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Abstract We have mapped QTLs (quantitative trait
loci) for an adaptive trait, flowering time, in a selfing
annual, Arabidopsis thaliana. To obtain a mapping
population we made a cross between an early-summer,
annual strain, Li-5, and an individual from a late over-
wintering natural population, Naantali. From the
backcross to Li-5 298 progeny were grown, of which 93
of the most extreme individuals were genotyped. The
data were analysed with both interval mapping and
composite interval mapping methods to reveal one
major and six minor QTLs, with at least one QTL on
each of the five chromosomes. The QTL on chromo-
some 4 was a major one with an effect of 17.3 days on
flowering time and explaining 53.4% of the total vari-
ance. The others had effects of at most 6.5 days, and
they accounted for only small portions of the variance.
Epistasis was indicated between one pair of the QTLs.
The result of finding one major QTL and little epistasis
agrees with previous studies on flowering time in Ara-
bidopsis thaliana and other species. That several QTLs
were found was expected considering the large number
of possible candidate loci. In the light of the suggested
genetic models of gene action at the candidate loci,
epistasis was to be expected. The data showed that
major QTLs for adaptive traits can be detected in
non-domesticated species.

Key words QTL-mapping · Adaptation · Flowering
time · Arabidopsis thaliana

Introduction

The genetic basis of adaptation is poorly understood
(Orr and Coyne 1992). The view of modern synthesis
has been that adaptation to novel environments is due
to selection on polygenic variation. The phenotypic
traits that confer adaptation have typically been dis-
cussed in a quantitative genetic context based on the
infinitesimal model of Fisher (1918; Bulmer 1971; Fal-
coner 1989; Lande 1983). However, as discussed by Orr
and Coyne (1992), evidence for a polygenic nature of
adaptation is surprisingly limited.

There are several reasons for a renewed interest in the
genetic basis of adaptation. Theoretical developments
have refined the questions that need to be asked about
the nature of quantitative variation (e.g. Barton and
Turelli 1989). Explanations for the maintenance of quant-
itative variation and predictions of the limits to selection
depend on the basis of variation (Barton and Turelli 1989;
Hill and Caballero 1992). We need to know about the
number of loci, their mutation rates, and the distribu-
tion of allelic effects to choose the appropriate models.

Marker genes have been used to identify chromo-
somal regions containing QTLs (quantitative trait loci)
since 1923 (Sax 1923), but the availability of a practic-
ally infinite number of DNA markers as well as new
statistical methods (Lander and Botstein 1989; Zeng
1994; Jansen and Stam 1994) have made marker-based
mapping efficient (e.g. Stuber et al. 1987). These studies
can give detailed information on the number of loci, the
effects of the alleles and epistatic interactions between
them. The resolution of marker studies is better than
that of traditional biometrical studies, which assume
complete additivity, equal effects and independent seg-
regation of the genes. Violations of the assumptions
usually lead to an underestimate of the real number
(Lande 1981).

Although many QTL mapping studies have been
conducted, most of them deal with domesticated species.



These results cannot be applied directly to natural
populations because artificial selection associated with
domestication may fix alleles of major effect (Gottlieb
1984). Clearly more information is needed on the gen-
etic basis of adaptive traits in natural populations.

Here we study the genetic basis of between-popula-
tion differences in a quantitative trait, flowering time, in
a nearly completely selfing (Abbott and Gomez 1989)
annual plant Arabidopsis thaliana. Timing of germina-
tion and flowering in annual plants synchronizes the
growth and reproduction of plants with favorable peri-
ods (Symonides 1987). Flowering time can also have an
effect on the seed set of a plant, leading to possible
trade-offs between timing and magnitude of reproduc-
tion (Dorn and Mitchell-Olds 1991). We chose to study
a population difference in flowering time reflecting
a distinction between summer annual and over-winter-
ing life modes. The winter annual life mode in Ara-
bidopsis thaliana and some other annual plants has
been associated with the avoidance of drought in shal-
low soils during the summer (e.g. Ratcliffe 1961; Baskin
and Baskin 1972). Seeds of winter annual A. thaliana
are dormant in the summer and germinate in the au-
tumn, the plants overwinter at the rosette stage and
they flower immediately in the spring. The winter an-
nuals have a vernalization requirement of different de-
grees for flowering. In the wild the requirement is met
during the winter but in growth chamber experiments,
with no cold treatment, the plants flower late, after
growing a large rosette. Summer annuals germinate in
the spring, flower and set their seeds in the same season.
In growth chamber experiments they flower early, after
forming a small number of rosette leaves. There is
further phenotypic variation in flowering time within
both major types (Napp-Zinn 1969). The latest eco-
types are often found in northern countries or high
altitudes (Kranz and Kirchheim 1987). In Finland most
populations are winter annual, but in Central Europe
there are both winter and summer annual populations.

