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ABSTRACT

The detection of genes that control quantitative characters is a problem of great interest to the genetic
mapping community. Methods for locating these quantitative trait loci (QTL) relative to maps of genetic
markers are now widely used. This paper addresses an issue common to all QTL mapping methods, that
of determining an appropriate threshold value for declaring significant QTL effects. An empirical method
is described, based on the concept of a permutation test, for estimating threshold values that are tailored
to the experimental data at hand. The method is demonstrated using two real data sets derived from F,
and recombinant inbred plant populations. An example using simulated data from a backcross design
illustrates the effect of marker density on threshold values.

ETHODOLOGICAL research on the problems of
detecting and locating quantitative trait loci
(QTL) has received considerable attention over the past
several years. A variety of methods have been developed
to analyze quantitative trait data (WELLER 1986, 1987;
LanDER and BoTsTEIN 1989; HaLEy and Knotr 1992;
KnoTT and HALEY 1992; HALEY et al. 1994; CARBONELL
et al. 1992; JansEN 1993a,b; JANSEN and STAM 1994; ZENG
1993, 1994). A problem common to all of these methods
is the difficulty of determining appropriate significance
thresholds (critical values) against which to compare
test statistics (usually LOD scores or likelihood ratios)
for the purpose of detecting QTL. The source of this
difficulty is twofold. First, there is the problem of de-
termining (or approximating) the distribution of the
test statistic under an appropriate null hypothesis. In
most cases, the regularity conditions that ensure an as-
ymptotic chi-square distribution for the likelihood ratio
test statistic are not satisfied (GHosH and SEN 1985;
HARTIGAN 1985; FENG 1990). There are often additional
problems due to finite sample sizes and distributional
properties of the quantitative trait that might cause one
to doubt the reliability of asymptotic approximations.
The second source of difficulty is the multiple hypoth-
esis testing that is implicit in the genome searches used
for locating QTL (HALEY 1994; JaANSEN 1993a,b; JANSEN
and StaM 1994; ZenG 1993, 1994). A large number of
tests may be carried out, many of which are not inde-
pendent. The dependence structure of these tests is dif-
ficult to analyze in cases other than the extremes of very
dense or very sparse genetic maps. Elegant theoretical
arguments have been presented (LANDER and BOTSTEIN
1989) that address both of these issues. However, they
offer the user formulas for threshold values that are un-
fortunately difficult to apply and are based on a number
of assumptions that are not likely to be met in practice
(LANDER and BoTsTEIN 1989).
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The problem of determining appropriate threshold
values is made even more difficult because there are
many factors that can vary from experiment to experi-
ment and can influence the distribution of the test sta-
tistic. These include, but are not limited to, the sample
size, the genome size of the organism under study, the
genetic map density, segregation ratio distortions, the
proportion and pattern of missing data, and the number
and magnitude of segregating QTL. Our goal in this
work is to provide researchers involved in QTL mapping
projects with a simple and intuitive procedure for esti-
mating a threshold value and thus detecting significant
QTL effects. Any such procedure must be statistically
sound and should reflect, to the greatest extent possible,
the characteristics of each particular experiment. In this
paper, we describe a method based on the concept of
permutation tests as first proposed by FisHer (1935). It
involves repeated “shuffling” of the quantitative trait val-
ues and the generation of a random sample of the test
statistic from an appropriate null distribution. The pro-
cedure is statistically valid when used in conjunction
with likelihood or regression based test statistics and for
any distribution of the quantitative trait. Because our
procedure is empirical, based on the observed marker
and trait data, it will automatically reflect the charac-
teristics of the particular experiment to which it is
applied.

Before proceeding to describe our method, we review
the usual “QTL hypotheses” and discuss a handful of
previous studies on the QTL detection problem, real-
izing that by no means are we presenting a complete
literary synopsis of this field.

There are three hypotheses most relevant to the QTL
detection problem (KNOTT and HALEY 1992) these being
(1) Hy: no QTL is present; (2) Hz a QTL is present but
is not linked to the marker(s) and (3) H,: a QTL is
present and is linked to the marker(s).






