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ABSTRACT

The major difference between annual and biennial cultivars of oilseed Brassica napus and B. rapa is
conferred by genes controlling vernalization-responsive flowering time. These genes were compared
between the species by aligning the map positions of flowering time quantitative trait loci (QTLs)
detected in a segregating population of each species. The results suggest that two major QTLs identified
in B. rapa correspond to two major QTLs identified in B. napus. Since B. rapa is one of the hypothesized
diploid parents of the amphidiploid B. napus, the vernalization requirement of B. napus probably origi-
nated from B. rapa. Brassica genes also were compared to flowering time genes in Arabidopsis thaliana
by mapping RFLP loci with the same probes in both B. napus and Arabidopsis. The region containing
one pair of Brassica QTLs was collinear with the top of chromosome 5 in A. thaliana where flowering
time genes FLC, FY and COare located. The region containing the second pair of QTLs showed fractured
collinearity with several regions of the Arabidopsis genome, including the top of chromosome 4 where
FRI is located. Thus, these Brassica genes may correspond to two genes (FLC and FRI) that regulate
flowering time in the latest flowering ecotypes of Arabidopsis.

HE genus Brassica includes species with many mor-
phological forms that are cultivated for vegetables,

oils, fodder and condiments. Major differences among
crop types are regulated, in part, by genes that control
flowering time. Forms such as broccoli and spring oil-
seed rape are annuals and flower in the seeding year;
other forms, such as cabbage and winter oilseed rape,
are biennials and require several weeks of exposure to
low temperatures (vernalization) to induce flowering.

We previously identified genes controlling vernaliza-
tion-responsive flowering time in B. napus (FERREIRA et
al. 1995) and B. rapa (TEUTONICO and OSBORN 1995)
by analyzing segregating populations derived from
crosses of annual and biennial oilseed cultivars. Two
major quantitative trait loci (QTL) were positioned on
linkage groups (LG) 2 and 8 of a B. rapa RFLP map.
For B. napus, we identified a single major QTL on LG
9 and minor QTL effects associated with LG 12 and L.G
16. We also found preliminary evidence that the QTLs
in the two species might represent equivalent genes
(TeuToNICO and OSBORN 1995).

Many loci with late-flowering alleles have been identi-
fied in the related crucifer Arabidopsis thaliana, some of
which confer phenotypes that are responsive to vernal-
ization (KOORNNEEF et al. 1991). The latest flowering
ecotypes of Arabidopsis have late-flowering alleles at
the FRI'locus on the top of chromosome 4 (BURN et al.
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1993; LEE et al. 1993; CLARKE and DEAN 1994) and at
FLC on the top of chromosome 5 (KOORNNEEF ef al.
1994; LEE et al. 1994a). These two loci account for the
late-flowering phenotype in progeny of crosses to Land-
sberg erecta, and plants with the late-flowering alleles are
responsive to vernalization. The tops of chromosomes 4
and 5 also contain other loci (LD on chromosome 4
and FY and CO on chromosome 5) for which recessive
(LD and FY) or semidominant (C0) mutations confer
late-flowering phenotypes (KOORNNEEF et al, 1991; LEE
et al. 1994b). Mutants with late-flowering alleles at FY
and LD are responsive to vernalization, but the CO late-
flowering mutant is only weakly responsive.

Arabidopsis is an attractive species for studying the
genetics of flowering time because of the relative ease of
cloning specific genes. Two genes controlling flowering
time have been cloned: LD (LEE et al. 1994b) and CO
(PUTTERILL et al. 1995), and there are ongoing efforts
to clone other genes. Some of the genes that have been
or will be cloned in Arabidopsis may have homologues
that regulate this trait in Brassica species. LAGERCRANTZ
et al. (1996) presented evidence for homology of CO
with flowering time genes in B. nigra. Information on
the homology of Arabidopsis and Brassica genes pro-
vides insight on the evolution of traits and new avenues
for manipulating traits in Brassica crops.

In this article, we report on a further analysis of the
B. napus flowering time data using additional RFLP and
AFLP marker loci detected in this population and on
a new analysis of a recombinant inbred population de-
rived from the same B. rapa cross studied previously.
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The map positions of flowering time QTL detected in
these populations are compared between the Brassica
species and to the map positions of flowering time
genes in A. thaliana. Our results provide strong evi-
dence that homologous genes control vernalization-re-
sponsive flowering time in both B. rapa and B. napus
and that these genes may be homologous to flowering
time genes identified in Arabidopsis.

MATERIALS AND METHODS

QTL controlling flowering time were identified in a popula-
tion of 89 oilseed B. napus double haploid (DH) lines and a
population of 72 oilseed B. rapa recombinant inbred (RI)
lines. The B. napus population was developed from a cross of
the winter rapeseed cultivar Major by the spring canola culti-
var Stellar. An RFLP map based on segregation in this popula-
tion (FERREIRA ef al. 1994) was expanded from 132 to 480 loci
by adding 71 RFLP loci, five isozyme loci, two disease resis-
tance loci, two erucic acid loci (THORMANN et al. 1996), and
268 AFLP loci using previously described methods (VOs et al.
1995). The expanded map provided marker genotype infor-
mation in previously unexplored regions of the genome. The
B. rapa RI population was developed by single-plant descent
to the Fg generation using F, plants derived from a cross of
the winter turnip rape cultivar Per by the spring sarson culti-
var R500. Eighty-seven Rl lines were used to construct a ge-
netic linkage map (KOLE et al. 1997) consisting of three phe-
notypic marker loci and 143 RFLP loci detected with 102 DNA
probes, most of which were used previously to construct a
linkage map of an Fy population derived from this cross (TEU-
TONICO and OSBORN 1994).