There are many possible candidate genes in Ara-
bidopsis thaliana that could account for the different
flowering-time phenotypes. The candidate genes have
been identified in the last 50 years through classical
crossing experiments (Härer 1951; Karlovska 1974;
Napp-Zinn 1957a, 1962) and mutation and physiolo-
gical studies (reviewed in Martinez-Zapater et al. 1994;
Coupland 1995). In recent years linkages of molecular
markers with QTLs have been searched for in crosses
between different A. thaliana strains (Lee et al. 1993;
Burn et al. 1993; Kowalski et al. 1994; Jansen et al.
1995; Mitchell-Olds 1996). Almost 20 loci influencing
the timing of flowering have been characterized in
mutation studies or crossing experiments, and most of
them have been placed on the linkage map of A.
thaliana. Three of the genes have been cloned (Coup-
land 1995). Information from the crossing experiments
and QTL studies suggest the most times only 1 or a few
major loci are responsible for most of the differences

between A. thaliana strains (Härer 1951; Karlovska
1974; Napp-Zinn 1957a, 1962; Lee et al. 1993; Kowalski
1994; Clarke et al. 1995; Mitchell-Olds 1996), but some-
times many QTLs have been found (Jansen et al. 1995).

In the study presented here, we wanted to find out
how many QTLs are responsible for the difference in
flowering time between an early (summer annual) Cen-
tral European strain and a late (winter annual) natural
Finnish population, what are their relative effects on
the character, and if there are epistatic interactions
between the QTLs. We discuss whether the QTLs map
to the same regions as the candidate loci found by
artificial mutagenesis or others found in previous stud-
ies between strains.

Materials and methods

Populations and crosses

The populations were a late-flowering Finnish population (Naan-
tali) and an early-flowering German Arabidopsis thaliana strain
(Li-5). Li-5 was obtained from the Arabidopsis Information Service
collection (acc. no. 917). The original seed sample was collected from
a population growing in Limburg an der Lahn (8°5@E, 50°35@N), and
the line Li-5 has been derived from it through selfing. The late-
flowering Naantali population was collected in southern Finland
(22°5@E, 60°40@N).

In preliminary growing experiments plants from Li-5 were
homogenous with respect to flowering time. The Naantali popula-
tion consists of several homozygous genotypes between which there
is some genetic variation in flowering time (Kuittinen et al. 1997).
One plant from Li-5 was chosen randomly, and from the Naantali
population one of the latest phenotypes from the original seed
collection was chosen for the crosses. Based on the results of Kuit-
tinen et al. (1997) and because A. thaliana is known to be nearly
completely selfing (Abbott and Gomez 1989) both of the chosen
plants should be homozygous at most of their loci.

The Li-5 plant was crossed with the Naantali plant, and the
hybrid was backcrossed to 1 selfed progeny of the Li-5 plant. For the
first growing experiment 298 backcross seeds were used together
with 33 F

1
hybrids and 33 selfed seeds of the parental plants. The

plants were grown in 11 completely randomized blocks. This back-
cross was the mapping population in the linkage and QTL analysis.

A backcross was also made to 1 selfed progeny of the late parent
Naantali. This backcross population (n"90) was grown together
with selfed progenies of the parental plants (each n"60), F

1
hybrids

(n"60) and F
2

generation (seeds collected from selfing F
1

plants,
n"90) in a second experiment in order to study the phenotypic
distributions of these populations. The experimental design was
completely randomized blocks.

Flowering-time experiments

The seeds were sown in pots filled with a 1 : 1 mixture of vermiculite-
peat. The imbibed seeds were kept for 24 h at room temperature in
the light. In the first experiment the seeds were then vernalized in
darkness for 7 days at 4°C before being taken to the growth cham-
ber. The short vernalization was used to break the possible dor-
mancy of the seeds. On the basis of earlier experiments, a short
vernalization was also expected to reduce somewhat the flowering
time of the extremely late Naantali and to reduce environmental
variance. The light source in the growth chamber was metal halide
lamps (Osram Power star HQI-T/D) that gave photosynthetically
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active radiation (PAR) at 35—42 lmolm~2 s~1 during a 16-h photo-
period. The ratio of red : far-red light was approximately 2.5. Humid-
ity in the growth chamber ranged from 50 to 65%. Flowering time
and the number of rosette leaves at flowering were scored for each
plant until the experiment was terminated after 244 days. Flowering
time was defined as the day when the first flower opened, counted
from the first day in the growth chamber.

