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Abstract The interval mapping method is widely used
for the genetic mapping of quantitative trait loci (QTLs),
though true resolution of quantitative variation into
QTLs is hampered with this method. Separation of
QTLs s troublesome, because single-QTL is models are
fitted. Further, genotype-by-environment interaction,
which is of great importance in many quantitative traits,
can only be approached by separately analyzing the
data collected in multiple environments. Here, we de-
monstrate for the first time a novel analytic approach
(MQM mapping) that accommodates both the mapping
of multiple QTLs and genotype-by-environment inter-
action. MQM mapping is compared to interval map-
ping in the mapping of QTLs for flowering time in
Arabidopsis thaliana under various photoperiod and
vernalization conditions.
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Flowering time in Arabidopsis

Arabidopsis thaliana is a model organism for genetic
analysis because of its small genome size, short gener-
ation time and ease of propagation (Meyerowitz and
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Pruitt 1985). Transition to flowering is one of the current
issues in Arabidopsis research (Martinez-Zapater et al.
1994). At least 12 loci for flowering time have been
identified by mutational analysis (Koornneef et al.
1991). Also, large differences between ecotypes exist for
flowering time; the FRI locus was found to be respon-
sible for some of these differences (Clarke and Dean
1994). The group of early genotypes, which includes the
widely used ecotypes Columbia (Col) and Landsberg
erecta {Ler), has not been analyzed extensively. Small
differences in flowering time within this group have been
reported (Koornneef et al. 1991), and it has been sugges-
ted that the FLC locus is involved (M. Koornneef,
personal communication). Flowering time strongly de-
pends on many environmental factors, amongst which
photoperiod and temperature (vernalization treatment)
are the most important. Distinct norms of reaction have
been reported for several mutants and ecotypes (Marti-
nez-Zapater et al. 1994). In the present article we report
the genetic mapping of quantitative trait loci (QTLs)
underlying the differences in flowering time between Col
and Ler. Flowering time was recorded under various
photoperiod and vernalization conditions in a set of
recombinant inbred lines (RILs, Table 1) derived from a
cross between Col and Ler; details of the experimental
conditions will be presented elsewhere (Lister and Dean,
manuscript in preparation). We used 37 of the restrict-
ion fragment length polymorphism (RFLP) markers
previously mapped by Lister and Dean (1994).

We successfully applied a novel method of analysis
based on multiple-QTL models (MQM mapping; Jan-
sen 1994); QTL-by-environment interaction forms part
of the models fitted. For comparison we also applied
interval mapping (Lander and Botstein 1989), analyzing
the data for each environment separately.

Comparison of interval mapping and MQM mapping

In interval mapping (IM) the likelihood for a single
putative QTL is assessed at each map location on the
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genome and, in the case of multiple environments, a
QTL likelihood map is produced for each environment
separately (Fig. 1). MQM mapping is an automatic
two-stage procedure in the first stage of which “impor-
tant” markers and marker-by-environment interactions
are identified by the backward elimination method in
multiple regression on all markers and environments
(including interactions). In the second stage the likeli-
hood for a single putative QTL is assessed at each map
location (like in IM), but the preselected markers are
used as cofactors, except for selected markers flanking
the interval under study (Fig. 2). Marker cofactors will
hopefully eliminate the major part of the variation
induced by QTLs located elsewhere on the genome. A
likelihood curve for a single putative QTL with QTL-
by-environment interaction is plotted in regions where
interaction with environment is still assumed (Fig. 2).
The overall 5% significance thresholds for the tests (for
the hypothesis of QTL with no QTL-by-environment
interaction and for the hypothesis of QTL with QTL-
by-environment interaction) were obtained by com-
puter simulation using the actual marker data and
analyzing 1000 replicates. Observed flowering times
were log-transformed prior to analysis, and distinct
variance parameters for each of the environments were
included.

