible to detect QTL which have epistatic effects and to estimate 
their magnitude. 
 
MATERIALS AND METHODS 
Simulation. In this study, we simulated a swine F2 population, which was generated from the 
two base population, the upward- and downward-selected lines in which different marker alleles 
were not completely fixed while different alleles for QTL were assumed to be fixed in each line. 
Ten sires were picked up from the upward-selected line, noted by line 1, and 400 dams were 
picked up from the downward-selected line, noted by line 2. The program we have developed is 
designed so that each dam has one progeny when they are randomly mated, and that the 400 
progenies, noted by F1, are male or female with probability 0.5. And F2 population was 
generated by intercrossing the individuals in the F1 generation randomly. At that time, each dam 
has three progenies, therefore the number of individuals in F2 population is expected to be 600, 
but in most cases, the number of females in the F1 generation is not exactly half of the total 
number of individuals, then the number of the individuals in the F2 generation fluctuates slightly 
from 600. 
 
Number of alleles in each line was set to three, and two of them were common in both lines. Each 
allele frequency was as follows: In the line 1, frequencies of allele 1, 2, and 3 were 0.8, 0.1, and 
0.1, respectively. In the line 2, frequencies of allele 1, 2, and 4 were 0.1, 0.8, and 0.1, 
respectively. 
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In this study, we investigated two cases, where the number of QTL segregating in the simulated 
population was one (case 1) or two (case 2). The overall mean of phenotypic values was set to 
100, and it was assumed that there was one chromosome, which was 100cM long and had eleven 
marker loci, one every 10 centimorgans. And the true polygenic and residual variance were 35 
and 65, respectively. These situations and values were common in both cases, and in the case 1, 
QTL was located at 77cM in the chromosome and its additive and dominance effect were 4 and 0, 
respectively, and in the case 2, two QTL were located at 27cM in the chromosome, of which the 
additive and dominance effect were 4 and 2, respectively, and at 77cM, of which the effects were 
the same as the case 1. Phenotypic values were recorded only for F2 population and the pedigree 
information was used for the three generations. 
 
Mixed inheritance model. Here, y represents a vector for the phenotypic values of a quantitative 
trait. And then, y can be described by the linear model as follows: 
y=Xb+∑p(ai)ai+∑p(di)di+Zu+e, 
where b, u and e are vectors of fixed effects (including the overall mean) and/or covariates, 
polygenic effect and environmental effects, respectively. X and Z are design matrices relating b 
and u to y, respectively. And ai and di are the additive genetic and dominance effects of the ith 
QTL, respectively, p(ai) is the conditional probability of having two alleles derived from the line 
1 for the ith QTL minus that of having two alleles derived from the line 2, and p(di) is the 
conditional probability of being heterozygous. These probabilities are calculated using the 
method proposed by Haley et al. (1994). 
 
Statistical analyses. In this article, we used Bayesian method using the Metropolis-Hastings 
(MH) algorithm and the Reversible Jump Markov Chain Monte Carlo (RJMCMC). The MH 
algorithm starts from setting an initial arbitrary value for each unknown parameter, and in every 
cycle, proposes new values for the parameters and updates them in turn. By repeating this 
procedure many times, the MH algorithm generates the posterior distribution of all the unknown 
parameters. 
 
Updating all the parameters except the number of QTL. Newly proposed values are sampled 
from the symmetric uniform distributions around the current values and updates them with 
probability, min(1,λ), λ represents the ratio of likelihood when newly proposed values are 
substituted to when the current values are. If new proposals are accepted, these unknown 
parameters are updated, but if not, the values remain unchanged. 
 
Updating the number of QTL. Updating the QTL number, noted by l, needs a change in the 
dimension of the linear model, so the RJMCMC was used. And the prior distribution of the 
number of QTL is Poisson distribution whose mean, i.e., µl, is two and the program was designed 
so that the maximum number of QTL is three. The new proposals can be one of the three 
followings with probability pa, pm, and pd: to add one QTL, noted by 1, to leave the QTL 
number unchanged, noted by 2, and to delete one QTL, noted by 3. In this study, pa, pm, and pd 
are all equal, one-third. When the new proposal is 1, the location and the effects of the new QTL 
are sampled randomly from uniform densities and the likelihood is recalculated, and the proposal 
is accepted with probability min(1,λ·µl·pd/(l+1)2·pa). When the proposal is 2, only the locations 
and the effects of the QTL included in the model are updated. When the proposal is 3, one of the 
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QTL included in the model is excluded with equal probability and the likelihood is recalculated. 
The proposal is accepted with probability min(1,λ·l2·pa/µl·pd). 
 
The chain was run 50,000 rounds totally, and in order to eliminate the effect of serial correlation, 
we thinned the chain and saved one sample per 10 cycles, so the number of samples saved in one 
calculation was 5,000. 
 
RESULTS 
 
Table 1. The posterior distributions of the QTL number in the cases 1 and 2 
 
 Number of QTL 
Trial 0 1 2 3 
Case 1 0.0009 0.9862 0.0129 0.0001 
Case 2 0.0000 0.0022 0.9584 0.0394 

 
Table 2. The posterior distributions of all the parameters except the QTL number in the 
cases 1 and 2 
 
  Mean Median Mode True value 
Case 1 µ  98.84  98.85  98.92 100.0 
 θ  74.42  75.00  75.19  77.0 
 a   4.40   4.39   4.35   4.0 
 d   1.40   1.39   1.33   0.0 
 σu2  34.01  33.29  29.97  35.0 
 σe2  63.07  63.26  64.42  65.0 
Case 2 µ 100.34 100.33 100.28 100.0 
 θ1  23.37  24.47  25.66  27.0 
 a1   4.77   4.76   4.89   4.0 
 d1   0.10  -0.01  -0.20   2.0 
 θ2  75.75  75.66  75.37  77.0 
 a2   4.00   4.01   4.22   4.0 
 d2  -0.26  -0.27  -0.39   0.0 
 σu2  33.87  33.02  29.08  35.0 
 σe2  64.62  64.64  65.79  65.0 

 
Table 1 shows the posterior distributions of the QTL number in the cases 1 and 2. And Table 2 
shows the posterior distributions of all the parameters except the number of QTL. From these, it 
seems to be clear that the number of QTL is accurately estimated in each case, and the estimates 
of the overall mean, polygenic and environmental effect also seem to be fairly close to the true 
values in the case 2. But estimates of the locations and effects of the QTL seemed to be deviate 
slightly from the true values, which we will need to discuss and investigate in more detail. 
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DISCUSSION 
As above, using the method based on Bayesian inference using the MH algorithm and the 
RJMCMC, accurate detection of multiple QTL and estimation of the other parameters are 
possible. In this method, effects of QTL are treated as fixed effects, therefore epistatic effects 
will be included into mixed model easily, and by incorporating the method proposed by de 
Koning et al. (2000) into this method, imprinted QTL will also be detected. Moreover, for other 
kinds of experimental population, for example, granddaughter design, the method can be applied. 
But for more complex mating designs, in which polymorphic QTL are segregating, some 
modifications, for example, that allows one to treat QTL effects as random effects, may be 
needed. 
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