The second experiment was carried out in the same manner except
that the plants were vernalized at 2°C for 7 (all BC and F

2
plants,

half of Li-5, Naantali and F
1

plants) or 70 days (half of Li-5,
Naantali and F

1
plants). The long vernalization treatment was used

in order to study whether it completely abolishes the difference in
flowering times between Limburg, Naantali and F

1
plants. In this

experiment the vernalization temperature was 2°C instead of 4°C
because this was expected to give the most efficient vernalization
response (Napp-Zinn 1957b). Flowering time and the number of
rosette leaves were scored as before. This experiment was terminated
after 134 days.

Markers

Marker data consisted of new random amplified polymorphic DNA
(RAPD) markers generated for this cross and of published micro-
satellite, cleaved amplified polymorphic sequence (CAPS) and re-
striction fragment length polymorphism (RFLP) markers. RAPD
markers were used because they were fast to score; the others were
chosen to make the map complete and for comparisons with other
A. thaliana maps.

Genomic DNA was isolated from the parental lines and the
backcross progeny to Li-5 using leaves of either the original plants
or of 20—30 of their selfed progeny. DNA for the polymerase chain
reaction (PCR) was extracted according to Rogers and Bendich
(1985) and that for Southern hybridisations either by the same
method or following Dean et al. (1992).

To obtain RAPD sequences we used one or two random decamer
(Operon Technologies) primers in amplification reactions. Reactions
(10 ll) contained 0.4 pmol/ll primer(s), 50 mM KCl, 10 mM TRIS-
HCl, pH 9.0, 0.1% Triton X-100, 3.5 mM MgCl

2
, 100 mM each

dNTP, 0.04 U/ll ¹aq-polymerase and 1 ng/ll template DNA. Reac-
tions were set up in microtiter plates and overlaid with 60 ll of
mineral oil. Amplification was performed in a Hybaid Omnigene
thermal cycler with the following temperature profile: 92°C for
3 min; 45 cycles of 94°C for 30 s, 36°C for 15 s, 73°C for 1 min and
72°C for 8 min. The products were separated by electrophoresis on
1.2% agarose gels containing 0.5 lg/ml ethidium bromide. Because
RAPDs are dominant, those fragments that were not amplified in Li-5
but were amplified in Naantali were used as markers. Their segrega-
tion in the backcross progeny should be 1 : 1. The fit to the observed
segregation ratio was tested by chi-square tests. RAPD loci were
named according to the recommendation of Operon Technologies.
For example, OPF04F08

800
was produced with two primers, OPF04

and OPF08, and the size of the product was approximately 800 bp.
Primers for microsatellites and CAPS were obtained from

Research Genetics, Alabama. The sequences and amplification
methods of the microsatellites are described in Bell and Ecker (1994)
and those of CAPS in Konieczny and Ausubel (1993). For CAPS,
G¸I was cleaved with Hinf I and DHSI with EcoRI. DNA fragments
were separated by electrophoresis either on 1—4% agarose gels
containing 0.5 lg/ml ethidium bromide or on 9% polyacrylamide
gels (ratio of acryl-bisacrylamide 29 : 1). In the later case DNA was
visualized by silver staining (Silver Stain Plus kit, Bio-Rad).

RFLPs were visualized by separating restriction enzyme-digested
DNA (1.5—3 lg) by electrophoresis on 0.8% agarose gels and then
transferring it to nylon membranes (Hybond N`, Amersham) by
vacuum blotting. Probe labelling, hybridization, washing and detec-
tion were performed following Karvonen et al. (1994). Probes were
cosmid and lambda phages obtained from the Arabidopsis Biolo-
gical Resource Center in Ohio. Cosmid DNA was extracted by the

alkaline lysis method (Sambrook et al. 1989) and lambda DNA
according to Chisholm (1989).

Linkage and QTL analysis

The markers (33 RAPDs, 2 CAPS, 2 RFLPs and 12 microsatellites)
were scored first in the 93 most extreme backcross (to Li-5) progeny
(i.e. selective genotyping). These data were used to construct a link-
age map with the MAPMAKER (3.1) program (Lincoln et al. 1992a;
Lander et al. 1987). A LOD score of 3.0 was used for forming linkage
groups and for three-point linkage analysis. The order of the
markers was verified by permuting the order of the five neighboring
loci. The markers of known location (CAPS, RFLPs and microsatel-
lites) were used to assign the linkage groups to chromosomes and
also to reveal potential major deviations in the lengths of the
chromosomes compared to published maps. The Kosambi (1944)
mapping function was used for calculating the map distances, which
allowed comparison of the map with already published maps. In
QTL analysis, Haldane’s (1919) mapping function was adopted.