With MQM mapping we found evidence of 12 QTLs;
4 of these display QTL-by-environment interaction
(Fig. 2). The QTL-by-environment effects indicate a
QTL-by-vernalization interaction, where vernalization
decreases the effects of these QTLs (Fig. 2). The result is
not unexpected, because vernalization considerably de-
creases both environmental and genetic variance
(Table 1). Further, QTL-by-photoperiod interactions
are indicated. For instance, on chromosome 2 the QTL
near marker m323 has little effect at LD but a large effect
at CL. A full analysis of the identified QTLs and their
relationship to previously mapped flowering time loci
will be presented elsewhere (Lister and Dean, manu-
script in preparation).

We now compare the results of MQM mapping with
those of IM and discuss the features of MQM mapping
and IM that contribute to the differences. In IM, single-
QTL models are used, and independence of residual
errors is a basic assumption. In our experiment, how-
ever, each RIL is tested in six environments, and the six
observations are correlated via genetic identity of the
underlying genes. Therefore, the usual assumption of
independent residual errors may be seriously violated
and a joint analysis accommodating the information
from all environments is not possible with IM; QTL
likelihood maps can only be produced for each environ-
ment separately (Fig.1). Although environment-specific
QTLs may be detected this way, the approach is intrinsi-
cally weak, because the interaction is not part of the
genetic model that is being fitted with IM. In MQM
mapping with a complete linkage map however, the
major part of this correlation is removed by markers
that are used as cofactors in the model. This makes it

possible to produce a joint map, including QTL-by-
environment interaction, in the univariate regression
frame of MQM mapping (Fig. 2).

The IM analysis indicates the presence of at least 4
QTLs in several environments (Fig.1).The fact that IM
detects a QTL at a specific map region in one environ-
ment but not in another environment may indicate
QTL-by-environment interaction (for instance, a QTL
is detected near maker g4552 on chromosome 1 in
environments SD and LD but not in CL). In the absence
of true QTL-by-environment interaction, however, a
QTL can also be detected in one environment and not in
another environment because the chance of simulta-
neous detection in both environments is small. There-
fore, the IM analysis may be indicative but cannot be
conclusive on the presence of QTL-by-environment in-
teraction. However, if pattern of environment-specific
QTLs really results from QTL-by-environment interac-
tion, this is readily, and more powerfully detected by
MQM mapping.

In MQM mapping, genetic background “noise” is
removed by using marker cofactors (Jansen 1994).
Therefore, the chance of detecting QTLs is generally
higher in MQM mapping than in IM. Further, separ-
ation of linked QTLs is much easier in MQM mapping
than in interval mapping (Jansen 1994). In 1M, linked
QTLs of unidirectional effect tend to be mapped as a
single “ghost-QTL” at some intermediate position on
the marker map (Martinez and Curnow 1992; Jansen
1994); also, linked QTLs of opposite effect may go
unnoticed because of their mutually neutralizing effects
(Jansen 1994). Both situations and even the mote com-
plex configuration of multiple linked QTLs with effects
of alternating sign have been encountered in our Ara-
bidopsis experiment (Figs. 1 and 2). For instance on
chromosome 2, MQM analysis indicates the presence of
2 QTLs. In IM, the QTL near m246 is found in LD and
LDV. In the other environments a QTL is mapped at
various positions (in the middle of the chromosome near
g6842in CLV, SDV and SD, and near m323 in CL), but
support intervals are very large. This illustrates the
problems in separating linked QTLs with unidirectional
effects by IM. Here, the situation is even more complex
due to QTL-by-environment interaction for the QTL
near m323. Another example of linked QTLs is in-
dicated on chromosome 3, where MQM mapping de-
tects 2 QTLs. In IM, the QTL near m583 is detected in
LDV, SDV and CLV but not in LD, SD and CL.
The presence of the second QTL, with opposite effect
only in LD, SD and CL, near m457 is one of the reasons
for this. The other chromosomes exemplify similar prob-
lems in mapping of linked QTLs by IM.