Flowering time data for the B. napus population was from
a previously described experiment using three treatments: 0,
4 and 8 wk of vernalization (FERREIRA ¢t al. 1995). The B. rapa
population was tested for flowering time in a 1995 Madison,
Wisconsin field trial using the experimental approach de-
scribed by FERREIRA ef al. (1995), except that four replications
with one plant per replication and two treatments (0 and 6
wk of vernalization) were used. Data were recorded as days
to flowering (DTF) from transplanting and lines that showed
no sign of flowering at the end of the experiment were as-
signed a value of 100 DTF.

QTLs for flowering time were identified by interval map-
ping (LANDER and BOTSTEIN 1989) using MAPMAKER/QTL
1.1 (LINCOLN et al. 1992). The genomes were scanned initially
for potential QTLs using a LOD (log likelihood of the odds
ratio that a QTL is present vs. absent) threshold of 2.0. The
effects of the QTL with the largest LOD score were fixed, and
the genomes were rescanned using an increased LOD score
of 2.0 to find additional QTLs. This process was repeated
until no other significant QTL effects were detected. The
LOD score, percentage variation explained and additive ef-
fects of each QTL were determined by removing individual
QTL effects from the complete multilocus model (ZENG
1994). Map position confidence intervals for each QTL were
defined by a 1.0 LOD reduction from the peak LOD score
for the complete multilocus model. Additive by additive epis-
tasis was tested by a two-factor analysis of variance (EDWARDS
et al. 1987) using the genotypes of marker loci closest to the
peak LOD scores of QTLs.

Arabidopsis DNA clones detecting RFLP loci at the tops of
chromosomes 4 (near FRI) and 5 (near FLC, FY, and CO)
(LiSTER and DEAN 1993; CHERRY et al. 1996) were used as
probes to identify segregating RFLP loci in a B. napus DH
population derived from a cross of a resynthesized by a natural

B. napus that was highly polymorphic for restriction fragments
(PARKIN ¢ al. 1995). DNAs from 10 DH lines selected for
mapping informativeness were digested with six restriction
enzymes (Bglll, Cfol, Clal, EcoRl, EcoRV and HindIIl), and
Southern blots were probed with the Arabidopsis DNA clones.
Segregation data for the 10 lines were used to approximately
position the marker loci with respect to RFLP loci that had
been mapped previously in this population (PARKIN et al.
1995).

Brassica DNA clones detecting RFLP loci near Brassica
flowering time QTLs were used as probes to identify segregat-
ing RFLP loci in an Arabidopsis Rl population (LISTER and
DEAN 1993). Thirty RI lines were selected for mapping infor-
mativeness, and DNAs from the lines were digested individu-
ally with seven restriction enzymes (Bgll, Cfol, Clal, EcoRI,
EcoRV, Hindlll and Hpall), Southern blotted, and probed
with Brassica DNA clones. Segregation data for the 30 lines
were used to position the marker loci in an RFLP map of the
population (LISTER and DEAN 1993; CHERRY et al. 1996).

The B. napus map of Major X Stellar was aligned with a B.
napus map derived from another winter by spring cross (N-
09 X N-o-1; SHARPE et al. 1995). This alignment was based
on 39 RFLP loci detected with the same probes in each popu-
lation, most of which detected at least one allele in common,
and 111 AFLP loci showing the same allele for a particular
enzyme-primer combination. The N-0-9 X N-o-1 map had
been previously aligned with the resynthesized X natural B.
napus map (SHARPE et al. 1995; PARKIN ¢f al. 1995; . A. P.
PARKIN and D.J. LYDIATE, unpublished results), and this al-
lowed alignment of the Major X Stellar map to the resynthe-
sized X natural map. B. napus linkage groups homologous to
the B. rapa genome were known from the resynthesized X
natural map (PARKIN ef al. 1995), and these groups were
aligned to B. rapa linkage groups by searching for the most
conserved linkages of RFLP loci detected with the same
probes in each population.

RESULTS AND DISCUSSION

Flowering time loci in B. napus: The B. napus DH
population given no vernalization treatment segregated
for flowering time, as reported previously (FERREIRA et
al. 1995). One group and the annual parent (Stellar)
flowered earlier than the F,, a second group flowered
later than the F,, and a third group and the biennial
parent (Major) did not flower in this experiment (Fig-
ure la). After 8 wk of vernalization, all DH lines flow-
ered early (Figure 1b). The biennial parent also flow-
ered under these conditions, but later than the annual
parent.

The largest QTL effect for flowering time was de-
tected on LG 9 (Table 1), as reported previously by
FERREIRA ¢f al. (1995). The additional RFLP and AFLP
marker loci extended LG 12 as reported previously
(FERREIRA ¢t al. 1994); and, in this re-analysis, a second
QTL with a large effect was detected in the expanded
LG 12 (Table 1). These two QTLs explained much of
the phenotypic variation for flowering time in the popu-
lation with no vernalization. All the early flowering lines
had genotypes with alleles from the annual parent at
one or both marker loci linked to the two QTLs, and
all the late and nonflowering lines had alleles from the
biennial parent at one or both of the linked marker