QTL mapping was done with two methods, interval mapping
(IM) (Lander and Botstein 1989) and composite interval mapping
(CIM) (Zeng 1994; Jansen and Stam 1994). The assumption of
normally distributed phenotypic data was not used violated by the
bimodal phenotypic distribution. Log-transformation of the
phenotypic data was not used because it did not improve the
normality. Because block effects were not significant when tested
with ANOVA, unadjusted values were used. Genotypic data for the
93 extreme and phenotypic data for all of the 298 backcross progeny
were used (i.e. selective genotyping Lander and Botstein 1989).
Selective genotyping should increase the efficiency of mapping when
the number of genotyped individuals is a limiting factor (Lander and
Bostein 1989). Data on individuals for which only phenotypic values
were available could be used in the analysis because the analysis
methods and associated software allow for such design. The analyses
were carried out with QTL-CARTOGRAPHER (Basten et al. 1996) and
MAPMAKER/QTL 1.1 (Paterson et al. 1988; Lincoln et al. 1992b). IM was
first done with both software packages, but since they gave very
similar likelihood curves, only QTL-CARTOGRAPHER was used to gener-
ate results for IM in further analyses.

IM allows the calculation of likelihood scores for a putative QTL
placed in any position between 2 adjacent flanking markers (interval
region). CIM extends this method by also fitting the most significant
markers (or all if forced) outside the interval into the model, resulting
in a considerable reduction in residual variation. CIM was run with
a 10-cM window in all analyses. The number of markers for back-
ground control was set to 5, which means that the 5 most significant
markers, detected through stepwise regression outside the window,
were fitted to the model. Background controls determined by the
stepwise procedure were found to flank the individual markers lying
closest to five QTLs detected in later analysis. Values of 8 and 12
background controls were also tested.

Empirical experimentwise threshold values for P"0.05 (corres-
ponding to 5% false positive rate) were constructed by permutation
tests described by Churchill and Doerge (1994). The values were
generated separately for the IM and the three CIM computations,
with 1000 permutations for each. The permutation tests were run
with QTL-CARTOGRAPHER software in a Sun UltraSparc Model 170
computer (with practically no other load during the runs). The
running times were 16 h for the IM run and 51, 76 and 109 h for the
CIM runs, which shows that these are very computer-intensive
tasks. One-LOD support intervals recommended by Conneally et al.
(1985) were calculated for the CIM run with 12 parameters. Support-
interval threshold values were defined on the likelihood ratio (LR)
test statistic scale by subtracting from the maximum peak value
2/log

10
(e), which corresponds to one LOD in the LR statistic scale.

Estimates for the additive effects of the QTLs given by the two
methods were of the same magnitude for all QTLs found. This was
not reasonable considering the bimodality of the backcross data,
which suggested one or two major QTLs. To obtain better estimates,
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Fig. 1A–E Frequency distributions of flowering times. A and B are
for the first experiment, and C–E are for the second experiment. A,
C Li-5, F

1
and Naantali populations, indicated by black, shadowed

and white bars respectively. B F
1
]Li-5, D, Naantali]F

1
, E F

2

we scored new genotype data in additional plants for the markers
flanking the five main QTLs (detected in CIM using 5 background
parameters), so that data from a random sample of altogether 140
backcross progeny were available. These data were used for estima-
ting the effects of these QTLs and their interactions in an analysis of
variance context. The new data were not included in QTL mapping.
Estimates of the allelic effects were obtained by comparing the
means of genotypes at the marker closest to each QTL. Interactions
of pairs of marker loci nearest to the putative QTLs were analyzed
with ANOVAs with the 5-marker genotypes as main effects and with
an interaction component of one pair of markers at a time. All effects
were considered to be random. F ratios for each test were construc-
ted by dividing the difference between the regression sums of squares
of the model including the interaction term to be tested and that of
the model with only main effects by the mean square error for the
model including both main effects and the tested interaction. The
significance of each marker closest to these putative five QTLs was
tested also by one-way analyses of variance using the random
sample, and the R2 of these ANOVAs were regarded as estimates of
the phenotypic variances explained by the individual QTLs.

Results

Flowering time

Flowering-time distributions are shown in Fig. 1. The
difference between Naantali and Li-5 was very large
after 7 days vernalization at 4°C. The mean flowering
time of Li-5 was 36.1 days (SD 1.3, range 34—39 days),
while the first Naantali plant did not flower before 139
days. The variance in Naantali was large, and more
than half of the plants had not yet flowered at 244 days
when the experiment was finished. The F

1
generation

was nearly intermediate in flowering at 83.7 (SD 8.1)
days. In the second experiment the flowering times of
Li-5 (mean 28.8 days SD 1.7), Naantali (minimum 101
days) and F

1
(mean 65.2 days, SD 10.9) were somewhat

shorter, probably due to a more efficient vernalization
at 2°C. The plants from the backcross to Li-5 started
flowering between 30 and 82 days, and the plants from
the backcross to Naantali between 56 and 134 days
(only 1 plant remained in a vegetative stage until the
experiment was finished). Flowering times in the
F
2

population ranged from 26 to 97 days, so at least in
this sample (90 plants) the latest phenotypes (identical
to Naantali) were missing. The distributions of the
progeny from the backcrosses to both Naantali and
Li-5 were clearly bimodal, while the distribution of the
F
2

population was unimodal, although skewed. The
backcross distributions suggested that there is a major
gene responsible for much of the flowering-time differ-
ence between the lines, but the possibility of additional
genes still remains. For instance, in experiment 1, the
latest part of the backcross were earlier than F

1
, which

would suggest some early recessive alleles in Li-5 apart
from the main locus.