The present study clearly illustrates the advantages of
the MQM approach over IM in the detection and map-
ping of multiple genes underlying quantitative traits,
especially when data have been collected in multiple
environments. Therefore, we feel that our approach is
another step forward towards understanding the
genetics of quantitative characters. Our results also



Fig. 1 Genetic mapping of
QTLs for flowering time
(expressed by leaf number) in
Arabidopsis thaliana: QTL
likelihood maps produced by
interval mapping (IM).
Chromosome number is
indicated at the right-hand top
corner of each graph; markers
are plotted along the abscissa.
The solid, dashed and dotted
curves represent the test statistic
(twice the Jog of the likelihood
ratio) for the hypothesis of a
QTL (with no QTL-by-
environment interaction) in
the environment indicated. The
overall 5% significance
threshold for the test is 10.
Solid, dashed and dotted bars
represent two lod (*°log of
likelihood ratio) support
intervals for the map locations
of detected QTLs (pattern of
curves and bars are
corresponding) (SD short day
(10h of light), LD long day
(16h of light), CL continuous
light, LDV, SDV, and CLV
LD, SD and CL + vernalization,
respectively)
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Fig. 2 Genetic mapping of
QTLs for flowering time
(expressed by leaf number) in
Arabidopsis thaliana: QTL
likelihood maps and QTL
effect maps produced by MQM
mapping. Chromosome number
is indicated at the right-hand
top corner of each graph,
markers are plotted along the
abscissa. Selected markers are
indicated by + when interaction
with environment is still
assumed, otherwise by A. Solid
curves indicate the test statistic
(twice the log of the likelihood
ratio) for the hypothesis of a
QTL with no QTL-by-
environment interaction
assumed (upper part) and the
estimated QTL effect (lower
part). The overall 5%
significance threshold for this
test is 11. Dashed curves
represent the test statistic for
the hypothesis of a QTL with
QTL-by-environment
interaction (upper part) and

the estimated QTL effects (lower
part). The overall 5%
significance threshold for the
interaction test (the difference
between solid and dashed curve)
is 22. Bars along the abscissa
indicate two lod (*°log of
likelihood ratio) support
intervals for the map locations
of detected QTLs. The QTL
effect is expressed
proportionally, ie. the
replacement of the putative
QTL allele of Col by that of
Ler (a) has no effect if the QTL
effect is equal to 1, (b)
proportionally increases the
number of leaves, if the QTL
effect is larger than 1 and (c)
proportionally decreases the
number of leaves, if the QTL
effect is smaller than 1(SD
short day (10h of light), LD
long day (16 h of light), CL
continuous light, LDV, SDV,
and CLV LD, SD and CL +
vernalization, respectively)
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Table 1 Genetic mapping of QTLs for flowering time (expressed by leaf number®) in Arabidopsis thaliana: some population parameters

Environmental Phenotypic mean Phenotypic Multiple regression
conditions® variance of RIL phenotypes on
Col* Ler* RILs? between RILs all 37 markers
Residual Variance
variance explained
LD 9.9 7.1 8.6 1.63 0.79 52%
LDV 9.0 7.4 8.6 0.38 0.23 39%
SD 329 28.3 294 26.69 10.12 66%
SDV 22.2 19.5 21.2 5.51 3.37 39%
CL 18.1 11.5 12.8 9.76 5.55 43%
CLV 11.3 8.3 10.3 0.78 0.37 53%

* Leaf number is often taken as a measure of flowering time; leaf
numbers in this table represent the total number of rosette and cauline
leaves per plant

® SD =short day (10h of light), LD =long day (16h of light),
CL =continuous light, LDV, SDV and CLV=LD, SD and

suggest that re-analysis of several QTL experiments re-
ported in literature (cf. Paterson et al. 1988, 1991; Stuber
et al. 1992; De Vicente and Tanksley 1993; Hayes et al.
1993; Schon et al. 1993; Laurie et al. 1994) may further lift the
veil that covers the link between phenotype and genotype.
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