The long vernalization treatment (70 days at 2°C)
reduced flowering times in Li-5, Naantali and the F

1markedly compared to the 7-days vernalization at
either 4°C or 2°C (Fig. 2). The variances were reduced

as well. The largest change in mean flowering time was
in Naantali, where the reduction was from the min-
imum of 101 days to the average of 34.1 (SD 2.4) days.
Li-5 flowered at 25.2 (SD 1.0) days and the F

1
at 30.4

(SD 2.0) days. Even after the long vernalization treat-
ment, a significant difference of 9 days remained be-
tween Li-5 and Naantali (F"323.6, P(0.001).

The linear correlation between flowering time and
the number of rosette leaves was high (r"0.98,
P(0.001) in the backcross to Li-5. Only 1 individual
showed a deviant phenotype having many fewer leaves
than other plants flowering at the same time. In all
other cases, lateness was thus due to a delay in the
onset of flowering and not to retarded growth.
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Fig. 2 Average flowering times with their standard deviations in
Li-5, Naantali and F

1
after 1 week and 10 weeks vernalization at

2°C. The flowering time in Naantali after 1 week’s vernalization is
the average of the plants that flowered before the experiment was
terminated at 134 days

Fig. 3 The linkage map based on the segregation of markers in the
backcross to Li-5. Previously mapped markers are indicated with an
asterisk. Flowering time loci found by mutagenesis have been placed
in their approximate positions to the right of the markers

Linkage map

The linkage map constructed with previously mapped
markers (microsatellites CAPS and RFLPs) and new
random markers (RAPDs) is shown in Fig. 3. Some
RAPD loci that were close to others have been ex-
cluded. Two of the RAPD loci could not be assigned in
any of the five linkage groups. At 5 of the 47 loci (11%)
assigned to linkage groups the segregation of the alleles
differed significantly from the Mendelian 1 : 1 ratio.
This is somewhat more than expected by chance alone
(5%). These loci are located in three unlinked areas. In
two of these areas a Li-5 allele and in one area a Naan-
tali allele was in excess. However, all of the loci were
used for the linkage map to avoid large gaps.

The lengths of the five chromosomes were 82, 78, 57,
69, and 55 cM for chromosomes 1—5, respectively. Alto-
gether, the markers spanned 341 cM. In the map used
for QTL analysis the average spacing between the
markers was 11 cM. The previously mapped markers
and the new RAPD markers covered the chromosomes
rather well. Only chromosome 5 lacked markers for
about a 30 cM length at one end, nga129 being the
most distal marker. Compared to the F

2
map of Hauge

et al. (1993), which spans 520 cM, all the chromosomes
in this study showed less recombination. The shortness
of the chromosomes was only partly due to an
incomplete coverge of the markers because the distan-
ces between the common markers in our map were
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Fig. 4 Interval and composite interval mapping. The chromosome
number is in the upper right corner of each panel; marker names are
on the x-axis. The value of the LR test statistic was calculated at
every 1-cM position on each chromosome. Explanation of the differ-
ent line types are given in the panel of chromosome 5. The four
horizontal dotted lines are experimental threshold values for IM and
CIM with 5, 8 and 12 background parameters, from lowest to
highest, respectively. One-LOD support intervals for CIM run with 12
parameters are drawn as black rectangles on the upper part of the
panels

Table 1 Interactions of the genotypes at marker loci flanking the
QTLs. Interaction was analyzed with ANOVA using a model with
the five markers flanking the QTLs as main effects and an interac-
tion component of two markers at a time, based on a random sample
of backcross individuals. P values of the interaction component are
presented

OPB06670 OPD02960 nag162 OPE01E02440

OPD02960 0.2739
nga162 0.0749 0.4845
OPE01E02440 0.7247 0.0488 0.8969
nga158 0.6197 0.9576 0.8437 0.8249

consistently smaller compared to the map of Hauge
et al. (1993). A decrease in the lengths of chromosomes
is also expected when selective genotyping is used if
there are QTLs in coupling phase within the chromo-
somes. An indication of coupling QTLs was, indeed,
found in the QTL analysis in chromosome 5. This is
supported by the fact that the map distances increased
in chromosome 5 after the map distances at the top of
chromosome 5 were recalculated in a small random set
of backcross progeny. The distance was also recal-
culated in the same manner for the top of chromosome
4 without any change. Most of the difference in the
recombination frequency may be due to the different
types of crosses (backcross vs. F

2
) (Vizir and Korol

1990) and the genetic backgrounds used (Säll et al.
1993).

QTLs for flowering time

Two putative QTLs were found in interval mapping,
and from five to seven in composite interval mapping,
depending on the number of background parameters
used (Fig. 4). The experimentwise threshold obtained
from 1000 permutations under P"0.05 for interval
mapping was T"12.12, which can be rescaled to a LOD

score of 2.63. Similarly, experimentwise thresholds un-
der P"0.05 for CIM having 5, 8 and 12 background
controls were T5"35.52, T8"42.39, and T12"
50.50, respectively. The thresholds increased linearly
with the increase in the number of parameters, as did
running times.

The location of the QTLs can be seen in Fig. 4. The
main QTLs in chromosomes 4 and 5 were revealed by
both interval mapping and composite interval map-
ping, and the likelihood curves surrounding the QTLs
were similar. IM did not find the QTLs on chromo-
somes 1, 2 and 3 and the minor QTL on chromosome 5,
all of which were revealed only with CIM. Increasing
the number of background parameters in CIM revealed
additional QTLs. The second QTL in chromosome
2 was found with 8 and 12 parameters, and the second
QTL in chromosome 5 with 12 parameters. In some
positions the likelihood curve decreased steeply at
marker positions. In interval-type QTL analyses, the

true QTL genotypes are unknown except in marker
positions, where at least some proportion of the geno-
types are observed. Therefore, the likelihood ratio
curve can decrease at marker positions, which show
more evidence against a QTL than the nearby positions
between markers. In other words, a decrease in the
curve at marker positions may reflect the proportion
of observed genotypes at the marker loci. However, this
decrease can be seen only in those parts of the marker
map where the likelihood ratio had high values. Mis-
scoring of the markers could also be responsible
(Lincoln et al. 1993b).

In the ANOVA of the random sample of backcross
progeny the interaction component was significant
in 1 marker combination, indicating epistasis between
the QTLs (Table 1). The Naantali allele at marker
OPD02 near the first QTL on chromosome 2 had
an effect only when there was also the Naantali allele
at marker OPE01E02 near the QTL on chromosome 4.
We did not correct for multiple testing. The
interaction estimates represent lower bounds, and we
would not be able to exclude epistasis with confidence
anyway.

The difference of the means of the marker genotypes
at the loci closest to the five QTLs detected by CIM
with 5 background parameters are shown in Table 2.
Naantali alleles caused lateness in all cases. The delay
in flowering caused by the Naantali allele in the chro-
mosome 4 QTL was 17.3 days and that of the chromo-
some 5 QTL, 6.5 days. The other QTLs had effects of
1.7—3 days. R2 of the ANOVA using the model with the
markers flanking the five main QTLs as main effects
together with the one significant interaction term was
61.5%. Based on the single classification ANOVAs, the
major QTL on chromosome 4 explained most (53.5%)
of the variance, with the other QTLs and the interac-
tion term explaining much smaller portions of it
(Table 2). The two additional QTLs detected by CIM
with 12 background parameters have probably even
smaller effects than the others and would not contrib-
ute much to the explained variance if they were taken
into the model.
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Table 2 One-way ANOVA for
genotypes at marker loci flanking
QTLs revealed in CIM analysis,
based on a random sample of
backcross individuals

R2(%) Pr(F Class means! Delay caused
by the

LL LN Naantali allele

OPB06670 1.6 0.118 45.9 48.9 3.0
(Chrom. 1)
OPD02960 0.5 0.362 46.1 47.8 1.7
(Chrom. 2)
nga162 1.0 0.209 45.5 47.9 2.4
(Chrom. 3)
OPE01E02440 53.4 0.001 39.1 56.4 17.3
(Chrom. 4)
nga158 7.3 0.001 43.6 50.1 6.5
(Chrom. 5)

! Genotype classes are coded as LL for a homozyote for the Limburg-5 allele and LN for a hetero-
zygote for the Limburg-5 and Naantali alleles

Discussion

A small number of genes for population differences
was found

We studied quantitative variation that is found in
nature using a cross between individuals from an early-
flowering strain and a late-flowering natural popula-
tion. While most of this difference could be eliminated
with a long vernalization treatment, a significant differ-
ence still remained. We found up to seven QTLs, of
which the five main ones were responsible for 62% of
the phenotypic variance. One of the QTLs had a major
effect on flowering time, while the others had much
smaller effects. Evidence for interaction between two of
these QTLs was found. There is a possibility that we
have missed some minor QTLs because mapping in the
backcross population presumes that the late genes are
at least partly dominant. Also, without fine-scale map-
ping it is not possible to distinguish between tightly
linked QTLs, which would here appear as one QTL.

Other studies between summer and winter annual
Arabidopsis thaliana strains have revealed from one to
a few loci. Based on crosses between Li-5 and late St
(Stockholm, Sweden) Napp-Zinn (1957a, 1962) con-
cluded that two relatively strong flowering-time genes
and at least two minor genes were responsible for the
flowering-time difference. The two major genes (FRI
and KR½O) acted epistatically and the other genes
additively (Napp-Zinn 1987). FRI was later located at
the upper end of chromosome 4 (Clark and Dean 1994).
Clarke et al. (1995) found 5 genes in a cross between
early-summer annual Landsberg erecta (Ler) and an
inbred line (homozygous for the late FRI allele) derived
from the cross Li-5]St.

FRI is probably allelic to the gene (F¸A) responsible
for most of the strong vernalization demand of the late
strain Sf-2 (Spain) and Leiden (Netherlands) analyzed
in crosses against the early-flowering strain Columbia

(Lee et al. 1993). It may also be allelic to the flowering-
time gene found in two late-vernalization-responsive
strains (Pitztal and Innsbruck, Austria) (Burn et al.
1993). FRI has been postulated as the most common
gene responsible for the vernalization demand of Cen-
tral European and Scandinavian late ecotypes (Napp-
Zinn 1987; Clarke and Dean 1994). On the basis of its
location and mode of action, it is possible that FRI is
the QTL in chromosome 4 in our cross.

The distribution of allelic effects seems to be more
even in crosses between two summer annual strains
than between summer and winter annuals, although
major genes have also been found. Kowalski et al.
(1994) studied flowering-time variation in a cross
between two summer annuals, WS (Wassilewskaja,
Belorussia) and HM (Hannover/Munden, Germany),
and found two unlinked QTLs accounting for approx-
imately similar amounts of the variation (12% and
16%). Two different QTLs were found in the cross be-
tween early strains Col and Ler accounting for 16%
and 22% of the variation (Mitchell-Olds 1996). Eleven
loci were revealed in a study where QTLs were mapped
in many environments in a cross between Col and Ler,
but the relative effects of the loci were not analyzed
(Jansen et al. 1995).

Thus, the differences between the winter and summer
annuals seem to be controlled by one major gene and
several minor ones. The major gene may be the same
(FRI) in all of the studied cases. Studies between sum-
mer annuals have typically detected some genes with
equal effects, but presumably many more minor genes
may be contributing as in the study of Jansen et al.
(1995).

QTL mapping methods

Composite interval mapping showed its strength in our
analysis. It proved to have better precision in detecting
QTLs over simple interval mapping due to its ability to
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simultaneously take into account effects of some other
QTLs lying outside the interval region. Aside from the
overall greater power of QTL detection of CIM (when
the number of background controls was kept small),
the largest difference between the results of the two
methods was seen in chromosomes 2 and 5. IM gave an
insignificant LOD score peak in the middle of chromo-
some 2, while CIM gave two significant peaks at the
ends of the chromosomes when a high number of back-
ground parameters was used. The second QTL on
chromosome 5 was found only by CIM with 12 back-
ground parameters. The shortening of the chromosome
that was observed when the map distances were cal-
culated based on extreme individuals indicates that
these two QTLs may have effects of similar sign.

The fact that the IM and CIM methods did not give
reasonable estimates of phenotypic effects should not
be due solely to selective genotyping of extreme indi-
viduals. Expectation Maximization (EM)-type algo-
rithms (Dempster 1977) used in IM and CIM should be
able to handle this kind of data by replacing missing
values with their expectations in the iterative scheme.
The bimodality under extreme genotyping seems to be
responsible for the problem. Analysis of variance of the
random sample gave more reasonable results, even if
normality assumptions were violated.

Estimates of phenotypic effects obtained from the
analyses of variance were lower bounds because recom-
bination will have taken place between the markers and
the QTLs. Epistatic effects are usually weaker than
main effects. They are downward-biased, as above, be-
cause of recombination between markers and QTLs,
and are sensitive to the amount of data used for estima-
tion. In addition to the one significant interaction de-
tected, the possibility of other epistatic effects cannot be
totally excluded.

Candidate genes

Many artificially generated mutations influence flower-
ing time. The induced late mutations in the early back-
ground strain (Ler) have been assigned to 12 different
loci (Koornneef et al. 1991; Martinez-Zapater et al.
1994). A few early-flowering mutants have also been
characterized (e.g. Zagotta et al. 1992). In addition to
these, several mutants have a pleiotropic effect on
flowering time (reviewed by Coupland 1995). In many
cases flowering-time loci found in population studies
are not located near the loci induced by mutation (Lee
et al. 1993; Kowalski et al. 1994; Jansen et al. 1995;
Clarke et al. 1995; Mitchell-Olds 1996). There were
several candidate genes in the vicinity of the QTLs
found in this study. FRI and ¸D are located at the top
of chromosome 4 near the major QTL. Both of these
are vernalization-sensitive late genes, the known late
FRI alleles and early ¸D alleles being dominant. The
partial dominance in the F

1
population suggests that

the major locus is FRI rather than ¸D. On the upper
part of chromosome 5 there are three possible candi-
date genes near the distal QTL, F¸C, F½ and CO. The
Ler allele at F¸C has been shown to suppress many of
the late genotypes, like late FRI and ¸D alleles (Koor-
nneef et al. 1994; Lee et al. 1994). Li-5 is known to have
an F¸C allele that has an effect similar to that of the
Ler allele (Koornneef et al. 1994), suppressing the late-
ness of FRI. Thus, F¸C probably does not segregate in
our cross. Without more detailed mapping and allelism
tests a definite determination is, however, not possible.
The same is true for the other QTLs found. The QTL in
chromosome 1 is near two flowering-time loci, FE and
F¹, and the second QTL on chromosome 2 is near
FPA. Of all the putative QTLs, the second QTL on
chromosme 5 is the only one not situated near QTLs
found in other mapping studies between A. thaliana
lines.

Our data provided evidence for epistasis between
only one pair of the QTLs, although our physiological
studies of the mutants suggest many possibilities for
epistatic interactions between the flowering-time genes
other than between F¸C and FRI or ¸D (reviewed in
Coupland 1995; Martinez-Zapater et al. 1994). In the
former crossing experiments there is one reported case
of epistasis (Napp-Zinn 1987) and a few examples of the
F
1

being later than the later parent (Karlovska 1974;
Burn et al. 1993), which may indicate interaction be-
tween the loci. Mapping studies have reported epistatic
interactions in one case (Clarke et al. 1995). The lack of
epistasis may in many cases be an artefact because
statistical power may not allow weak epistasis to be
detected in the standard mapping populations and be-
tween loci of minor effect.

Flowering-time determination in A. thaliana
is similar to that in domesticated crop species

In crop species flowering time seems to be controlled
principally in the same manner as in A. thaliana. Major
genes are found, but polygenic effects also exist some-
times. Among the species studied, the closest relatives
to A. thaliana, Brassica napus and B. rapa, have one and
two (additive) major vernalization genes (Ferreira et al.
1995; Teutonico and Osborn 1995). In addition, there
are two minor genes responsible for flowering-time
difference in B. napus. In B. oleracea the annual versus
biennial growth habit has been reported to be both
monogenic and polygenic (reviewed in Teutonico and
Osborn 1995). A comparison between B. oleracea and
broccoli detected two major loci controlling the vernal-
ization demand with strong epistatic interaction be-
tween them (Kennard et al. 1994).

The general picture from classical studies in grasses
and legumes is that several loci control the vernaliz-
ation requirement or flowering time, sometimes with
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epistatic interactions (Murfet 1977). The winter versus
spring habit in wheat varieties is controlled by one to
four major loci, and within each class, variation is
controlled by several minor loci (Murfet 1977). Flower-
ing time in Pisum is controlled by four major loci with
some interactions (Murfet 1977).

Recently, Paterson et al. (1995) proposed that the
domestication of sorghum, rice and maize is mainly due
to major genes that were selected convergently in the
three species. This is in accordance with Gottlieb’s
(1984) idea that domestication tends to fix major genes,
but the results from A. thaliana show that it is possible
to also find major genes in non-domesticated species.
Additional data should be collected before more gen-
eral conclusions are drawn. In our study a major QTL
was found between populations, but there is evidence
that this kind of variation can also be found within
populations. Within some English A. thaliana popula-
tions there was little variation, but others consisted of
families differing widely in flowering times, probably
summer and winter annuals (Jones 1971). In
many cases, though, there is not much variation in
flowering time between individuals, and the popula-
tions may even consist of one genotype (e.g. Kuittinen
et al. 1997).

Environmental factors are known to have a large
effect on flowering time in A. thaliana (e.g. Koornneef
et al. 1991). Genotype-by-environment interactions can
give rise to different sets of QTLs detected in different
environments (Jansen et al. 1995; Clarke et al. 1995).
The actual performance and significance of the genetic
variants should be studied by carrying out QTL and
physiological studies in the field. Correlations of many
traits connected with life history, such as flowering
time, vernalization response, seed dormancy and winter
hardiness, could also be examined. It is possible that
they are partly controlled by pleiotropic genes. In bar-
ley QTLs associated with winter hardiness (Hayes et al.
1993) and in B. rapa a QTL associated with freezing
tolerance (Teutonico and Osborn 1995) were located
near a vernalization-requirement QTL.
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